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Abstract 

 

Parkinson’s disease (PD) is one of the most prevalent neurodegenerative disorders primarily 

impacting dopaminergic neurons (DANs) within the substantia nigra pars compacta (SNpc) in 

the midbrain, which innervate the dorsal striatum. As conventional animal models inadequately 

capture disease phenotypes, the advent of induced pluripotent stem cell (iPSC) technology has 

revolutionized PD modeling through the development of 2D and 3D patient-derived in vitro 

models. Notably, 3D brain organoids have demonstrated exceptional capacity to replicate the 

cellular composition and connectivity of the human brain. In the context of PD, midbrain 

organoids (MOs) enriched in DANs, derived from patient cell lines, can manifest relevant 

neurodegenerative phenotypes, and unveil previously unexplored dysfunctional mechanisms.  

To further delineate the physiological relevance of MOs, we performed a single cell RNA 

sequencing (scRNAseq) comparative analysis with data from the human embryonic midbrain. 

Our results validate the high transcriptomic correlation of MOs with the human counterpart and 

the development of similar cellular composition. In parallel, our investigation reveals that MOs 

generated from a cell line carrying the PD-relevant LRRK2 p.Gly2019Ser mutation demonstrate 

an altered genetic profile compared to the healthy isogenic MOs, featuring disrupted 

neurodevelopment and dysregulated pathways relevant to PD pathogenesis.  

While our findings underscore the significant relevance of MOs to the human embryonic 

midbrain, their physiological complexity can still be improved. The neuroectodermal origin of 

this model doesn’t permit the development of microglia cells that are a crucial component in 

the homeostasis of the brain. To address this limitation, we developed a protocol for the 

successful integration of microglia into MOs. Single nuclei RNA sequencing (snRNAseq) and 

electrophysiological data reveal reduction of cellular stress and promotion of neuronal 

maturation. This model holds great potential for studying the impact of neuroinflammation on 

PD.  

We further aimed to increase the complexity of the MO model by generating an assembloid 

model that resembles the nigrostriatal pathway connectivity, predominantly affected in PD. The 

assembloid combines midbrain and striatum-specific organoids, accurately replicating the 

nigrostriatal pathway connectivity and functionality, through the formation of active synapses 

and the release of catecholamines from the midbrain into the striatum. Finally, considering that 

aging is the major risk factor in PD, we induced aging in the midbrain-striatum assembloid by 

the overexpression of progerin. This method, led to the successful development of aging-
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related characteristics and early neurodegeneration phenotypes in the assembloid. Overall, 

each one of the models presented here constitute a significant tool for elucidating the 

mechanisms of neurodegeneration and paving the way towards preventive therapies. 

Answering complex questions involves combining different elements to make in vitro models 

more intricate, which will bridge the gap towards the complex pathophysiology of the human 

brain. 
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Aim and Objectives 

 

Constraints on accessing and studying the human brain limit scientific efforts to the use of 2D 

neuronal cultures and animal models (Shadrina & Slominsky, 2021; Simmnacher et al., 2020). 

The brain is the most complex organ in the human body and this complexity cannot be fully 

recapitulated in 2D cultures. In this instance animal models can be useful to understand several 

functional processes of the brain, however they cannot fully mimic the human 

neurodegenerative process rendering them inadequate for preclinical studies. Therefore, 3D in 

vitro human based models that can emulate the complexity of the human brain, are essential 

for understanding and treating neurodegenerative diseases. 

In the case of PD, MOs have shown a great potential in recapitulating disease phenotypes and 

elucidating processes that were not previously observed (Jarazo et al., 2021; Smits et al., 2019; 

Walter et al., 2021). While studies have demonstrated the differentiation capacity and cellular 

composition within MOs, no direct comparison to the physiological human midbrain has been 

made. This comparison is crucial for gaining deeper insights into the model's complexity and 

physiological significance.  

The multifactorial nature of PD poses the need for further increasing the complexity of MOs 

with the integration of characteristics that are not innately present. MOs are region specific 

brain models derived from neuroectodermal patterning. Therefore, they lack the ability of 

developing cells coming from different lineages, such as microglia. The integration of microglia 

in MOs could contribute to improving the model’s homeostasis and functionality. 

Apart from the lack of microglia, one important characteristic missing from the MOs is the 

striatal input in the functionality of DANs, through the nigrostriatal pathway. Recent studies 

have demonstrated the generation of assembloid models by merging two or more region 

specific brain organoids (Miura et al., 2020; Sloan et al., 2018; Xiang et al., 2019). These 

models can be valuable when interregional connectivity must be considered. This is the case 

for PD, where nigrostriatal pathway connectivity is highly affected.  

In line with the aforementioned improvements that need to be considered, aging is another 

limiting factor when using iPSC-derived 3D brain models. Cells are rejuvenated during the 

iPSCs generation processing, erasing their aging characteristics (Simpson et al., 2021). 

Several aging induction methods have been illustrated in vitro but none of them have been 

investigated on 3D brain specific organoids. Inducing aging in the complex 3D in vitro brain 

models will be pioneering in neurodegenerative research, where aging is the major risk factor. 
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Hence, considering all these challenges, the objectives of the thesis are: 

 

• Validate the physiological and developmental relevance of MOs by comparing it to the 

human embryonic midbrain using single cell RNA sequencing data analysis. 

• Evaluate the PD-related transcriptomic changes on MOs carrying the LRRK2 

p.Gly2019Ser mutation. 

• Advance the complexity and biological significance of MOs via the integration of 

microglia cells, the major immunological component of the human brain. 

• Develop and characterise an assembloid model that will recapitulate the nigrostriatal 

pathway connectivity in vitro. 

• Investigate the impact of aging on the development of neurodegeneration-relevant 

phenotypes in the assembloid model, through progerin overexpression. 
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Chapter 1: Synopsis 

 

1.1 Introduction 

 

1.1.1 Neurodegeneration and Aging 

 

Neurodegeneration is a pathophysiological process occurring in the brain, mainly characterized 

by the progressive loss of neuronal functionality, which ultimately leads to neuronal death 

(Lamptey et al., 2022). There are different hallmarks that characterize neurodegenerative 

diseases such as synaptic dysfunction and loss of neuronal networks, protein aggregation, 

abnormalities in the cytoskeleton, genetic mutations, inflammation and dysregulated 

metabolism (Wilson et al., 2023). While environmental and genetic factors can determine the 

progression and severity of neurodegenerative diseases, the aging process is crucial for the 

disease onset. Tissues such as the brain that are mainly composed of non-proliferating post-

mitotic cells, such as neurons, are more susceptible to aging due to accumulated levels of DNA 

damage (Hou et al., 2019). Most of the aging hallmarks correlate with the hallmarks of 

neurodegenerative diseases. More specifically, during healthy brain aging there are several 

dysregulated processes, such as loss of proteostasis and protein aggregation, decreased 

mitochondria turnover, epigenetic alterations, DNA damage, neuroinflammation, stem cell 

exhaustion and abnormal cellular communication (López-Otín et al., 2013). The dysregulation 

of these processes is further enhanced in the disease state (Hou et al., 2019), such as PD.  

 

1.1.1.1 Parkinson’s disease  

 

One of the most common age-related neurodegenerative disorders globally is PD which is 

mainly characterized by the progressive loss of the A9 group of DANs in the SNpc in the 

midbrain (Braak et al., 2003; Kouli et al., 2018).  The DANs from the SNpc project their axons 

to the dorsal striatum, consisting of the putamen and caudate nucleus. These dopaminergic 

projections form the nigrostriatal pathway, which is essential for the functionality of the basal 

ganglia, an important component of the modulation of movement and the control of behavioral 

aspects such as motivation (Prensa et al., 2009). In PD, the loss of DANs and the degeneration 
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of their axonal projections, leads to dopamine (DA) depletion within the striatum and 

disturbances in the balance of neurotransmitters GABA, DA and glutamate that are important 

for the regulation of the locomotor activity (Dovonou et al., 2023; Raffa et al., 2013). Ultimately, 

this leads to the development of several motor symptoms such as rigidity, tremor, instability 

and bradykinesia (Kouli et al., 2018). These symptoms typically arise at the late stage of the 

disease. However there are also some non-motor symptoms that have been observed in early 

stages of PD development, such as constipation, depression, sleep disturbances and olfactory 

dysfunction (Gupta & Shukla, 2021; Kouli et al., 2018). The appearance of these symptoms 

has been considered as the pre-diagnostic phase of PD, where loss of DANs in the SNpc is 

progressing steadily but without the initiation of motor symptoms (Dommershuijsen et al., 2021) 

(Figure 1). 

 

 

Figure 1: Illustration of PD hallmarks. PD non-motor symptoms arise due to the loss of 
dopaminergic terminals and DA depletion in the striatum, while motor symptoms appear later 
in the disease due to the DANs’ death. Neuroinflammation, impaired autophagy, accumulation 
of α-synuclein and mitochondrial dysfunction are some of the dysregulated processes that 
contribute to the degeneration and loss of DANs (Dovonou et al., 2023). 
 

Aging is the most crucial risk factor for the development of PD, as epidemiological studies have 

shown a significant increase in the disease manifestation after the age of 60 (Hindle, 2010). 

Studies in non-human primates, have shown specifically decreased levels of DANs with aging, 

indicating their increased vulnerability to the dysregulated biological process that occur during 

aging (Figure 2) (Pang et al., 2019).  
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Figure 2: Aging as a risk factor for PD development. Several dysregulated processes 
contribute to the gradual loss of DANs during aging. However, the influence of environmental 
and genetic factors lead to more severe neurodegeneration phenotypes in PD (Pang et al., 
2019). 
 
 
Age-related changes overlap with many of the phenotypes observed in PD patients. One of the 

leading reasons for the dopaminergic neuronal loss is the aggregation of misfolded α-synuclein. 

With aging, there is a decline in the efficiency of the proteasome activity and protein 

ubiquitination, which further contributes to the deposition of abnormal aggregated proteins such 

as α-synuclein (Hindle, 2010). Although in healthy aged controls some levels of α-synuclein 

aggregation have been identified, it is significantly lower than in the brain affected by PD, as 

observed in post-mortem tissue. Moreover, α-synuclein aggregates form intracellular inclusions 

called Lewy bodies (LB) and Lewy neurites (LN). These inclusions affect the functionality of 

neurons by contributing to the dysregulation of multiple mechanisms, such as mitochondria and 

synaptic dysfunction, lysosomal defects, endoplasmic reticulum stress and membrane 

disruption (George et al., 2013; Gómez-Benito et al., 2020). Despite the presence of LB and 

LN, aging itself has been associated with mitochondrial dysfunction with the increased release 

of reactive oxygen species (ROS) that further induce cellular stress and DNA damage. 

Additionally, aging causes impairments in the autophagic machinery and induces 

neuroinflammation with increased activation of microglia, all phenotypes that are commonly 

detected in PD patients (Hindle, 2010; Pang et al., 2019).  

Most PD cases are idiopathic (iPD), meaning that aging and environmental factors such as 

exposure to pesticides have been determined as the main contributors to disease development. 

However, there is approximately 10% of cases that are linked to genetic mutations and can be 
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inherited. Some of the most important PD-related genes are SNCA, LRRK2, VSP32, PRKN, 

PINK1 and DJ-1 (Kouli et al., 2018). These genes are responsible for either autosomal 

dominant (SNCA, LRRK2 and VSP32) or autosomal recessive (PRKN, PINK1 and DJ-1) forms 

of PD, with the former shown to be more closely associated to the phenotypes seen in iPD 

(Correia Guedes et al., 2020). From these genes, LRRK2 specifically has been linked to familial 

and sporadic PD, and therefore extensive research has been prompted on PD cases exhibiting 

mutations in this particular gene (Ren et al., 2019). 

 

1.1.1.1.1 LRRK2 p.Gly2019Ser in Parkinson’s disease 

 

Leucine-rich repeat kinase 2 (LRRK2) is one of the genes that has been associated with 

Mendelian form of PD and increased vulnerability to the disease. The LRRK2 gene encodes 

for a large multidomain protein with a catalytic core composed of a kinase and a Roc GTPase 

domain, followed by a C-terminal domain named COR (Hur & Lee, 2021).  The most common 

mutation in PD cases is p.Gly2019Ser, with 4% of occurrence in familial PD cases and 1% in 

sporadic (Hur & Lee, 2021; Jia et al., 2022). The p.Gly2019Ser mutation is a result of a G > A 

substitution at position 6055 of exon 41, leading to an amino acid change at codon 2019 from 

glycine to serine. This mutation takes place on the kinase domain of the protein thus causing 

increased kinase activity (Tolosa et al., 2020). PD patients with LRRK2 p.Gly2019Ser mutation 

exhibit multiple dysregulated phenotypes that lead to the degeneration of DANs, with enhanced 

levels of α-synuclein and LB formation, dysfunctional mitochondria, hyper-autophagy, reduced 

outgrowth of neurites and synaptic dysfunction (Ren et al., 2019). More interestingly, studies 

have shown that this LRRK2 variant and others, interfere with the proper function of the 

canonical Wnt/β-catenin signalling pathway, which is essential for neurogenesis in the 

developing brain. The LRRK2 role in neurogenesis can also stem from its role in cytoskeleton 

regulation. Specifically, LRRK2 regulates the phosphorylation of ERM (ezrin-radixin-moesin) 

proteins that are important for the morphology and motion of the growth cone in neuronal axons 

(Berwick et al., 2013). The association of the LRRK2 p.Gly2019Ser mutation with a broad 

spectrum of phenotypes, along with its clinical resemblance to cases of iPD, makes it appealing 

for disease modeling. This mutation holds great potential in unraveling the crucial molecular 

alterations and mechanisms that underlie neurodegeneration. 
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1.1.1.1.2 Neurodevelopmental aspect of Parkinson’s disease 

 

Although PD is an age-associate disorder, the disease is initiated many years prior to the 

neurodegeneration phenotypes. It has been reported that motor symptoms usually arise when 

there is approximately 50% loss of DANs, considering this as the clinical diagnostic phase of 

PD (Harris et al., 2020). Many of the non-motor symptoms linked to PD development have also 

been reported in the case of hippocampal dysregulated neurogenesis (Jones et al., 2022), 

illustrating the involvement of neurodevelopmental dysfunction in the susceptibility to several 

neuropsychiatric and neurodegenerative conditions. The fact that PD patients acquire pre-

diagnostic symptoms relevant to neurogenesis dysfunction, has led the scientific community to 

the hypothesis that neurodevelopmental defects can promote neurodegeneration later in life 

(Schwamborn, 2018).  

This hypothesis is further strengthened by the fact that PD relevant genes, such as SNCA, 

NURR1, PITX3, PINK1, LRRK2 and VPS35, are implicated in several neurodevelopmental 

processes, including the regulation of DANs development and differentiation (Le Grand et al., 

2015). NURR1 is a transcription factor with an important role in DANs development and 

maintenance (Le et al., 1999). Mutations in this gene have been associated with PD 

development (Grimes et al., 2006). Along with NURR1, PITX3 is another transcription factor 

that contributes to the differentiation of DANs. In the SNpc, PITX3 regulates the expression of 

tyrosine hydroxylase (TH) (J. Li et al., 2009). Specifically, PITX3 knockout mice develop PD 

phenotypes and display significant loss of DANs in the SNpc (Nunes et al., 2003). Although 

multiplications of the SNCA gene are responsible for increased levels of α-synuclein 

aggregation in PD patients (Book et al., 2018), mice that lack the SNCA gene have shown 

impaired development of DANs in the SNpc (Garcia-Reitboeck et al., 2013). Moreover, deletion 

of SNCA has been related with clinical developmental delay and the manifestation of autism 

spectrum disorder (ASD), where it is mainly linked to synaptic dysfunction (Alejandra Morato 

Torres et al., 2020). VSP35 and LRRK2 have a role in the regulation of the Wnt/β-catenin 

pathway, which is essential for the development and maintenance of DANs in the SNpc. PD-

related mutations in these two genes, such as p.D620N in VSP35 and p.Gly2019Ser in LRRK2, 

have shown to cause disturbances in the Wnt/β-catenin signaling (Berwick & Harvey, 2012; 

Chiu et al., 2020). On the same line, loss of PINK1 function caused by many PD-relevant 

mutations (Vizziello et al., 2021), could be linked to neurodevelopmental defects, as PINK1 

downregulation in a zebrafish model has been associated with neurodevelopmental impairment 

(Anichtchik et al., 2008).  
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Finally, another evidence that further supports the developmental hypothesis in PD, is the 

abnormally elevated levels of DANs in the olfactory bulb of PD patients. In normal human 

development, neurogenesis in the olfactory bulb occurs during the first 18 months of life. The 

observed increase in neurogenesis that occurs later in life in PD patients, further supports the 

appearance of early life developmental impairments (Schwamborn, 2018).  

 

 

1.1.2 Modeling of Parkinson’s disease 

 

Due to the complexity of the human brain, research on neurodegenerative diseases such as 

PD, requires the use of diverse models that provide insights on the development and 

progression of the disease. In 1960, two important studies from Ehringer and Hornykiewicz, 

and Sano et al. (1960, 2000) reported reduced DA and noradrenaline levels in post-mortem 

brain sections of PD patients. This finding led to further studies that enabled the development 

of treatments, such as L-DOPA supplementation, a precursor of DA, for compensating the DA 

deficiency induced by DANs degeneration, leading to alleviation of motor symptoms (Nagatsu 

& Sawada, 2007). Therefore, studies using post-mortem human brain tissue has played a 

pivotal role not only in understanding the phenotypes and main dysfunctions occurring in 

patients, but also in developing treatments that can alleviate symptoms. However, the use of 

post-mortem brain tissue possesses certain limitations for its use in validation experiments, 

after certain hypothesis has been formed. Considering that post-mortem tissue only reflects the 

end stage of the disease, it therefore cannot contribute fully to deciphering the causes of 

disease progression (Hartmann, 2004). Another important limitation is the quality of the post-

mortem tissue and preservation. Although in recent years brain banks have advanced their 

quality control measures, it is still not clear if post-mortem brain tissue can be used in certain 

biochemical studies such as promoters methylation, histone modifications and microRNA 

conservation, due to the post-mortem delay effect (Ferrer et al., 2008). Therefore, the use of in 

vivo and in vitro models has been essential for studying molecular and cellular processes that 

contribute to the development and progression of PD.  
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1.1.2.1 Animal Models  

 

Mammalian and non-mammalian animal models have played an important role in the efforts of 

understanding the neurodegenerative phenotypes in PD. With the use of these models, 

scientists can assess various biological dysfunctions, such as mitochondria dysfunction, 

lysosomal impairment, neuroinflammation and synaptic alterations, that are crucial for the 

development of the disease. Simple animal models such as Drosophila melanogaster (fruit fly), 

Caenorhabditis elegans (roundworm nematode) and the fish models Danio rerio (Zebrafish) 

and Oryzias latipes (Medaka) have provided key insights into the pathological processes of PD. 

The simplicity of these organisms with the short life span makes it easier to create genetic 

models which can be used to study the disease progression in the different stages of their 

development. However, these models cannot fully recapitulate the pathophysiology of PD due 

to their distant genetic makeup compared to humans and the fundamentally different 

organisation of their nervous system (Lim, 2010; Shadrina & Slominsky, 2021).  

On the other hand, mammalian models such as non-human primates and rodents are 

genetically closer to humans, with a more human-like organisation of their central nervous 

system. Rodent models, particularly due to their small size and reduced costs, are widely used 

in neurodegenerative research. There are two main categories of rodent models in PD 

research, namely the toxin and genetic models (Blesa & Przedborski, 2014). The most 

prevalent neurotoxin-induced models are the MPTP (1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine) and 6-hydroxydopamine (6-OHDA) models, which both recapitulate the 

degeneration phenotype of the DANs within the SNpc and exhibit locomotion related 

symptoms. However, these phenotypes are quickly exacerbated with the fast death of DANs, 

making these models incompatible to study the progression of the disease (Kin et al., 2019; 

Zeng et al., 2018) (Table 1). Genetic models on the other hand are generated by introducing, 

overexpressing or knocking out PD-related mutations in genes such as SNCA, LRRK2, GBA, 

PINK1, among others (Behl et al., 2021; Cabin et al., 2005; Deng & Yuan, 2014; Moisoi et al., 

2014; Seegobin et al., 2020). These models can recapitulate several dysregulated biological 

processes such as dysfunctional mitochondria, oxidative stress and neuroinflammation and are 

more suitable for unravelling mechanisms related to the progression of neurodegeneration, as 

they exhibit a steady development of neurodegenerative-related phenotypes over time. 

However, a big drawback of the genetic models is that most of them fail to recapitulate key 

disease phenotypes such as the loss of DANs in the SNpc or the loss of TH and DA in the 

striatum (Kin et al., 2019; Lama et al., 2021; Terzioglu & Galter, 2008) (Table 1). 
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Table 1: Key differences in human PD and animal PD models (Kin et al., 2019). 

 

 

Apart from the aforementioned limitations of the toxin and genetically engineered animal 

models, there are also several physiological concerns for their use in PD research. It has been 

reported that toxins are metabolised differently in humans and rodents, therefore the 

phenotypes induced in toxin animal models must be taken with caution. Moreover, there are 

substantial differences in the blood brain barrier composition between humans and rodents 

than can induce further discrepancies in neuroinflammation responses, due to the distinct 

transport of metabolites and nutrients in the brain (Potashkin et al., 2011). This also poses an 

important limitation for the use of rodent models in drug testing. Additionally, substantial 

functional differences between non-neuronal human and rodent cell types such as astrocytes 

and microglia, raise further concerns on the use of these animal models in PD research 

(Hasselmann et al., 2019; J. Li et al., 2021).  

 

1.1.2.2 In vitro human brain models 

 

The complexity of the human brain with its unique neuronal organisation and gene expression 

profile, has generated an unmet need for the development of human-based models. With the 

breakthrough of Takahashi and Yamanaka in 2006, it is now possible to convert the identity of 

terminally differentiated cell types, such as fibroblasts, into iPSCs that possess embryonic stem 
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cell-like characteristics with the ability to differentiate into any cell type of the human body 

(Takahashi et al., 2007; Takahashi & Yamanaka, 2006). Since then, many studies have 

focused on the use of iPSC-derived neuronal culture models obtained from human fibroblasts 

or blood, from patients and healthy individuals, to recapitulate the human neuronal complexity 

and comprehend the underlying disease-related molecular mechanisms (Bitar & Barry, 2020).  

Additionally, with the use of CRISPR/Cas9 and other gene editing tools it is possible to create 

iPSC lines with the desired disease-related mutations or isogenic gene-corrected lines from 

patient cells that carry specific genetic alterations (De Masi et al., 2020). Neuronal models 

generated from these lines provide the means to study the specific effect of genetic mutations 

on different biological processes. 

 

 

Figure 3: Patterning of neuroepithelial cells towards specific identity of neural 
progenitors. A) Shows the anterior-posterior neural tube patterning, regulated by the gradient 
of WNTs for the specification of forebrain, midbrain, and hindbrain neuronal populations, while 
RA and FGFs regulate the neural specification of the spinal cord. B-C) Dorsal-ventral 
specification of the forebrain and spinal cord is regulated by the gradient of WNTs, BMPs and 
SHH (Tao & Zhang, 2016).  
 

For the successful differentiation of iPSCs into brain specific cell types, researchers have used 

small molecules and factors for the modulation of important developmental signaling pathways 

such as bone morphogenic protein (BMP), transforming growth factor beta (TGFβ), wingless-

related integration site (WNT) and sonic hedgehog (SHH). Specifically, cellular ectodermal, 



 

24 
KYRIAKI BARMPA PHD THESIS 

neuroepithelial identity induction can be achieved by inhibition of BMP and TGFβ pathways, 

and stimulation of the canonical WNT and SHH pathways (Patthey & Gunhaga, 2014). 

Fibroblast growth factors (FGFs) and retinoic acid (RA) concentrations are also important for 

the patterning of neuroepithelium. Specification of the neuroepithelial cells into different 

subtypes of neural progenitors can be achieved by precise concentration of the morphogens 

mentioned above in the culture media (Figure 3). In this way, neural progenitors are patterned 

towards the anterior-posterior and dorsal-ventral axes of the neural tube and give rise to brain 

region specific neuronal and glia populations (Tao & Zhang, 2016). 

With the regulated concentration of morphogens, cells acquire a distinct expression profile, with 

differential regulation of genes that control their differentiation process (Straccia et al., 2015). 

Identifying the key transcription factors that regulate gene expression in the different subtypes 

of neuronal and glia cells, is crucial for their characterisation and further optimisation of the cell 

culture protocols. The continuous advancements in the understanding of cell lines specification, 

lead to the generation of accurate and personalised human cellular models.  

 

1.1.2.2.1 2D iPSC-based cell culture 

 

2-dimensional (2D) culture is the monolayer cell culture system, where different cell types are 

cultured on a flat surface in the presence of specific molecules and supplements that assist 

their differentiation and maturation. In PD research, several studies have worked on the 

differentiation of iPSCs into DANs (Cooper et al., 2010; Lebedeva et al., 2023; Mahajani et al., 

2019) using cell lines from healthy individuals and PD patients. This is particularly important for 

examining the effect of the patients’ genetic background on DANs functionality and understand 

the specific mechanisms that are dysregulated in these neurons. 

Although, DANs are crucially affected in PD, it is also important to investigate the functionality 

of other cell types. There are several published protocols for generation of other neuronal and 

glia cell populations from iPSCs in the 2D neuronal culture system, such as striatal GABAergic 

neurons (Grigor’eva et al., 2020), astrocytes (Juopperi et al., 2012; Leventoux et al., 2020), 

oligodendrocytes (Chanoumidou et al., 2020; Ehrlich et al., 2017) and microglia (Lanfer et al., 

2022; Speicher et al., 2019).  

The use of these models in research has helped the scientific community to answer specific 

questions related to the functionality of individual cell types. However, the complexity of 

neurodegenerative diseases, such as PD, stems from the dysregulated interactions between 

the different cells in the human brain. Hence, more complex in vitro models are needed to 
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recapitulate interactions between different neuronal types but also between neurons and glia. 

Researchers have created co-culture models of iPSC-derived neurons and astrocytes from PD 

and healthy individuals, where they could investigate how neurons are affected by the presence 

of diseased or healthy astrocytes (di Domenico et al., 2019). On the same line, co-culture of 

DANs with microglia has shown the importance of microglia cells for the maturation and 

functionality of DANs (Schmidt et al., 2021). Additionally, tri-culture systems of neurons, 

astrocytes and microglia have also been used for studying the neuroinflammation component 

in neurodegenerative diseases (Ryan et al., 2020). 

Despite the efforts to increase the complexity of cultures in the 2D system, these models still 

fail to recapitulate the 3-dimentional (3D) environment and spatial organization of the human 

brain tissue (Jalink & Caiazzo, 2021; Moysidou et al., 2021).  

 

1.1.2.2.2 Advanced 3D brain organoid models 

 

3D brain organoids represent the next step into generating more accurate human-based 

models that recapitulate the cellular diversity and connectivity of the human brain.  

Advancements in this model started with the generation of whole brain, or cerebral organoids 

(Lancaster et al., 2013). These organoids can develop into self-organised structures, consisting 

of multiple central nervous system (CNS) specific cell types. They are created following an 

unguided differentiation approach, leading to the development of varying proportions of cell 

types specific to different brain regions. Whilst enabling the study of cellular interactions from 

different brain regions, this model lacks a defined spatial organization of the brain regions. 

Additionally, this method introduces considerable variability between organoids. Therefore, 

scientists have focused on the development of region-specific organoids, with guided 

differentiation approaches, for the generation of models that resemble the structure and cellular 

diversity of specific brain regions (Qian et al., 2019). During this differentiation process certain 

small molecules and factors are used to guide the identity of stem cells towards cells of specific 

brain regions such as the midbrain (Jo et al., 2016a; S. W. Kim et al., 2021; Monzel et al., 2017; 

Smits et al., 2019), cortex (Pasca et al., 2015), striatum (Miura et al., 2020) and hindbrain 

(Valiulahi et al., 2021).  

In the context of PD, midbrain organoids have shown a great potential of recapitulating the 

disease phenotypes. They are rich in DANs and they also develop glia cells such as astrocytes 

and oligodendrocytes, in later time points of culture (Monzel et al., 2017; Nickels et al., 2020). 

Electrophysiological activity assays have shown that neurons in the midbrain organoids are 
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capable of creating active neuronal networks (Smits et al., 2019). Additionally, midbrain 

organoids carrying PD-related mutations, such as the LRRK2 p.Gly2019Ser (H. Kim et al., 

2019), triplication of SNCA (Mohamed et al., 2021) and mutations in PINK1 (Jarazo et al., 

2021), were able to recapitulate many PD-relevant phenotypes, with loss of DANs, 

developmental and synaptic disturbances and protein aggregation.   

Although midbrain organoids have proven their utility in PD research, they are not suitable for 

addressing all the questions regarding the development of the disease. The dynamic nature of 

the brain, with neurons that project long axons into different brain regions, creates the need for 

the generation of models that better recapitulate this connectivity. One way to overcome this 

limitation is the generation of assembloid models (Figure 4) (Makrygianni & Chrousos, 2021; 

Pașca, 2018).   

 

Figure 4: Increasing the complexity of in vitro 3D brain models. Human-derived somatic 
cells, such as fibroblasts, can be differentiated into iPSCs for generating 2D neuronal and glial 
cell culture models, as well as more complex models like 3D brain region-specific organoids 
and assembloids. Assembloid models can be derived either through the integration of non-
ectodermal cell types, such as microglia, or by fusing different region-specific organoids. The 
image was created using Biorender. 
 

Assembloid models can be created by the integration of cell types into brain organoids that 

cannot be differentiated from the ectodermal lineage, such as microglia, and by the fusion of 

different region-specific organoids (Figure 4). Microglia are the immune resident cells of the 

brain and their presence is extremely important for the development, maintenance and 

functionality of the neuronal network (Colonna & Butovsky, 2017). Microglia cells have been 

successfully integrated into cerebral organoids (Xu et al., 2021; W. Zhang, Jiang, et al., 2023) 

and have contributed to studies in Alzheimer’s disease (T. Lin et al., 2018). In parallel, brain 
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assembloids created by the direct fusion of region-specific organoids resemble physiological 

relevant axonal projections and establish active synapses (Andersen et al., 2020; Bagley et al., 

2017; Miura et al., 2020; Sloan et al., 2018). 

Advanced 3D brain models have paved the way towards more complete and physiologically 

relevant human-based models for studying brain-related disorders. It is possible now to develop 

models by merging brain region-specific organoids and integrating cell types originated from 

different lineages. Despite the contribution of midbrain organoids in PD research, it is important 

to consider that due to their embryonic-like nature, research using these models is more likely 

to represent an early stage of PD development. Consequently, given the relevance of age in 

the progression of the pathology, the incorporation of aging characteristics into the model 

becomes indispensable for comprehending PD's underlying mechanisms. 

 

1.1.2.2.3 Aged in vitro models 

 

For deciphering the age-related dysregulated mechanisms in the process of 

neurodegeneration, we need to optimise our in vitro models in a way that aging characteristics 

will be retained or included in their generation process. The most common approach for the 

generation of neuronal cultures that retain the aged characteristics of the donor cells is the 

conversion of human somatic cells into induced neurons (iNs), with the forced expression of 

neurogenic transcription factors, specific for the different types of neurons (Table 2). In this 

approach, neurons retain the epigenetic information of the donor cells and therefore the aged-

related phenotypes (Y. Zhang et al., 2020).  

In the context of PD, several studies have succeeded in transdifferentiating induced 

dopaminergic neurons (iDANs), that could be used for modelling PD (De Gregorio et al., 2018; 

J. Kim et al., 2011; Park et al., 2015). As presented, iDANs can be an alternative model to 

iPSC-derived DANs for assessing the aging-related impact in the degenerative processes of 

DANs. Although the generation process of iDANs from somatic cells is easier and faster than 

the generation of iPSCs and from there the differentiation towards DANs, their inability of self-

renewal poses a big constraint, as higher amount of donor cells is needed for the generation 

and stocking of iDANs, due to their higher sensitivity to cryopreservation (Yamatoya et al., 

2022; Y. Zhang et al., 2020).  

On the other hand, efforts have also been made towards the development of 3D organoids with 

retained aging signatures. Patient-derived organoids (PDOs) can be generated with the use of 

adult stem cells (ASCs). ASCs are obtained from tissue biopsies and cultured together with 
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niche factors that promote the stem cells differentiation but also maintain the stem cell pools. 

PDOs derived from old donors, maintain the aged characteristics, making an ideal model for 

studying age-related dysfunctions in vitro. Although this method is used to generate organoids 

from tissues with epithelial lining, it is still not possible to generate organoids from organs that 

are mainly consisted of non-epithelial elements, such as the brain (Fujii & Sato, 2021; J. Kim 

et al., 2020; Papaspyropoulos et al., 2020; Sun et al., 2023). To date the generation of brain 

organoids is solely based on the use of iPSCs.  

 

Table 2: Generation of iNs (Y. Zhang et al., 2020). 

 

 

Importantly, different strategies have been used to induce aging phenotypes on iPSCs. One 

way is stress induced cellular senescence, where iPSCs are exposed to hydrogen peroxide 

(H2O2), ROS or small molecules that will induce aging related phenotypes, such as DNA 

damage (Fathi et al., 2022; Zhu et al., 2019).  

Another approach is the induction of telomeres shortening. Telomeres are shortened 

progressively with aging, and it is one of the main aging hallmarks. The reason of telomeres 

shortening is due to the ineffective replication of the 3′ end of the lagging DNA strand from 
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DNA-polymerase, leading to the progressive telomeres shortening in each cell division 

(Rossiello et al., 2022; Vaiserman & Krasnienkov, 2021). Studies have tested the telomerase 

inhibitor BIBR1532 on iPSCs and although it induces aging phenotypes in iPSC-derived 

neurons (Vera et al., 2016), it showed to be cytotoxic in feeder-free iPSCs cultures (Rossiello 

et al., 2022), therefore making it not suitable for all culture conditions.  

Finally, inducible aging has also been tested via overexpression of Progerin, a truncated form 

of lamin A, a nuclear envelope protein essential for the organisation and regulation of nuclear 

function, in iPSCs. Progerin is produced by a mutated form of the LMNA gene (c.1824 C>T), 

and it is associated with the development of the Hutchinson–Gilford progeria syndrome (Bidault 

et al., 2020; Brennand, 2013). Transient expression of progerin using synthetic mRNA in iPSC-

derived fibroblasts and iPSC-derived DANs, induced aging and neurodegeneration related 

phenotypes (Miller et al., 2013). However, another study, where progerin was overexpressed 

in the mouse brain, demonstrated that neurons are not significantly affected (Baek et al., 2015). 

These contradictory results could arise either from differences in susceptibility to aging stimuli 

between mouse and human neurons, or from the heightened sensitivity of 2D iPSC-derived 

neurons. 2D in vitro neuronal models lack most of the homeostatic mechanisms present in the 

brain of a whole organism, rendering them more vulnerable to agents that induce aging. 

So far, none of these methods have been tested for inducing aging in brain organoids. This 

could provide further insights into the effectiveness of these methods in simulating aging in 

human-based models and determining their utility in neurodegenerative studies.  
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1.2 Summary and discussion of the research covered 

in the thesis 

 

The complexity of neurodegenerative diseases urges the need for developing advanced human 

based models that can recapitulate the disease phenotypes in vitro. Although 2D neuronal 

cultures and co-cultures with other brain cells such as astrocytes and microglia have proven 

their relevance in assessing the vulnerability of specific cell types and their response to different 

treatments in the scope of drug development (Cetin et al., 2022), they still lack the complex 

interactions that are present in the actual human brain. Even though specific types of neurons, 

such as the DANs in PD, are more vulnerable in the disease state, this vulnerability can stem 

from ineffective or detrimental interactions with other cell types that further contribute to the 

disease development. Moreover, 2D monolayer cultures fail to recapitulate the 3D arrangement 

of cells in the human brain, leading to alterations in their morphology, spatial organisation and 

differentiation capacity (Centeno et al., 2018). 

To overcome the limitations of 2D models, the generation of 3D organoids has paved the way 

towards in vitro systems with higher complexity and physiological relevance. In the recent 

years, several protocols have been published for the generation of different types of human 

brain organoids, such as whole brain cerebral organoids (Lancaster et al., 2013), cortical 

(Eigenhuis et al., 2023), hindbrain (Valiulahi et al., 2021), striatal (Miura et al., 2020) and 

midbrain organoids (Jo et al., 2016b; H. Kim et al., 2019; Kwak et al., 2020; Monzel et al., 

2017).  

For the use of these models in disease research, extensive characterisation and phenotyping 

is necessary for proper validation of their physiological relevance. With the advancements in 

single cell sequencing technologies, the transcriptome of organoid tissues can be deciphered 

on the single cell level, granting the ability to define cellular populations through the 

identification of specific genetic signature. Several studies have shown through scRNAseq 

analysis that organoids patterned towards specific brain regions can indeed acquire regional 

specification with the development of a diverse cellular composition (Fiorenzano et al., 2021a; 

Miura et al., 2020; Smits et al., 2020). Additionally, the accessibility of scRNAseq data from 

post-mortem and embryonic human brain tissues enables their juxtaposition with brain 

organoid transcriptomic profiles. This comparison can provide additional insights into how 

closely the transcriptomic identity of organoids aligns with that of their physiological 

counterparts (Camp et al., 2015; Tanaka et al., 2020).  
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During my thesis, we focused on the comparison of scRNAseq data from MOs at 35 

(MO_WT35) and 70 (MO_WT70) days of differentiation, with scRNAseq data of the human 

embryonic midbrain (EM) from weeks 6-11 of embryo development (La Manno et al., 2016) 

(Manuscript I). To further validate the identity specificity of the MOs, we also compared them 

with data from human embryonic prefrontal cortex (EC) (Zhong et al., 2018). Hierarchical 

clustering of the four datasets for the average expression of the common top 500 variable 

genes, illustrates the transcriptional similarity between MOs and the EM. This is further 

supported by the high expression of midbrain specific markers, such as FOXA2, TH, EN1 and 

EN2 in the EM and MO datasets but not in the EC dataset (Figure 1, Manuscript I). 

Additionally, correlation analysis based on the expression of common genes between the EM 

and MOs has shown the developmental association of MOs at day 35 (D35) of differentiation 

with the gestational week 9 of EM, while MOs at day 70 (D70) of differentiation correlated better 

with week 10. These results indicate that MOs not only exhibit a transcriptomic profile closer to 

EM but also manifest a developmental pattern that aligns with the progressive development of 

the human embryo. The same correlation analysis with EM was also applied on data from 

cortical organoids (COs) (Winner, Kohl, et al., 2011), where the not significant correlation 

further illustrates that organoid models are capable of developing identities towards specific 

brain regions (Supplementary Figure 3, Manuscript I).  

Moreover, MOs can develop a cellular composition relevant to the EM (Figure 2, Manuscript 

I), with higher abundance of more mature populations such as glia and pericytes, in the later 

time point of differentiation (MO_WT70). However, key differences such as the presence of in 

vitro specific Neuroblasts (NBs in vitro) in MOs and endothelial cells in EM, reveal the in vitro 

nature of the organoids, with their induced differentiation from the neuroepithelium towards 

midbrain identity restricting them from developing mesodermal-specific cells, such as 

endothelial cells (Vasudevan & Bhide, 2008). These findings support the identity specificity of 

MOs towards the equivalent midbrain region in the developing human brain and their ability to 

develop a variety of physiologically relevant cell types.  

The transcriptional similarity of MOs with the EM further validates the robustness of this model 

for elucidating the developmental component of PD. MOs derived from PD patient cell lines, or 

cell lines carrying PD-relevant mutations have shown the capacity to recapitulate disease 

phenotypes, and reveal therapeutic targets (Becerra-Calixto et al., 2023; Jarazo et al., 2021; 

H. Kim et al., 2019; S. W. Kim et al., 2021; Mohamed et al., 2021; Smits et al., 2019). In our 

study, MOs derived from an isogenic cell line carrying the LRRK2 p.Gly2019Ser mutation 
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demonstrated a PD-related phenotype, with dysregulated neurodevelopment, altered cellular 

composition and PD-related dysregulated pathways (Manuscript I).  

More specifically, differential expression analysis of the MOs ScRNAseq data from the two time 

points of culture (day 35 and 70) generated from the LRRK2 p.Gly2019Ser mutated cell line 

(MUT) and the WT isogenic line, revealed differentially expressed genes (DEGs) in MUT MOs 

that are associated with the PD phenotype (Figure 3 Manuscript I). Interestingly, enrichment 

analysis of the DEGs between MUT and WT MOs, demonstrated the dysregulation of pathways 

related to the role of LRRK2 in PD and the development of the nervous system, along with 

cytoskeleton remodelling and cell adhesion pathways. LRRK2 plays an important role in the 

cytoskeleton remodelling (Parisiadou & Cai, 2010), by interacting with several cytoskeleton 

proteins for the regulation of neurite outgrowth (Häbig et al., 2013). Additionally, studies have 

shown the important role of LRRK2 in synapses regulation and cell adhesion, where mutated 

LRRK2 can lead to altered synaptic activity, impairments in synaptic vesicle endocytosis 

(Arranz et al., 2015; Plowey et al., 2014), but also dysregulation of motility and adhesion of 

cells such as microglia (Choi et al., 2015). Altered expression of genes responsible for the 

regulation of these processes was evident in the MUT MO dataset (Figure 3 Manuscript I). 

Comparison of the DEGs between the two conditions and time points, showed the significantly 

higher amount of DEGs between WT and MUT MOs at D70 of culture, indicating a progressive 

dysregulated phenotype in the oldest organoids. Moreover, the majority of the DEGs between 

the two conditions are originating from NBs, mature dopaminergic neurons (mDNs) and young 

neurons (yNEURs) clusters in both time points. Since mDNs are the main neuronal population 

that is affected in PD, a closer look into the DEGs of this cluster, exhibited dysregulated 

pathways related to γ-secretase role and several developmental processes. Previous studies 

have illustrated the role of mutated LRRK2 in neurodevelopment, with specific impact on the 

DANs differentiation capacity (Smits et al., 2019; Walter et al., 2021). Similarly, although WT 

MOs showed a normal developmental phenotype from D35 to D70 of differentiation, with a 

more variable and mature cellular population in the latest time point, MUT MOs in our study 

demonstrated an altered developmental pattern, with an accelerated differentiation phenotype 

at D35 which stagnated until D70 (Figure 4 and 5 Manuscript I).  

In parallel, in the observed enrichment in the γ-secretase pathway, altered expression of APP 

was evident in both time points of MUT MOs. The implication of this gene in neurodegeneration 

(K. V. Nguyen, 2019; X. Wang et al., 2017; Xia et al., 2022)  and its important role in 

neurogenesis and brain development (Arnaud et al., 2021; Coronel et al., 2018; B. Wang et al., 
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2014; Zhou et al., 2011), further signifies the potential role of mutated LRRK2 in 

neurodevelopmental defects that could ultimately lead to neurodegeneration.  

Apart from the dysregulation of the APP expression, another evidence of the LRRK2 

p.Gly2019Ser mutant role in neurodevelopmental impairment is the differences in DNAJC12, 

GATA3 and PTN genes expression between MUT and WT MOs (Figure 3 and Figure 6 

Manuscript I). The important role of these genes in neurodevelopment has been previously 

reported, with mutations in DNAJC12 to be responsible for neurodevelopmental delay and 

hyperphenylalaninemia (Straniero et al., 2017; Wong et al., 2023), GATA3 knock-out leading 

to impaired neurodevelopment in mice (Tsarovina et al., 2010; van Doorninck et al., 1999) and 

PTN to be essential in the development of the nigrostriatal DA system (Marchionini et al., 2007) 

and the specification of neurons and glia cells during development (Asai et al., 2011; González-

Castillo et al., 2015; Skelton et al., 2019). DNAJC12 and GATA3 genes showed a progressive 

decreased expression in EM, while APP and PTN genes expression is increased throughout 

EM development. Although this expression pattern was followed by the WT MOs, the opposite 

expression pattern was found in MUT MOs, with upregulation of DNAJC12 and GATA3, and 

downregulation of APP and PTN genes (Figure 6 Manuscript I).  

The results of this study, demonstrate the physiological robustness of the MO model, which 

closely resembles the human embryonic midbrain in its development. Additionally, it illustrates 

the utility and relevance of MOs in PD research, by recapitulating disease relevant phenotypes 

and highlighting key candidates that may contribute to the neurodevelopmental component of 

PD.  

However, other factors, such as neuroinflammation and aging related dysregulations, that 

contribute to PD development are not considered in the aforementioned MO model. In 

neurodegenerative diseases, a characteristic phenotype is the chronic inflammation of the CNS 

which may be responsible for the development of a neurotoxic environment that further 

aggravates the disease (W. Zhang, Xiao, et al., 2023). Neuroinflammation is linked to microglia 

activity, which are the immune cells native to the CNS and account for approximately 10% of 

the cells in the brain. These so called resident macrophages of the brain have a mesodermal 

origin being originated from myeloid progenitors of the yolk sac that migrate into the developing 

neural tube in early stages of the embryonic development (Colonna & Butovsky, 2017). As 

mentioned, the generation of MOs is achieved through a guided differentiation approach 

towards the neuroectodermal lineage. A general population of glia cells was identified in MOs, 

without the presence of microglia (Manuscript I). Therefore, the innate development of 

microglia is infeasible in this model.  
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Microglia are very important for the homeostasis of the brain. They have a role in 

neurodevelopment, assisting in the neuronal survival with the release of neurotrophic factors 

and in the refinement of neuronal networks, by the constant surveillance of synapses formation, 

with the pruning of inactive, unnecessary synapses (Fujita & Yamashita, 2021; Weinhard et al., 

2018). Additionally, their phagocytic activity is important for the removal of dead cells, debris, 

protein aggregates and other danger antigens for the CNS (Fu et al., 2014). Therefore, the 

presence of these cells in our MO is crucial not only for the ability to study the 

neuroinflammatory component in PD, but also for the extended improvement of the model’s 

complexity and physiological relevance. 

Previous studies have shown that microglia (MGL) can be either innately derived in the iPSCs-

derived 3D brain models (Hong et al., 2023; Ormel et al., 2018) or separately integrated into 

cerebral organoids (Abud et al., 2017; Song, Yuan, et al., 2019). However, there is no study 

showing the integration of MGL into MOs and their impact on the homeostasis of this particular 

model. In Manuscript II we show the successful integration of MGL into our MO model. For 

achieving this, we developed a co-culture system where macrophage precursors, capable of 

differentiating into MGL with phagocytic activity (Figure 1 Manuscript II), are added into the 

MOs, where they differentiate into MGL.  

To characterise the presence of MGL in MOs we evaluated the expression of the MGL and 

macrophage specific maker Ionized calcium-binding adaptor molecule 1 (IBA1) (Hopperton et 

al., 2018). After 20 days of MO and MGL in the optimised co-culture conditions, 6.4% of 

microglia cells (IBA1-positive) were quantified in MO-MGL assembloids (Figure 2 Manuscript 

II). Considering that approximately 10% MGL was observed in post-mortem human SNpc 

tissue (Mittelbronn et al., 2001), the 6.4% of MGL in MOs is a good indication that microglia 

cells can sustain physiological densities in organoids.  

MGL specific identity in MOs was further validated through its distinctive transcriptomic profile 

in snRNAseq data (Figure 2 Manuscript II). Hierarchical clustering and correlation analysis 

demonstrated the MGL specific genetic signature in MOs (Figure 2 Manuscript II), as 

expected due to the MGL mesodermal origin and MOs neuroectodermal origin. 

In parallel, MGL do not only acquire phagocytic activity in 2D microglia but also in MOs. In line 

with the MGLs’ high expression of phagocytic genes in MOs (Supplementary Figure 4 

Manuscript II), their phagocytic activity is further demonstrated by the significant reduction of 

MOs size due to the clearing of the dead cells (Figure 3 Manuscript II). Moreover, the high 

expression of cytokine and chemokine genes along with their increased levels in the MO-MGL 

media further underlines the functionality of MGL in MOs. Cytokines and chemokines are 
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important molecules for cellular communication and they are necessary for triggering the 

phagocytic ability of MGL (Fu et al., 2014; Noda & Suzumura, 2012). Although cytokines and 

chemokines are mostly released from microglia and astrocytes, there is evidence that they can 

also be released by neurons (De Haas et al., 2007; Prieto & Cotman, 2017), which is also 

shown here by the expression of IL6, IL7 and CX3CL1 in neuronal clusters (Figure 3 

Manuscript II). Additionally, the fact that chemokines and cytokines release is exacerbated in 

the presence of MGL in assembloids compared to MOs, suggests a potential MGL-dependent 

stimuli in the chemokine and cytokine signalling between neurons and glia cells. 

Apart from the fact that MGL integrated in MOs acquire a physiologically relevant identity and 

functionality, they also contribute to the general homeostasis of the model, by remodelling the 

synaptic network and leading to higher neuronal excitability (Figure 4 and Figure 5 

Manuscript II). Additionally, the downregulation of genes related to oxidative and cellular 

stress, but also inflammatory response, is another indication of the contribution of MGL to the 

homeostasis and neuroprotection of MOs (Figure 5 Manuscript II).  

Overall, it is evident that the presence of MGL in MOs is beneficial for the functionality of the 

model. Increasing the complexity of in vitro systems is important for their physiological 

improvement and for addressing specific research questions, which is not feasible when using 

more simple cellular models. As illustrated in Manuscript II, a diverse cellular communication 

in the MO model is important for achieving homeostasis and physiological relevance with the 

human brain. However, neurons and glia cells from one brain region also receive signals from 

other brain regions that are important for the definition of their functionality (Mišić et al., 2014; 

Yeh, 2022). Particularly in PD, the vulnerable DANs in the SNpc of the midbrain, form the 

nigrostriatal pathway through their axonal projections to the dorsal striatum. The inhibitory 

GABAergic medium spiny neurons (MSNs) in the dorsal striatum control the activity of DANs 

which are responsible for the release of DA and the control of behavioural and motor responses 

(Aarts et al., 2011; Sulzer et al., 2016). In the case of PD, severe phenotypes are developed 

when there is already a substantial loss of DANs and crucial depletion of DA levels in the 

striatum. Research findings indicate that there is a noteworthy decline in dopaminergic axons 

within the striatum prior to the occurrence of perikaryal neuronal loss. This decline in 

dopaminergic axons is approximately twice as much pronounced in the striatum when 

compared to the reduction in dopaminergic neuronal bodies within the SNpc. (Heng et al., 2023; 

L. H. Li et al., 2009; Tagliaferro & Burke, 2016). Hence, directing our efforts towards 

comprehending the underlying mechanisms and processes driving the degeneration of 
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dopaminergic axons in the striatum could be the key to developing early intervention therapies 

and prevent the ultimate loss of DANs in the SNpc.  

To be able to study the human nigrostriatal pathway connectivity, with the use of human derived 

iPSCs, we developed an in vitro assembloid model of midbrain and striatum (StrO) organoids 

(Manuscript III). In contrast to Manuscript II, where microglia are derived from the 

mesodermal lineage, here the two components of the assembloid are both developed from the 

neuroectoderm. However, for achieving the regional specificity of each organoid we followed a 

similar approach, where each organoid is differentiated independently before merging them in 

the optimised co-culture assembloid system. With this approach, we achieved to maintain the 

identity specificity of MOs and StrOs after 30 days of co-culture, which was checked via the 

expression of progenitor and mature dopaminergic markers in the MO side of the assembloid, 

and striatum specific markers in the StrO side (Figure 1 Manuscript III). It is also important 

that our optimised protocol for StrOs generation leads to high abundance of DARPP32 protein, 

a specific marker for MSNs, the main GABAergic neuronal population in the striatum (Reinius 

et al., 2015). The identity specificity of both parts of the assembloid model was further confirmed 

by snRNAseq analysis which showed a cellular composition relevant to the midbrain and 

striatum brain regions, respectively (Supplementary Figure 8 and 9 Manuscript III). These 

data are consistent with the findings of Manuscript I, demonstrating the close identity of MOs 

to the actual embryonic midbrain. 

The cellular composition in the assembloid model demonstrates the preservation of the 

midbrain and striatum cellular identities (Figure 2 Manuscript III). Additionally, we were able 

to identify more defined dopaminergic subclusters, with an identity close to A9 DANs of the 

SNpc and A10 DANs of the ventral tegmental area (VTA) of the midbrain. The identification of 

these two subclusters is determined by the expression of KCNJ6 and OTX2, respectively 

(Supplementary Figure 7 Manuscript III). Although many studies have regarded different 

markers to be specific for VTA and SNpc DANs, it is important to consider that each of these 

midbrain regions is divided into subregions with mixed markers expression, found in both SNpc 

and VTA neurons (Anderegg et al., 2015). Important to note, OTX2 is one of the few specific 

markers for the VTA DANs (C. Y. Chung et al., 2010; Di Salvio et al., 2010; Poulin et al., 2014). 

On the other hand, although KCNJ6 is still expressed in lower number of DANs in VTA 

(Anderegg et al., 2015), it is widely acceptable for specifying the A9 DANs (Birtele et al., 2022; 

Fiorenzano et al., 2021b; Lebedeva et al., 2023). Its expression is also observable in DANs2 

cluster in MOs, implying the potential of neuronal refinement from a broader expression profile 
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of dopaminergic markers (DANs clusters) into more specific A9 DANs (Supplementary Figure 

8 Manuscript II).  

In addition to enhancing the specification of the dopaminergic clusters in the assembloid model, 

we also identified MSNs co-expressing the specific markers DARPP32 (or PPP1R1B) and 

ARPP21. The expression of these two genes specifically defines the mature MSNs in the 

striatum (Ivkovic & Ehrlich, 1999; Nair et al., 2016). The fact that MSNs in StrOs were identified 

solely by the expression of ARPP21, and that the majority of DANs in MOs have a broader 

genetic signature, suggests that the interaction between the two organoids in the assembloid 

model further enhances their identity specification and maturation. In line with our observation 

of the distinct cellular composition, DEG analysis between the assembloid and MO or StrO 

models, revealed the upregulation of neuronal maturity genes and genes related to 

neurogenesis and axonal guidance in the assembloid (Figure 2 Manuscript III). This 

observation agrees with another study on assembloids of thalamic and cortical organoids 

where an improved neuronal maturity due to higher frequency firing was observed in patch-

clamp recordings in the assembloid model compared to the thalamic organoids alone (Xiang 

et al., 2019).  

Similar to the observations in Manuscript II, oxidative and cellular stress related genes were 

downregulated in the assembloid model compared to MO and StrO (Supplementary Figure 

10 Manuscript III). These results further support the influence of the intercellular and 

interregional communication system on the homeostasis of the brain, as higher levels of stress 

can negatively impact the normal CNS function (P. Li & Elowitz, 2019; Qin et al., 2015).  

An important aspect of our midbrain-striatum assembloid model is the recapitulation of the 

nigrostriatal pathway connectivity. As mentioned before, physiologically this pathway is formed 

by dopaminergic projections from the midbrain to the dorsal striatum, where DA is released. In 

our model, TH-positive axons are visibly projected from the MO towards the StrO part of the 

assembloid. Additionally, using the Rabies monosynaptic tracing methodology, we confirmed 

that TH-positive neurons from MO can form active synapses with neurons in the StrO. Finally, 

electrochemical measurements in StrOs alone and in the assembloid model, revealed 

significantly higher catecholamine levels in the StrO side of the assembloid. As previously 

shown, although these electrochemical measurements cannot directly detect DA, they can 

provide important information regarding the presence of DA, due to the neglectable interference 

of the cationic catecholamines norepinephrine and epinephrine (Zanetti et al., 2021). This 

outcome underscores the model's ability to progress toward the functional establishment of the 

nigrostriatal pathway (Figure 3 and Supplementary Figure 11 Manuscript III). Our results 
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align with other studies on assembloid models, showing the generation of physiological relevant 

active neuronal circuits between the two organoids (Bagley et al., 2017; Birey et al., 2017; Miura 

et al., 2020), underlying the capacity of brain assembloids to resemble the interregional 

connectivity of the human brain. 

Having comprehensively characterized the assembloid model, we are confident that its 

application in PD studies will provide new insights for the mechanisms involved in synaptic 

dysregulation and axonal degeneration of dopaminergic terminals within the striatum.  

One common characteristic of the models mentioned so far, is their developmental identity. 

The reprogramming of human cells into iPSCs leads to cellular rejuvenation. The reset of the 

cellular biological age is mainly due to reorganisation of the epigenome, which converts somatic 

cells back to a pluripotent state (Simpson et al., 2021). Therefore, the use of iPSCs in the 

generation of our 3D models is a great way to mimic the embryonic development and 

differentiation of brain cells and study the developmental aspects of PD (see section 1.1.1.1.2). 

Although developmental dysregulations are crucial for the onset of neurodegenerative 

diseases, many of the processes that lead to the disease state are triggered later in life. The 

exposure into certain environmental stimuli and the epigenetic and genetic alterations 

accumulating over time, are influencing the onset and severity of the disease (Lardenoije et al., 

2015).  

Several studies have focused on inducing neuronal aging in vitro (see section 1.1.2.2.3), but 

without any efforts on brain 3D models. Here, we utilised a line engineered with a progerin 

transgene to trigger aging in our midbrain-striatum assembloid model (Figure 4 Manuscript 

III). In contrast to the transient expression used by Miller and colleagues (Miller et al., 2013), 

here the progerin transgene is introduced into the cells’ genome under the control of the Tet-

On system, where its expression is induced only in the presence of doxycycline (Das et al., 

2016). This approach provides a more stable system for longer cultures and better optimisation 

of aging induction. Overexpression of progerin resulted in the generation of a mosaic 

assembloid model were approximately 50% of the cells overexpress progerin. Progerin-

overexpressing cells acquire aging characteristics with the accumulation of p53, p21 and p16 

proteins in neuronal cells, which are indicative markers of cellular aging (López-Otín et al., 

2023). Additionally, evidence of DNA damage with the double positive H2AX-53BP1 foci 

(Shibata & Jeggo, 2020) were evident in progerin expressing cells in assembloids at D60 of 

culture (Figure 5 Manuscript III).  

The aging phenotype in progerin-overexpressing assembloids was further validated by their 

distinct transcriptomic profile. Noteworthy dysregulated genes, common between progerin 
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assembloids and human post-mortem brain tissue data, were all linked to aging and 

neurodegeneration. Moreover, significantly lower levels of Lamin B1 protein (Bedrosian et al., 

2021; bin Imtiaz et al., 2021) and higher β-galactosidase (Geng et al., 2010) positive areas in 

progerin expressing assembloids further support the acquisition of an aged phenotype (Figure 

6 Manuscript III).   

Aging is directly associated with neurodegeneration, and even in the absence of severe 

disorders such as PD, there is still gradual neuronal network disturbances and neuronal loss 

during the healthy aging process (Azam et al., 2021). Synaptic deterioration is one of the crucial 

characteristics of the aging brain that can promote cognitive decline and neurodegeneration 

(Buss et al., 2021; Talyansky & Brinkman, 2021). In line with this, enrichment analysis of the 

transcriptomic data from the progerin-overexpressing assembloids, revealed dysregulated 

pathways related to synapses and neurotransmission. Significantly lower levels of the post-

synaptic protein Gephyrin and the pre-synaptic proteins VAMP2 and Synaptotagmin1, further 

validated the dysregulated synaptic system in progerin-overexpressing assembloids (Figure 7 

Manuscript III).  

DANs are specifically vulnerable to aging-related dysregulations (Bohnen, 2020). In our model, 

we found significantly lower TH protein levels in progerin-overexpressing assembloids, 

indicating a dysregulation in the DA synthesis system. Additionally, we saw a higher neurite 

fragmentation index in DANs of progerin-overexpressing assembloids, a clear sign of 

neurodegeneration that precedes neuronal death (L. Lin et al., 2016). This result is further 

supported by the significantly reduced catecholamine levels in the striatum of assembloids 

overexpressing progerin, signifying a broader dysregulation in the nigrostriatal pathway 

functionality (Figure 7 Manuscript III). Overall, these results support that aging induction in 

the midbrain-striatum assembloid model via progerin overexpression, promotes the 

development of early neurodegeneration phenotypes. Therefore, this model could be used for 

unraveling important insights into the early stages of neurodegeneration in PD.  
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Chapter 2: Material and Methods 

 

All comprehensive information concerning the material and methods that were used in this 

thesis can be found in the original articles listed in Chapter 3 - Results. The following section 

lists the experimental procedures I performed in each study. 

 

• Cell culture (hiPSCs, NESCs, vNESCs) 

- See Manuscript II and III 

• Generation of MOs  

- See Manuscript II and III 

• Generation of StrOs  

- See Manuscript III 

• Generation of Midbrain-Striatum Assembloids 

- See Manuscript III 

• Co-culture of MOs with macrophage precursors 

- See Manuscript II 

• Immunofluorescence staining 

- See Manuscript I and III 

• Western blotting and analysis 

- See Manuscript II and III 

• Confocal microscopy 

- See Manuscript I and III 

• High-Content Imaging and image analysis with MATLAB 

- See Manuscript III 

• Multi-electrode array (MEA) 

- See Manuscript III 

• LDH and ATP assays 

- See Manuscript III 

• RT-PCR 

- See Manuscript I and III 

• Flow Cytometry 

- See Manuscript III 

• β-galactosidase assay 
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- See Manuscript III 

• Rabies monosynaptic tracing experiment 

- See Manuscript III 

• Single cell/nuclei RNA sequencing analysis 

- See Manuscript I and III 
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Chapter 3: Results 
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Preface 

 

LRRK2 p.Gly2019Ser is one of the most common mutations associated with autosomal 

dominant PD. LRRK2 is a multidomain protein that is involved in the regulation of several 

biological process, such as neurogenesis, synaptic function and axonal guidance (Ren et al., 

2019). Patients carrying this alteration, develop similar symptoms with the idiopathic PD 

patients. The fact that LRRK2 has an important role in neurodevelopment and the association 

of the G2019S mutation with late on set PD, further strengthens the hypothesis of 

neurodevelopmental defects that contribute to the manifestation of the disease (Schwamborn, 

2018).  

With the advancement of in vitro disease modeling using human iPSCs, we are now able to 

generate 3D brain organoids that recapitulate the cellular diversity and connectivity of the 

human brain. Specifically in PD research, MOs have been a great tool for unravelling disease 

related neurodevelopmental phenotypes (Jarazo et al., 2021; H. Kim et al., 2019; Smits et al., 

2019). Additionally, with the use of CRISPR/Cas9, mutated and gene corrected isogenic cell 

lines can be created from both patient and healthy individuals, to evaluate the effect of the 

specific mutation to the disease phenotype (Arias-Fuenzalida et al., 2017). Similarly, here we 

used single cell RNA sequencing data from MOs derived from healthy control iPSCs and their 

isogenic pair with the LRRK2 p.Gly2019Ser introduced by CRISPR/Cas9.  

The complexity and in vitro nature of the MOs compel the study of their cellular variability and 

their physiological similarity to the human counterparts. Using single cell RNA sequencing 

transcriptomic data, we evaluated the developmental comparison of the healthy (WT) MOs with 

the embryonic midbrain and cortex. Moreover, based on the cellular diversity in the embryonic 

midbrain data from La Manno and colleagues (La Manno et al., 2016), we identified specific 

cell populations in MOs derived from WT and LRRK2 p.Gly2019Ser (MUT) lines, from 35 and 

70 days of culture. Interestingly MUT MOs showed a different cellular composition compared 

to the WT, and they had no clear cell type evolution over time when compared with the 

embryonic midbrain. Additional comparison of pseudotime trajectories of the WT and MUT 

MOs, revealed an impaired maturation phenotype of dopaminergic neurons (mDNs) and an 

arrest in the developmental process of more mature cell types, such as glia, in the MUT MOs.  

Finally, differential expression analysis between WT and MUT organoids revealed PD related 

phenotypes in the MUT organoids and candidate genes that could contribute to their 

neurodevelopmental defects. 
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Summary

Human brain organoid models that recapitulate the physiology and complexity of the human brain have a great potential for in vitro

disease modeling, in particular for neurodegenerative diseases, such as Parkinson disease. In the present study, we compare single-cell

RNA-sequencing data of human midbrain organoids to the developing human embryonic midbrain. We demonstrate that the in vitro

model is comparable to its in vivo equivalents in terms of developmental path and cellular composition. Moreover, we investigate the

potential of midbrain organoids for modeling early developmental changes in Parkinson disease. Therefore, we compare the single-

cell RNA-sequencing data of healthy-individual-derivedmidbrain organoids to their isogenic LRRK2-p.Gly2019Ser-mutant counterparts.

We show that the LRRK2 p.Gly2019Ser variant alters neurodevelopment, resulting in an untimely and incomplete differentiation with

reduced cellular variability. Finally, we present four candidate genes,APP,DNAJC6,GATA3, and PTN, thatmight contribute to the LRRK2-

p.Gly2019Ser-associated transcriptome changes that occur during early neurodevelopment.

Introduction

Parkinson disease (PD) is a multifactorial neurodegenera-

tive disorder with varying motor and non-motor symp-

toms, characterized by the loss of dopaminergic neurons

(DNs) in the substantia nigra pars compacta (SNpc) of

the midbrain.1 The most common mutation associated

with PD is c.6055G>A (p.Gly2019Ser) in leucine-rich

repeat kinase 2 (LRRK2) (GenBank: NM_198578.4).2–4

LRRK2 is a multidomain protein involved in many cellular

functions, including cell proliferation, survival regulation

of neural stem cells (NSCs), and neurogenesis.5,6 Altered

neurogenesis and neurodevelopment have been suggested

to have major implications in the development of neuro-

degenerative diseases, including PD.7 Accordingly, various

studies show an accelerated neuronal differentiation in

LRRK2-mutant human cellular models, with a simulta-

neous impairment specifically of DN development.8–10 In

particular, the interaction of LRRK2 with the canonical

Wnt/b-catenin signaling pathway has been linked to the

development of DNs through the regulation of axonal

guidance, dendritic morphogenesis, and synapse forma-

tion.11–14

Taking into consideration the complexity of the etiology

of PD related to age, genetics, and environmental causes

and the possibility of a neurodevelopmental component

in PD, it is essential to have an adequate model, which

can represent the human brain development and the

manifestation of the disease. Studies on human postmor-

tem brain tissue provided precious understanding of PD-

associated alterations.15 However, postmortem tissues are

generally available at the end stage of the disease and

display a late stage in the disease progression. In order to

overcome the limitation of understanding the disease

development throughout life, we rely on various experi-

mental models. Our understanding of pathological mech-

anisms underlying the disease largely depends on models

that do not fully portray the complexity of the disease pa-

thology or the cellular composition of the human brain.

Genetic and toxin-based animal models often are not

able to adequately capture the critical aspects of human

PD, resulting in incomplete disease phenotypes.16 The dis-

covery of induced pluripotent stem cells (iPSCs) and

CRISPR-Cas9 technology surpassed this obstacle and

enabled the access to human-derived cells for isogenic dis-

ease modeling.17–19 Although such 2D cultures capture the

specific effect of mutation-induced PD and its molecular

mechanisms, they still lack the cellular diversity of the

human brain. To overcome these limitations, the recent

developments in self-organizing 3D human-derived

midbrain organoids represent a promising advancement

in modeling neurodegenerative diseases.9,20–24

In order to study the role of human LRRK2 p.Gly2019Ser

in a physiological context of early human development,

we used previously published single-cell RNA-sequencing

(scRNA-seq) datasets of human embryonic midbrain be-

tween developmental week 6 and week 1125 as well as

healthy-individual-derived isogenic wild-type (WT) and

LRRK2 p.Gly2019Ser midbrain organoids of 35 and 70 days

of differentiation.26 We have previously demonstrated that

the respective midbrain organoids comprise different

neuronal types, including dopaminergic, GABAergic,
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glutamatergic, and serotonergic neurons as well as glia

cells.26 First, we sought to use the single-cell transcriptomes

of healthy midbrain organoids and the human embryonic

midbrain to analyze the shared cellular identities and corre-

lation between the in vitro and in vivo systems. Further, we

exploit the transcriptome of the healthy and isogenic (in

which LRRK2 p.Gly2019Ser has been inserted) midbrain or-

ganoids to investigate the LRRK2-p.Gly2019Ser-dependent

changes in gene expression. We report that the midbrain

organoids share proportionately similar transcriptomic pro-

file and cell-type diversity with the developing human

midbrain. Additionally, our analysis shows thatmidbrainor-

ganoids accurately adopt human midbrain development

and are able to capture a LRRK2-p.Gly2019Ser-associated

gene expression profile that might underlie LRRK2-muta-

tion-related phenotypes.

Material and methods

Midbrain organoid generation frommidbrain floorplate

neural progenitor cells

Neural progenitor cells (NPCs) were derived from iPSCs of a

healthy individual and isogenic LRRK2-p.Gly2019Ser-inserted

cell line. Gene-editing of the iPSCs was done with CRISP-Cas9

and piggyBac systems, and it has been described in Qing et al.,

2017.27 The derivation of NPCs from iPSCs and further organoid

generation have been described in detail previously9,26 (Table

S1). In brief, NPCs were cultured in N2B27 base medium supple-

mented with 2.5 mM SB-431542 (SB, Ascent Scientific), 100 nM

LDN-193189 (LDN, Sigma), 3 mM CHIR99021 (CHIR, Axon Med-

chem), 200 mM ascorbic acid (AA, Sigma), and 0.5 mM SAG

(Merck). For the derivation of midbrain, 3,000 NPCs were seeded

per well in an ultra-low-attachment 96-well plate. For 7 days, cells

were kept under maintenance conditions, following 3 days of pre-

pattering where LDN and SB were withdrawn, and CHIR concen-

tration was reduced to 0.7 mM. On day 9 of organoid culture, the

differentiation was induced by changing the medium to N2B27

with 10 ng/mL brain-derived neurotrophic factor (BDNF, Pepro-

tech), 10 ng/mL glial-cell-derived neurotrophic factor (GDNF,

Peprotech), 200 mM AA, 500 mM dibutyryl cAMP (Sigma), 1 ng/

mL TGF-b3 (Peprotech), 10 mM dual antiplatelet therapy (DAPT)

(Cayman), and 2.5 ng/mL ActivinA (Peprotech). The organoids

were cultured under static conditions with media changes every

third day for 35 or 70 days. 30 midbrain organoids of each condi-

tion (WT35,WT70,MUT35, andMUT70) were pulled for Drop-seq

analysis as described in Smits et al., 2020.26

Immunofluorescence staining

Midbrain organoids were fixed with 4% paraformaldehyde (PFA)

overnight at 4�C followed by three washes with PBS for 15 min.

The washed organoids were embedded in 3%–4% low-melting

point agarose in PBS. Embedded organoids were sectioned into

50 mm sections with vibratome (Leica VT1000s). Organoid sec-

tions were blocked with 0.5% Triton X-100, 0.1% sodium azide,

0.1% sodium citrate, 2% BSA, and 5% normal donkey serum in

PBS for 90 min at room temperature (RT) on a shaker. We diluted

the primary antibodies in the same solution but with 0.1% Triton

X-100 instead. The sections were incubated with the primary anti-

bodies for 48 h at 4�C. Next, they were washed three times with

PBS and subsequently blocked for 30 min at RT on a shaker.

Next, sections were incubated with the secondary antibodies

diluted in 0.05% Tween-20 in PBS for 2 h at RT and subsequently

washed twice with 0.05% Tween-20 in PBS and once with Milli-Q

water before mounting them in Fluoromount-G mounting me-

dium (Southern Biotech). The primary antibodies used were TH

rabbit Abcam ab112, FOXA2 mouse Santa Cruz sc-101060, and

EN1 goat Santa Cruz sc- 46101. The secondary antibodies used

were Hoechst 33342 solution (20 mM) Invitrogen 62249, anti-rab-

bit secondary 488 Thermo Fisher a21206, anti-mouse secondary

568 Invitrogen A10037, and anti-goat secondary 647 Invitrogen

A21447.

Data pre-processing

In this study, we used already published scRNA-seq datasets. The

midbrain organoids dataset was published from our lab,26 while

the other three datasets (embryonic midbrain, embryonic prefron-

tal cortex, and cortical organoids) are external25,28,29 (Figure S1).

scRNA-seq data from 30 pooled midbrain organoids per cell line

and time point were generated following the Drop-seq pipe-

line.30 Reads were mapped to human reference genome hg38

(GRCh38.87). From midbrain organoids datasets, cells having

unique feature counts over 2,500 were removed as probable dou-

blets or multiplets. Similarly, low-quality cells or empty droplets

were further filtered out with unique feature counts below 100

(for day 35 data) and 200 (for day 70 data) andmitochondrial tran-

scripts above 30% (Figure S2). Embryonic midbrain scRNA-seq

data did not include any mitochondrial (MT) genes, thus to

make midbrain organoid data more comparable to the embryonic

midbrain data, we removed all MT genes from midbrain organoid

datasets after quality control (QC). After QC,WT35midbrain orga-

noids included 2,864 cells, WT70 included 2,005 cells, MUT35

included 2,946 cells, and MUT70 included 2,660 cells.

The external datasets of embryonic midbrain, prefrontal cortex,

and cortex organoid did not show any outliers in terms of doublets

or empty droplets. Therefore, no additional QC was applied to

these datasets.

Embryonic midbrain data of developmental week 6 to 11

included in total 1,977 cells, embryonic prefrontal cortex data at

developmental stages between gestational weeks 8 and 26

included 2,309 cells, and cortex organoid data from 1 month old

organoid comprised 4,832 cells.

Data integration and normalization

To better transmit the biological information between in vivo and

in vitro ventral midbrain datasets, midbrain organoid data (WT35,

WT70, MUT35, and MUT70) and embryonic midbrain data were

integrated with the Seurat integration analysis workflow.31 Inte-

gration was performed on the basis of the top 20 dimensions.

RNA assay data of integrated object were log normalized and

scaled to 10,000 transcripts per cell.

Cell type identification

After the integration of embryonic midbrain and midbrain orga-

noid datasets, integrated object was scaled and principal-compo-

nent analysis (PCA) was applied. Cell clustering was performed

on the basis of the top 20 principal components via Louvain algo-

rithm modularity optimization with a resolution of 0.5. Uniform

manifold approximation and projection (UMAP) was used for

cell cluster visualization.32 Nine distinct cell clusters were identi-

fied in the UMAP plot. Clusters 0 and 7 were present only in
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midbrain organoids and located in a close proximity to each other

in the UMAP plot, indicating their high similarity and in vitro spec-

ificity. Because of this overclustering both clusters were pulled, re-

sulting in eight distinct cellular identities labeled 1–8. For cell type

identification, a binarized gene list across cell types from La

Manno et al., 201625 was used. This list of genes comprises infor-

mation about the marker genes in a binarized manner, where 1

means that gene is marking a specific cell population and 0 means

that it cannot be considered as a marker gene. For more details on

how this list is generated, please refer to La Manno et al., 2016.25

Expression of each cluster-defining gene was overlapped with the

marker gene (1) in the marker matrix from La Manno et al.,

2016.25 The total number of marker genes of a particular cell

type of La Manno et al., 201625 that was present in each cluster

of embryonic-midbrain- and midbrain-organoid-integrated data-

set is visualized in Figure S4A. Cellular subtypes described by La

Manno et al., 201625 were grouped in five major neuronal identity

clusters—neurons subdivided in dopaminergic neurons (DNs) and

non-dopaminergic neurons (non-DNs), then neuroblasts (NBs),

progenitors (PROGs), and radial glia cells (RGLs). In addition, we

identified non-neuronal identity cell populations—pericytes and

endothelial cells. Cell types were assigned on the basis of the high-

est number of major cluster marker genes being expressed in the

respective clusters of integrated embryonic midbrain and

midbrain organoid dataset.

Differential gene expression analysis

Differentially expressed genes (DEGs) were detected with the Find-

Markers function of the Seurat pipeline with the default thresh-

olds. In all comparisons, we used the MUT midbrain organoids

as ident.1 and the WT midbrain organoids as ident.2.

Pathway analysis

Pathway enrichment analysis was performed with MetaCore

version 21.1 build 70400 on the basis of DEGs detected with the

FindMarkers function from Seurat. DEGs were filtered for fold

change (FC) > 0.25 and p adj. value < 0.05. From the analysis,

we obtained the most significant enriched pathways, GO pro-

cesses, network processes, and related diseases lists. The most

significantly enriched pathways were illustrated in GraphPad

Prism 9.

Cytoscape

Cell-cluster-specific genes were identified with the FindAllMarkers

function from Seurat. The top 100marker genes of each cell cluster

were visualized in the network created with the Cytoscape soft-

ware version 3.8.0.

Pseudotime analysis

Pseudotime analysis was performed with the Monocle package

version 3. Merged Seurat object was uploaded in the Monocle

workflow. Cell clustering was performed on the basis of 150

principal components with default settings. UMAP was used for

visualization. Because Monocle does not allow a full metadata

integration from Seurat object, we assigned cell identities manu-

ally to correspond to the ones previously defined. For the compar-

ison between developmental stages of embryonic midbrain and

midbrain organoid, we used the align_cds function to remove

the batch effect between in vivo and in vitro midbrain systems.

As a starting point for cell ordering along the pseudotime trajec-

tory, the NB in vitro cluster of WT35 was chosen. For the compar-

ison between developmental stages of WT midbrain organoids

and MUT midbrain organoids, the same starting point of the NB

in vitro cluster of WT35 was chosen. Genes that vary the most

over the pseudotime were computed with the fit_models function.

Midbrain-organoid- and embryonic-midbrain-integrated Seurat

object was subset by pseudotime genes for the visualization of

their expression in midbrain organoids.

Statistical analysis

If not stated otherwise, statistical analysis of scRNA-seq data was

performed with RStudio R version 3.6.2 with the ggplot2 package.

For all comparison, non-parametric Kruskal-Wallis test was per-

formed. Statistical significance between comparisons are repre-

sented with asterisks: p < 0.05*, p < 0.01**, p < 0.001***, p <

0.00001****.

In vitro and in vivo midbrain data comparison to the

cortex

WT midbrain organoids and embryonic midbrain were merged

with embryonic prefrontal cortex and integrated on the basis of

the top 20 dimensions. SCTransform normalization was applied

to reduce the technical variation in the data and stabilize gene

abundance levels, which can be highly variable between in vitro

and in vivo tissues, especially between different tissue types—

midbrain and cortex.33 We determined mutual genes between

midbrain organoids, embryonic midbrain, and embryonic pre-

frontal cortex by intersecting row names of respective datasets. In-

tegrated object was subset bymutual genes. The top 2,000 variable

genes in this subset of complete integrated dataset were detected

with the FindVariableFeature function.

For the comparison of embryonic midbrain to cortical organoid,

datasets were merged, SCTranformed, and subset by the mutual

genes for the correlation analysis.

Ethical approval

The responsible national ethical commission has approved the

study under the CNER report no. 201901/01. Written informed

consent was obtained from all individuals who donated samples

to this study (Smits et al., 2020).26 The cell lines used in this study

are summarized in Table S1.

Results

Midbrain organoids show a gene expression signature

comparable to the human embryonic midbrain

To assess the similarity between the in vitro and in vivo

midbrain systems, we compared scRNA-seq data of

midbrain organoids cultured for 35 days (WT35) and

70 days (WT70)26 to the human embryonic midbrain of

developmental weeks 6–11.25 In addition, to investigate

possible transcriptome similarities between midbrain orga-

noids and other brain regions during early development,

we compared the scRNA-seq data of midbrain organoids

to scRNA-seq data of the human embryonic prefrontal

cortex.28

The transcriptome datasets of midbrain organoids, em-

bryonic midbrain, and embryonic prefrontal cortex were

embedded into a single Seurat object (Figure S3A). The

average expression of the top 500 variable mutual genes
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showed a clear separation of the embryonic prefrontal cor-

tex from midbrain organoids and the embryonic midbrain

(Figure 1A). This separation indicates the expected greater

similarity between midbrain organoids and the embryonic

midbrain than the embryonic prefrontal cortex. The

following correlation analysis of the average expression

of all common genes confirmed that the transcriptome of

midbrain organoids is more similar to the embryonic

midbrain (r> 0.7) than to the embryonic prefrontal cortex

(r < 0.7) (Figure S3B). Moreover, the embryonic midbrain

and midbrain organoids express typical midbrain markers,

such as TH, FOXA2, EN1, and EN2, which were absent or

expressed at low levels in the embryonic prefrontal cortex

(Figure 1B). The expression of TH, FOXA2, and EN1 in

midbrain organoids was also validated by immunofluores-

cence staining (Figure S3C). In addition, we aimed to asso-

ciatemidbrain organoids to different time points in embry-

onic midbrain development by comparing the expression

of the common genes between both datasets. The WT35

midbrain organoids highly correlated with embryonic

A

C

B

Figure 1. Midbrain organoids show a genetic signature comparable to the embryonic midbrain
(A) The top 1,000 most variable genes of Seurat integrated object of merged scRNA-seq datasets of embryonic cortex (EC), embryonic
midbrain (EM), midbrain organoids 35 days of differentiation (MO_WT35), and midbrain organoids 70 days of differentiation
(MO_WT70). The average gene expression visualized after Z score normalization.
(B) Expression of midbrain markers FOXA2, TH, EN1, and EN2 in Seurat integrated object of merged scRNA-seq datasets of embryonic
cortex (EC), embryonic midbrain (EM), midbrain organoids 35 days of differentiation (MO_WT35), and midbrain organoids 70 days of
differentiation (MO_WT70). Each dot represents a single cell.
(C) The average common gene expression correlation betweenmidbrain organoids 35 days of differentiation (MO_WT35) andmidbrain
organoids 70 days of differentiation (MO_WT70) and embryonic midbrain (EM) developmental weeks (w6–w11). The Pearson correla-
tion coefficient is displayed above each comparison. The highest correlation between midbrain organoids and embryonic develop-
mental time point is highlighted in red. Each dot represents a single cell.
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week 9 (R ¼ 0.92), while the midbrain organoids WT70

highly correlated with the week 10 (R ¼ 0.90)

(Figure 1C). These findings not only suggest that in-vitro-

derived midbrain organoids show high gene expression

similarities with the human embryonic midbrain but also

manifest a developmental pattern comparable to their

in vivo counterpart. In order to further validate the brain

regional specificity of the organoids, we compared the

scRNA-seq data of the embryonic midbrain to a cortex or-

ganoid29 in the same manner (Figure S3D). The Pearson

correlation coefficient of 0.05 showed insignificant correla-

tion between the embryonic midbrain and the cortex orga-

noid, providing evidence that organoids derived from

different brain regions exhibit no close transcriptome sim-

ilarities with the developing embryonic midbrain in vivo.

Midbrain organoids inherit physiological-relevant

cellular populations that are shared with the developing

embryonic midbrain

After confirming that midbrain organoids present a gene

expression signature comparable to embryonic midbrain

in vivo, we used the integration workflow from Seurat31

to identify shared cellular populations across the in vivo

and in vitro midbrain systems. We integrated the scRNA-

seq data of the embryonic midbrain with healthy control

and LRRK2-p.Gly2019Ser-mutant midbrain organoids of

both differentiation time points 35 and 70 days (WT35,

WT70, MUT35, and MUT70, respectively). We identified

eight different cell types and visualized them by using

UMAP (Figure 2A). To define cellular identities, we used

the cell type marker gene list proposed by La Manno and

colleagues25 and compared it to the marker gene list per

cluster of the integrated object (Figure S4). We verified

each marker expression in every cell cluster identified in

the integrated Seurat object. The number of marker genes

that were present in the cell populations (corresponding

to the cell types defined in La Manno et al., 201625) are

shown in Figure S5A. La Manno and colleagues25 reported

the presence of 25 cellular identities in the embryonic

midbrain, including several sub-clusters of radial glia, pro-

genitors, and dopaminergic neurons. To simplify cell iden-

tification, we grouped all 25 cell identities in more generic

cell type clusters, such as neurons (NEURs), neuroblasts

(NBs), progenitors, glia, pericytes, and endothelial cells.

Neurons were further separated in non-dopaminergic neu-

rons (non-DNs) and dopaminergic neurons (DNs). Cell

identities were assigned to cell populations within the in-

tegrated Seurat object on the basis of the highest number

of marker genes defining each generic cell type

(Figure S5A). Once these clusters were broadly defined, us-

ing the embryonicmidbrain data,25we verified and refined

the assigned cell identities on the basis of additional cell

type and maturity-specific marker expression (Figure 2B,

Figure S5B). We confirmed the particularly high expression

of neuronal maturity markers34 and dopaminergic

markers9 in DNs. Therefore, we defined DNs as mature

DNs (mDNs). The neuronal cluster presenting lower

expression of maturity and neuronal-type-specific marker

expression, we defined as young neurons (yNEURs)

(Figure S5B). The vast majority of cells in the yNEUR clus-

ter showed a stable expression of young neuronal markers

such as NCAM1, STMN1, and DCX (Figure 2B). The mature

neuronal marker MAP2 as well as synaptic genes such as

SYP and SYT1 were expressed in the mDN and non-DN

clusters. Lastly, expression of the DN markers TH, KCNJ6,

and NR4A2 as well as of the DN-specific synaptic markers

ROBO1 and DCC were confirmed in yNEURs and mDNs.

Importantly, midbrain identity markers FOXA2 and

LMX1A were expressed in most of the cell types (glia, pro-

genitors, yNEURs, and mDNs). The radial glia marker

SLC1A3 and neural progenitor markers SOX2 and MSI1

showed high expression in the glia and progenitor clusters,

suggesting that glia cells are rather immature at this stage

of embryonic midbrain development and, thus, display a

genetic signature of early development in midbrain orga-

noids. However, also more specific glial markers such as

GFAP and S100B were already detectable in some of the

cells. Endothelial cell identity was confirmed by the posi-

tive expression of the CDH5, while pericyte cells showed

robust expression of the blood vessel development regu-

lator CSPG4. Cells belonging to the NB cluster were posi-

tive for neural stem cell marker (SOX2) as well as immature

(DCX) and mature neural (SYT1) and DN markers (TH and

KCNJ6). However, none of these markers showed a

constantly high expression among all cells in the NB clus-

ter. This suggests that the identity of NBs is rather yet un-

defined and might be a specific feature of in vitro cultures,

with the potential to develop into more mature neural cell

types over time.

Further, we visualized UMAP embeddings of cell types

and split them by datasets to reveal common and distinct

cell types across embryonic midbrain and midbrain orga-

noids (Figure 2C). Clusters of progenitors, yNEURs,

mDNs, non-DNs, and glia were present in the embryonic

midbrain as well as midbrain organoids, demonstrating

that most cell types are common between the in vitro

and in vivo midbrain systems. We observed that the NB

cluster was present mainly in midbrain organoids and

not in the embryonic midbrain and therefore was called

NBs in vitro. Pericytes were found in midbrain organoids

and the embryonic midbrain, however more mature

endothelial cells were only present in the embryonic

midbrain.

Next, we investigated the most variable gene expression

pattern between the defined cell types (Figure 2D). The top

100 most variable genes led to a clustering of yNEURS,

mDNs, non-DNs, and NBs together, confirming the com-

mon neuronal expression profile of these cell types. Peri-

cytes and endothelial cells showed rather distinct genetic

signature, consistent with the fact that these cells have

non-neuronal identity. Glia and progenitors formed

another separate cluster with a similar transcriptomic pro-

file, implying again an early developmental stage of the

glial cells.
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Differential gene expression analysis reveals a LRRK2-

related PD phenotype in themutantmidbrain organoids

Further, we assessed the potential of midbrain organoids in

disease modeling by comparing the transcriptomic signa-

ture of the midbrain organoids derived from the healthy

control where the LRRK2 p.Gly2019Ser variant was inserted

with the isogenic WT counterpart.27 As with the WT

midbrain scRNA-seq data, we analyzedMUTmidbrain orga-

noid scRNA-seq data from organoids sampled at day 35 and

day 70 of differentiation. We verified LRRK2 expression in

midbrain organoids and observed that it is expressed in a

larger proportion of cells at later time points in both WT

andMUTmidbrain organoids (Figure S6A). In order to iden-

tify the key differences in the transcriptomic signature be-

tween MUT midbrain organoids and WT midbrain organo-

ids, we computed the DEGs across both time points and all

cell types with subsequent pathway enrichment analysis.

The combined enrichment analysis of DEGs of both time

A

C D

B

Figure 2. Midbrain organoids inherit physiological-relevant cellular populations that are shared with the developing embryonic
midbrain
(A) UMAP of integrated Seurat object of merged scRNA-seq datasets of embryonic midbrain, and WT and MUT midbrain organoids 35
and 70 days of differentiation, showing cell clusters 1–8, after manual correction of oversampling. Each dot represents a single cell and is
colored according to the cell identity.
(B) Identity heatmap showing cell-type-specific marker expression in identified cell clusters.
(C) UMAP of cell clusters in embryonic midbrain (EM),WTmidbrain organoids of 35 days of differentiation (MO_WT35), and 70 days of
differentiation (MO_WT70). Each dot represents a single cell and is colored according to the cell identity.
(D) Unsupervised hierarchical clustering of cell types, using the average expression of the top 100 most variable genes, visualized after Z
score normalization.
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Figure 3. LRRK2-p.Gly2019Ser-mutant midbrain organoids recapitulate PD-associated pathways
(A) Pathway maps (i) and GO processes (ii) of the enrichment analysis of 294 DEG (p adj. value < 0.05) between MUTandWTmidbrain
organoids.
(B) Heatmap of to 100 DEG (p adj. value < 0.05) between MUT and WT midbrain organoids. Genes highlighted in red are the potential
LRRK2 p.Gly2019Ser target genes involved in the neurodevelopment (see also Figure 6)

(legend continued on next page)
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points showed the most significant enrichment in the

pathway of LRRK2 role in neurons in PD (Figure 3Ai). More-

over, other pathways associated with LRRK2, such as cyto-

skeleton regulation and cell adhesion, were also enriched

in the MUT midbrain organoids. In addition, we found a

significant DEG enrichment in protein kinase cAMP-depen-

dent signaling and the g-secretase regulation pathway. We

identified that the most significant Gene Ontology (GO)

and network processes were related to the neuronal devel-

opment and axonal guidance (Figure 3Aii, Figure S6Bi).

Furthermore, the most enriched diseases were linked to

the brain and nervous system, confirming a diseased state

of MUT midbrain organoids (Figure S6Bii). Last, the top

100 DEGs (adj. p value < 0.05) clustered MUT midbrain or-

ganoids separately from the WT midbrain organoids for

both time points, confirming that LRRK2 p.Gly2019Ser

induced changes in gene expression (Figure 3B). Interest-

ingly, in the WT midbrain organoids, the expression levels

of the DEGs differ between the two time points of differen-

tiation, while in the MUT35 and MUT70 midbrain organo-

ids, DEGs showed very similar expression patterns, indi-

cating a potential developmental impairment of MUT

organoids. Similarly, the top 100 DEGs separated the major-

ity of different cell types of the MUT midbrain organoids

from the WT midbrain organoids for both time points

(Figure S5C), indicating that the presence of the LRRK2

variant is responsible for gene expression changes in all

cell types in at least one of the time points. However, the

pathway enrichment analysis combined for all cell types

showed a higher significance in the enrichment of cytoskel-

eton remodeling, g-secretase regulation, and LRRK2-related

pathways for day 70, suggesting a stronger manifestation of

the LRRK2-p.Gly2019Ser-associated changes overtime

(Figure S6D). In support of that, we identified in total 347

DEGs (adj. p value < 0.05) at day 35 and 1,669 DEGs (adj.

p value < 0.05) at day 70 between the MUT and WT

midbrain organoids. 264 DEGs were common between

both time points (Figure 3C). Next, we overlapped all

DEGs (adj. p value < 0.05) between cell types and saw

that the highest number of DEGs at both time points

were present in NBs in vitro, yNEURs, and mDNs

(Figure 3D, Figure S7A). Pathway enrichment analysis iden-

tified that the cytoskeleton-regulation-related pathways

were significant in the MUT35 and MUT70 midbrain orga-

noids in all three respective cell types, while LRRK2-PD-

related pathway occurred to be highly significant in NBs

in vitro. (Figure 3E, Figure S7Bi). In mDNs and yNEURs,

the g-secretase and neurodevelopmental regulation path-

ways were identified as the most enriched for both time

points (Figure 3E, Figure S6Bii), additionally indicating a

possible link between LRRK2 p.Gly2019Ser and g-secretase

function.

In order to investigate the gene expression profiles be-

tween the MUTandWTmidbrain organoids in more detail,

we visualized the fold changes of the genes involved in the

most significantly enriched pathways (Figures 3Fi and 3Fii).

Genes related to cytoskeleton dysregulations, such as

COL1A2, COL1A1, COL3A1, DNM1, MYO5A, PHIP, SLK,

FN1, and EPB41, were found to be downregulated with a

log2FC between �0.26 and �3, while others, such as

TMSB4X, VIM, TUBA1A, ACTG1, GNAS, TUBB2B, TUBA1B,

MYL6, MAPT, CFL1, EPB41L1, PAK3, CALM1, SYT1, PTPRN,

SLIT1, CNTN1, NTN1, and CHGB, were found upregulated

(log2FC between 0.26 and 1.93) in MUT midbrain organo-

ids at the majority of both time points. Synapses-related

genes, such as SLC17A6, PCLO, and CHL1, were particularly

downregulated (log2FC between �0.5 and �1.12) in

MUT35 midbrain organoids, but they were not differen-

tially expressed in MUT70 midbrain organoids. Genes that

are associated with neuronal development, such as

NTRK2, VCAN, DCC, PRKACB, HAP1, CPE, and PBX1,

were also dysregulated in MUT midbrain organoids. The

majority of them were downregulated (log2FC between

�0.38 and �1.77) in MUT70 midbrain organoids, while

NTRK2 and HAP1 were upregulated (log2FC 0.36 and

0.72, respectively) in MUT35 midbrain organoids. Protein

regulation-associated genes, such as RPS27A, UCHL1, and

UBC, were upregulated (log2FC between 0.25 and 0.52) at

both time points. Additionally, genes that are related to

the g-secretase regulation pathway, such as APP, NCOR1,

and CREBBP, were downregulated (log2FC between �0.31

and �0.68) in MUT35 and MUT70 midbrain organoids,

but FOS and APBB1 were upregulated (log2FC 0.47 and

0.59, respectively), particularly inMUT70midbrain organo-

ids. We also observed a dysregulation of HSP90B1, which

was downregulated (log2FC �0.51) at MUT70 midbrain or-

ganoids and YWHAH showing upregulation (log2FC 0.36)

in MUT35 midbrain organoids. These genes encode

HSP90B1 and 14-3-3 family proteins, respectively, known

as direct interacting partners with LRRK2.

Mutant midbrain organoids have a distinct cellular

composition and correlate differently with the stages of

embryonic development

We observed that MUT midbrain organoids differ from WT

midbrain organoids in their cellular composition. In the

UMAP embedding plot split by models and colored by cell

types (Figure S8A), we saw that progenitors and pericytes,

whichare shared cellular populations betweenWTmidbrain

organoids and embryonicmidbrain, are not present inMUT

(C) Venn diagram, showing the number of DEGs between MUT and WT midbrain organoids found at 35 days and 70 days of differen-
tiation (p adj. value < 0.05).
(D) Venn diagrams, showing the number of DEGs found in each cell type between MUT and WT midbrain organoids fat 35 days and
70 days (p adj. value < 0.05).
(E) Mature DN pathway processes enrichment based on the DEGs identified in mDNs between MUTandWTmidbrain organoids (p adj.
value < 0.05).
(F) Fold changes of genes selected from the top enriched pathways dysregulated in mDNs.
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midbrain organoids at any time point. On the contrary, we

observed that the glia population is more enriched in

MUT35 than in WT35 midbrain organoids. To confirm our

observations, we subset the integrated Seurat object by the

respective cell clustersandplotted themseparately intheem-

bryonic midbrain and in the WT as well as in the MUT

midbrain organoids for both time points (Figure 4A). We

saw thatpericytes positive for the endothelial lineagemarker

MCAM and for the major regulator of angiogenic events,

SPARC, are highly represented inWT70midbrain organoids

and in the embryonicmidbrainbutnot inMUTmidbrainor-

ganoids. Similarly, progenitors positive for the G2-prolifera-

tion-associatedCENPFmarker were only detected in the em-

bryonic midbrain and WT70 midbrain organoids. A higher

number of glia cells expressing VIM were already detected

inMUT35midbrain organoids compared toWT35midbrain

organoids. However, an increase of glia over time is more

evident inWT than in MUT midbrain organoids.

Next, we calculated the proportion of each cell type pre-

sent inWTandMUTmidbrainorganoids at both timepoints

(Figure 4B). We saw a reduction of NBs in vitro (62%/51%)

and yNEURs (17%/12%) from WT35 to the WT70. This

reduction of less mature cells in WT35 midbrain organoids

resulted in an increased variety of cell types present in

WT70 midbrain organoids. Moreover, the cellular profile of

WT70midbrainorganoidswasquite similar to thecellulardi-

versity observed in embryonic midbrain (Figure S8B). The

major difference here was a high percentage of progenitors

in the embryonic midbrain that seemed to be replaced by

the presence of NBs in vitro in WT70midbrain organoids.

Contrary to the WT midbrain organoids, in the MUT

midbrain organoids, there was no evident difference in

cell-type evolution over time. The same cell types were pre-

sent in theMUT35 andMUT70midbrain organoids, besides

the fact that NBs in vitro almost doubled over time. Further-

more, the average gene expression correlation between

MUT midbrain organoids and embryonic midbrain devel-

opmental time points showed that MUT35 midbrain orga-

noids correlated better with embryonic development for

all time points, compared to WT35 midbrain organoids

(Figure 1C, Figure 4C). On the other hand, MUT70

midbrain organoids had a weaker correlation with the em-

bryonicmidbrain than theWT70midbrain organoids, espe-

cially for week 11, which is also the latest and therefore

most mature time point (R WT ¼ 0.89 versus R MUT ¼

0.83). All together, these finding suggest thatMUTmidbrain

organoids have a different developmental path compared to

WT midbrain organoids and embryonic midbrain.

To further investigate the developmental differences be-

tween theMUTandWTmidbrain organoids, we computed

pseudotime trajectories to explore pseudotemporal

ordering of midbrain organoid cell populations compared

to the embryonic midbrain developmental time points.

As the root, we chose WT35 NBs in vitro and we visualized

the trajectories in UMAP plots colored by cell types and

developmental time points of midbrain organoids and em-

bryonic midbrain (Figures 4Di and 4Dii). We observed that

mDNs of WT35 midbrain organoids are placed closer to

embryonic developmental week 9 (branch point 2 and

red circle 1 in Figure 4Dii), while mDNs of WT70 midbrain

organoids were closer to embryonic developmental week

10 (branch point 2 and red circle 2 in Figure 4Dii), which

is consistent with the gene average expression correlation

analysis between WT midbrain organoids and embryonic

midbrain. In clear contrast to this, we observed that

mDNs of MUT35 and MUT70 midbrain organoids are

placed closely to each other and formed a separate branch

(branch point 3 to the endpoint 3 in Figure 4Di), which did

not align with the embryonic midbrain trajectory. Further,

we observed that glia cells of MUT70 and WT70 midbrain

organoids (endpoint 2 and endpoint 8 in Figure 4Di) were

arranged in close proximity to embryonic week 11

(endpoint 2 in Figure 4Dii), presenting appropriate devel-

opmental pattern, where gliogenesis follows neurogenesis.

The similar distribution of MUT and WT glia within the

pseudotemporal space indicates that the previously

observed stagnation in glial development is linked to its

number and not its quality. In general, the cells of

MUT70 midbrain organoids were placed further from the

embryonic developmental trajectory in the UMAP plot

than the cells of WT70 midbrain organoids. This indicates

that MUT midbrain organoids manifest a developmental

deviation, while the development of WTmidbrain organo-

ids is more similar to embryonic midbrain in vivo. More-

over, MUT70midbrain organoids demonstrated a more cy-

clic trajectory, confirming a limited cellular developmental

path that is resulting in less variable cellular identities.

Mutant midbrain organoids compared to wild-type

midbrain organoids show impaired pseudotemporal

development that manifests in an untimely and

incomplete differentiation

In order to further explore the developmental deviation of

theMUTmidbrain organoids fromWTmidbrain organoids,

we computed a developmental pseudotime trajectory only

across midbrain organoids (WT35, WT70, MUT35, and

MUT70), excluding the embryonicmidbrain. The cell distri-

bution along the trajectory starting from NBs in vitro of

WT35, demonstrated accelerated differentiation of MUT35

midbrain organoids with subsequent developmental with-

hold (Figure 5A). We observed that mDNs might be the

most affected cellular population. We saw that mDNs of

WT midbrain organoids follow a differentiation path along

the pseudotime trajectory from WT35 to the edge of WT70

midbrain organoids (endpoint 4 to 9). Contrary, mDNs of

MUT35midbrain organoids were located in close proximity

tomDNsofMUT70midbrainorganoids (betweenendpoints

1 and 6), implying the impaired mDN maturation. In addi-

tion, glia cells of MUT35 midbrain organoids were located

close to the WT70 midbrain organoids on the pseudotime

trajectory (between branch points 7 and 8), confirming for-

warded glia differentiation of MUT35 midbrain organoids.

Next, we computed genes with a clear expression switch

across the developmental trajectory between WT35 and
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Figure 4. LRRK2-p.Gly2019Ser-mutant midbrain organoids have a different cellular composition and correlate differently with the
stages of embryonic midbrain development
(A) Cell cluster identities defined by typical marker expression betweenWTandMUTmidbrain organoids for pericytes, glia, and progen-
itor cells. Each dot represents a single cell and is colored according to the expression level.
(B) Percentage of cell identities in WT35, WT70, MUT35, and MUT70 midbrain organoids.
(C) The average gene expression correlation between MUT midbrain organoids 35 days of differentiation (MO_MUT35) and 70 days of
differentiation (MO_MUT70) compared to the embryonic midbrain (EM) developmental weeks (w6–w11). The Pearson correlation co-
efficient is displayed above each comparison. Each dot represents a single cell.
(D) Batch-corrected pseudotime analysis based on the 150 dimensions. Each dot represents a single cell. The starting point is WT35 NBs
in vitro. Cell distribution along the trajectory colored by cell identities (i) and by datasets (ii). Black nodes define branchpoints of the
trajectory, white nodes define trajectory graph nodes, and gray nodes define endpoints of the certain trajectory leaf. Red circles indicate
the position of mDNs of WT35 and WT70 midbrain organoids.
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WT70midbrainorganoids (Figure5B, FigureS8C).We inves-

tigated whether the same genes that have a temporal dy-

namic expression pattern in WT midbrain organoids show

similar expression tendency in MUT midbrain organoids

(Figure 5B).We observed thatMUTmidbrain organoids pre-

sented a completely different expression of the same genes,

suggesting that MUTmidbrain organoids do not follow the

same developmental process as WT midbrain organoids.

Furthermore, we highlighted the temporal expression of

the rate-limiting enzyme of dopamine synthesis, tyrosine

hydroxylase (TH), and thedevelopingneuronalmarker dou-

blecortin (DCX). TH expression showed an increase over

time in WT midbrain organoids but was impaired in the

MUTmidbrain organoids at both time points.DCX showed

a clear decrease in the expression betweenWT35 andWT70

midbrain organoids. While in MUT35 midbrain organoids

its expression was already further declined, it was still ex-

pressed at MUT70 midbrain organoids, further supporting

an accelerated differentiation in MUT midbrain organoids

at early time points of development accompanied by an

incomplete differentiation at later developmental stages.

A B

C

Figure 5. Transcriptome signatures over
time reveal impaired development of
LRRK2-p.Gly2019Ser-mutant midbrain or-
ganoids
(A) Pseudotime analysis of midbrain orga-
noids with the root node WT35 NBs
in vitro (i). Pseudotime trajectory, cells
colored by the model: WT35, WT70,
MUT35, and MUT70 (ii). Pseudotime tra-
jectory, cells colored by cell identity (iii).
Black nodes define branchpoints of the tra-
jectory and gray nodes define endpoints/
outcomes of the certain trajectory leaf.
(B) Genes with fitted expression pattern
along the trajectory between WT35 and
WT70 midbrain organoids, visualized in
heatmap after Z score normalization in
WT and MUT organoids.
(C) Pseudotemporal expression of TH and
DCX across the cells in WT and MUT
midbrain organoids. Each dot represents
a single cell.

These results imply that mutant

midbrain organoids reach a deadlock

at some point during development.

Identification of potential LRRK2

p.Gly2019Ser target genes that

could underlie impaired

neurodevelopment and contribute

to explain the PD-associated

genetic signature

On the basis of the DEG analysis and

after pseudotime trajectory examina-

tion, we distinguished four poten-

tially promising candidate genes that

have already been associated with

PD35–40—DNAJC12, GATA3, PTN, and APP (Figure 3B).

These genes showed a temporal dynamic expression in

the developing embryo and were significantly differen-

tially expressed in MUT midbrain organoids compared to

WT midbrain organoids. Their considerable change in

expression during embryonic development indicates an

active role in neurodevelopment (Figure 6A). Moreover,

differential expression between MUTandWTmidbrain or-

ganoids further supports altered MUT midbrain organoid

neurodevelopment. DNAJC12 and GATA3 showed a signif-

icant upregulation in every neuronal cell type and glia in

MUT midbrain organoids compared to WT midbrain orga-

noids in both time points (Figures 6B and 6C). In addition,

in MUT organoids, DNAJC12 and GATA3 expression

increased over time in contrast to the embryonic midbrain

where the expression decreased after peaking at week 9. In

the neuronal clusters of WT midbrain organoids, the

expression pattern of these two genes was comparable to

embryonic development, showing highest expression

levels at 35 days (corresponding to week 9). In contrast,

PTN and APPwere found to be significantly downregulated
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Figure 6. Discovery of potential LRRK2 p.Gly2019Ser target genes that might be involved in impaired neurodevelopment of mutant
midbrain organoids
(A) DNAJC12, GATA3, PTN, and APP expression profile over the embryonic development time points (w6–w11). Each dot represents a
single cell of embryonic midbrain and is colored according to the expression level.

(legend continued on next page)
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in MUT midbrain organoid neuronal cell types and glia

compared to WT midbrain organoids (Figures 6D and

6E). We observed that both PTN and APP expression

tended to increase over time in embryonic midbrain devel-

opment. A similar expression pattern was observed in NBs

in vitro, yNEURs, and glia ofWTmidbrain organoid but not

in MUT midbrain organoids. These results highlight a dys-

regulation of genes with essential roles in neuronal devel-

opment and neuroprotection that might be directly associ-

ated with the LRRK2 p.Gly2019Ser variant, linking LRRK2

to the regulation of nigrostriatal system development.

Discussion

Our analysis of scRNA-seq data of human midbrain orga-

noids and embryonic midbrain highlights the physiolog-

ical relevance of midbrain organoids and their potential

in disease modeling. Over the recent years, midbrain or-

ganoids have become a widely used model in PD studies,

as the midbrain is the most affected region in the brain

of PD patients.9,20,23,41,42 In the present study, we were

able to show the developmental correlation of healthy

control-derived midbrain organoids from 35 and

70 days of culture9 with human embryonic midbrain.25

Importantly, midbrain organoids showed a higher degree

of correlation with embryonic midbrain development

than with the embryonic prefrontal cortex, validating

the midbrain identity of the organoids. In support of

this, we did not find a significant correlation between

the cortex organoids29 and embryonic midbrain, which

further validates the specificity of the brain regional or-

ganoids. In addition, our analysis implicates develop-

mental maturation of midbrain organoids after long

time culture (e.g., 70 days), which showed a better corre-

lation with the later stages of embryonic midbrain

development.

Previous studies have demonstrated the cellular heteroge-

neity of human brain organoids and their similarities with

their fetal counterparts.43,44 Similarly, our analysis showed

that midbrain organoids exhibit a shared cellular composi-

tion with the developing embryonic midbrain. One inter-

esting finding is the identification of pericytes in midbrain

organoids. It has been reported that pericytes can originate

from the neuroectoderm and contribute to the formation

of vasculature in the CNS.45–47 The presence of mesen-

chymal cells was also originally reported by Smits et al.,

2020.26 Moreover, recent studies showed that a mesen-

chymal-like cell population appears in the early develop-

ment of the cortex, even before the beginning of neurogen-

esis.48Nevertheless, because the cells inmidbrain organoids

are guided towardmidbrain identity by the expansionof the

neuroepithelium, the presence of more mature endothelial

cells isnot expected.Accordingly, theendothelial cell cluster

was found only in the embryonic midbrain and not in

midbrain organoids. In contrast, the NB in vitro cluster was

almost uniquely present in the midbrain organoids.

Although these cells did not show a significant variable

gene expression profile and clustered with neuronal cell

types, there was no expression of reliable marker genes.

Due to their unclear gene expression profile, NBs in vitro

seemed to be less comparable to the physiological cell types

shared between midbrain organoids and embryonic

midbrain. We speculate that this NB cluster represents

mfNPCs, which is the starting cell population for midbrain

organoid generation. Although these cells are artificially

patterned toward midbrain identity49 and show unspecific

genetic identity,50 they can give rise to multiple physiologi-

cally relevant neuronal cell types and glia, similar to their in

vivo neural progenitor counterpart.

When comparing MUT to WT midbrain organoids, clear

differences become visible regarding their cellular composi-

tion, revealing PD-associated phenotypic differences. The

MUTmidbrain organoids reveal a faster differentiation pro-

file that limits the development of a more variable and

mature cellular composition. The accelerated differentia-

tion phenotype at 35 days that we observed with pseudo-

time analysis has been described before in LRRK2-related

PD.8–10 In addition, the MUT midbrain organoids have no

evident differences in the cell type populations at both

time points and pseudotime analysis revealed that besides

the untimely differentiation, theMUT70midbrain organo-

ids face a premature arrest or slowdown of the differentia-

tion capacity. Importantly, the mDNs were the most

affected population of cells. They showed no indication of

maturation along the trajectory in the MUT70 compared

to the MUT35 midbrain organoids and had a reduced

expressionofTH inMUTmidbrainorganoids. Thedoubling

of the number ofNBs in vitro inMUT70midbrain organoids

might be a compensation strategy linked to the incapacity

of terminal differentiation or an increase in mature cell

death.Moreover, we observed that theMUTmidbrain orga-

noids contain a higher number of glial cells than WT

midbrain organoids at early time points. A situation that

is inverted in longer cultures (MUT70 andWT70). Thepseu-

dotime trajectory confirmed that glial cells of MUT35

midbrain organoids were located closer to the WT70

midbrain organoids, indicating a faster gliogenesis. Finally,

and most importantly, in contrast to MUT midbrain orga-

noids, WT midbrain organoids from longer cultures are

capable of capturing the cellular diversity found in human

embryonic midbrain development in vivo.

Regarding the developmental pattern of organoids and

embryonal tissue, MUT midbrain organoids showed a

different developmental path compared to WT midbrain

(B–E) DNAJC12, GATA3, PTN, and APP expression across major cell types in WT and MUTmidbrain organoids at 35 days and 70 days of
differentiation. Each dot represents a single cell of midbrain organoid and is colored according to the expression level. Kruskal-Wallis test
p < 0.05*, p < 0.01**, p < 0.001***, p < 0.00001***.
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organoids. From the correlation analysis, we saw that the

MUT70 midbrain organoids have lower correlation than

MUT35 midbrain organoids with the different time points

of embryonicmidbrain development. Furthermore, cells of

MUT70 midbrain organoids were positioned further away

from the embryonic pseudotemporal developmental tra-

jectory in the UMAP plot, while cells of WT70 midbrain

organoids have a development trail closer to embryonic

development.

On the basis of the here-presented data, we propose that

LRRK2 p.Gly2019Ser could be responsible for the observed

developmental defects and the impaired cellular composi-

tion. Our LRRK2midbrain organoid model was able to cap-

ture the dysregulation of gene expression linked to LRRK2-

induced PD. The analysis of DEGs between MUT and WT

midbrain organoids showed the significance of LRRK2-

related pathway in PD and highlighted GO processes

related to nervous system development. In addition to in-

dividual gene dysregulation of LRRK2-associated path-

ways, the overall DEG analysis showed a clear separation

of the MUT and WT midbrain organoid clusters, confirm-

ing the presence of disease-associated phenotypes.

The major dysregulated pathways were cytoskeleton re-

modeling and cell adhesion. It is well known that LRRK2

plays an important role in actin and microtubule dy-

namics. LRRK2 p.Gly2019Ser has been reported to disturb

the cytoskeleton processes through increased kinase activ-

ity.51,52 The dysregulation of actin and microtubule genes,

which are key components of cytoskeleton dynamics, may

lead to failure of the proper cellular differentiation pro-

cess.26 Cytoskeleton-related proteins, such as MYO5A,

DNM1, EPB41, ACTB, MAPT, and VIM, are direct interact-

ing partners of LRRK2.53 We found that the corresponding

genes have a dysregulated expression in theMUTmidbrain

organoids, indicating that altered LRRK2 function is able

to impair the gene expression profile of its interactome.

Altered LRRK2 function has also been described to have a

role in impaired synaptogenesis.51,54,55 Here, we identified

significant downregulation of the synapse-related genes

SLC17A6, PCLO, and CHL1 specifically in MUT35 but not

in MUT70 midbrain organoids. This observation suggests

an impaired synaptogenesis occurring in early neurodevel-

opment of MUT midbrain organoids.

Further, direct LRRK2-interacting partners such as

HSP90B1 and YWHAH have also been altered upon pres-

ence of the LRRK2 p.Gly2019Ser. HSP90B1 along with

the other heat-shock proteins is involved in protein

folding and has been linked to PD.56 HSP90B1 is a chap-

erone protein from the HSP90 family that interacts with

LRRK2. This interaction is important for the proteasomal

degradation of LRRK2.57 Thus, the downregulation of

HSP90B1 in MUT70 midbrain organoids could be linked

to the toxic aggregation of mutant LRRK2. YWHAH en-

codes the 14-3-3 eta, known to regulate the activity of ki-

nases, including LRRK2.58

Additionally, we identified dysregulation of genes

related to the g-secretase pathway. APP belongs to this

pathway and shows a severe dysregulation in MUT

midbrain organoid. APP encodes the b-amyloid precursor

protein that has an important role in the development of

neurodegenerative pathologies such as Alzheimer disease

because of the accumulation of its derivative amyloid-

beta (Ab) peptide, which is induced by cleavage from secre-

tases including the g-secretase.59,60 A link between Ab

accumulation and LRRK2 p.Gly2019Ser PD cases has also

been made. LRRK2 phosphorylates the intracellular

domain (AICD) of APP, which regulates the transcription

of cytoskeleton-related genes and has a role in the loss of

dopaminergic neurons in the midbrain of PD cases by

induced neurotoxicity.61 APP has also an important role

in neurogenesis, gliogenesis, and neuroprotection in the

developing brain.35,60,62 Therefore, dysregulation of APP

can be associated not only with the neurodegeneration

but also with the aberrations of neuronal development.

Indeed, during embryonic midbrain development, we

observed a strong increase of APP expression over time,

whereas in MUTmidbrain organoids, we observed a signif-

icant reduction compared to WT midbrain organoids,

especially in mDNs and glia cells.

Further evidence of altered cellular development of MUT

midbrainorganoids comesalso fromthe changed expression

of three PD-associated DEG candidates, DNAJC12, GATA3,

andPTN. Theexpressionpatternof thesegenes intheembry-

onicmidbrain suggests their important role in development

and differentiation of the cells, although these findings

would benefit from further experimental validation.

DNAJC12 is described to have a role in protein folding and

export. Bi-allelic mutations of DNAJC12 have been associ-

atedwithhyperphenylalaninemia andneurodevelopmental

delay in children. However, recent findings linkmutation in

DNAJC12 to early-onset PDbecause of its interactionwith ar-

omatic amino-acid hydroxylases, including TH.37,63 GATA3

has been described as an important regulator of CNS devel-

opment and neuronal fate.36 An association with PD has

been reported via GATA family transcriptional regulation

of TRPM2 and SNCA.38,64 Until now, there is no reported

interaction of GATA3 and DNAJC12 with LRRK2. However,

the notable upregulation of GATA3 and DNAJC12 in MUT

midbrain organoids suggests their possible dysregulation

due to LRRK2 p.Gly2019Ser and might explain the acceler-

ated differentiation phenotype, subsequent maturation

decline, and decreased expression of TH. In contrast, we

observed that PTN is expressed significantly higher in WT

midbrain organoids. PTN is a neurotrophic factor, highly ex-

pressed during development of nigrostriatal dopamine

system, and later plays a role in cellular recovery and

repair.39,40 It has been shown to restore neuronal survival

and functionality in a 6-OHDA mouse model.39 The high

expression of PTN in NBs in vitro ofWTmidbrain organoids

may explain their better developmental trail compared to

MUTmidbrain organoids.

In summary, we demonstrated a high degree of transcrip-

tome similarity between human midbrain organoids and

embryonic midbrain, supporting the potential of midbrain
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organoids to recapitulate human brain physiology. More-

over, our study showed the ability of midbrain organoids

to capture LRRK2-p.Gly2019Ser-dependent alterations in

gene expression, which highlights cellular processes related

to cytoskeleton regulation, cell adhesion, and g-secretase

regulation during neuronal development. Finally, we

observed developmental aberrations inMUTmidbrain orga-

noids and altered gene expression patterns along pseudo-

temporal trajectories, supporting a neurodevelopmental

component in LRRK2-p.Gly2019Ser-associated PD.

Data and code availability

WT midbrain organoid scRNA-seq datasets are available at the

following doi: https://doi.org/10.17881/lcsb.20190326.01. LRRK2-

G2019S MUT midbrain organoid scRNA-seq datasets are available

at the followingdoi: https://doi.org/10.17881/rc4f-nk07. The acces-

sionnumber for the rawdata forWTandMUTmidbrainorganoids is

GEO:GSE133894.The accessionnumber for the rawdata for thehu-

man embryo ventral midbrain between 6 and 11 weeks is GEO:

GSE76381. The accession number for the raw data for scRNA-seq

data of prefrontal cortex at developmental stages between gesta-

tional weeks 8 and 26 is GEO: GSE104276. The accession number

for the raw data for scRNA-seq data of human cortical organoids is

GEO: GSE130238. We used data only of 1-month-old cortical orga-

noid, which better corresponds to the developmental stage of

midbrain organoids. Data were analyzed with R version 3.6.2 with

single-cell analysis toolkit Seurat version 3.2.031,65,66 and Monocle

3.67 All scripts used for the analysis are available via GitHub:

https://github.com/LCSB-DVB.
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born, J.C. (2017). FACS-Assisted CRISPR-Cas9 Genome

Editing Facilitates Parkinson’s DiseaseModeling. StemCell Re-

ports 9, 1423–1431.

19. Vermilyea, S.C., Babinski, A., Tran, N., To, S., Guthrie, S.,

Kluss, J.H., Schmidt, J.K., Wiepz, G.J., Meyer, M.G., Murphy,

M.E., et al. (2020). In Vitro CRISPR/Cas9-Directed Gene Edit-

ing to Model LRRK2 G2019S Parkinson’s Disease in Common

Marmosets. Sci. Rep. 10, 3447.

20. Monzel, A.S., Smits, L.M., Hemmer, K., Hachi, S., Moreno,

E.L., van Wuellen, T., Jarazo, J., Walter, J., Brüggemann, I.,
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C.S., Höing, S., Moritz, S., Parga, J.A., Wagner, L., Bruder,

J.M., et al. (2013). Derivation and expansion using only small

molecules of human neural progenitors for neurodegenerative

disease modeling. PLoS ONE 8, e59252.

50. van den Hurk, M., and Bardy, C. (2019). Single-cell multi-

modal transcriptomics to study neuronal diversity in human

stem cell-derived brain tissue and organoid models.

J. Neurosci. Methods 325, 108350.

51. Jeong, G.R., and Lee, B.D. (2020). Pathological Functions of

LRRK2 in Parkinson’s Disease. Cells 9, 1–19.
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Figure S1. Graphical representation showing the origin of the data used in this study. WT and LRRK2 
MUT midbrain organoids were generated in paralel in our lab. WT midbrain organoids were 
characterized in previous studies of Smits et al. 3,4 The present study comprises analysis of internal 
scRNAseq data from the respective midbrain organoids and comparison to external datasets 5,6,7.

Introduction of G2019S mutation 
using CRISP-Cas9 + piggyBac1 



0

2000

4000

6000

or
gd
at
a

Identity

nFeature_RNA

0

5000

10000

15000

or
gd
at
a

Identity

nCount_RNA

0

20

40

60

or
gd
at
a

Identity

percent.mt

0

20

40

60

0 50001000015000

nCount_RNA

p
e
rc
e
n
t.
m
t

Identity

orgdata

−0.43

0

2000

4000

6000

0 50001000015000

nCount_RNA

n
F
e
a
tu
re
_
R
N
A

Identity

orgdata

0.97

500

1000

1500

2000

2500

or
gd
at
a

Identity

nFeature_RNA

1000

2000

3000

4000

or
gd
at
a

Identity

nCount_RNA

0

10

20

30

or
gd
at
a

Identity

percent.mt

0

10

20

30

1000200030004000

nCount_RNA

p
e
rc
e
n
t.
m
t

Identity

orgdata

−0.49

500

1000

1500

2000

2500

1000200030004000

nCount_RNA

n
F
e
a
tu
re
_
R
N
A

Identity

orgdata

0.99

0

2000

4000

6000

or
gd
at
a

Identity

nFeature_RNA

0

5000

10000

15000

20000

or
gd
at
a

Identity

nCount_RNA

0

10

20

30

40

50

or
gd
at
a

Identity

percent.mt

0

20

40

60

0 50001000015000

nCount_RNA

p
e
rc
e
n
t.
m
t

Identity

orgdata

−0.43

0

2000

4000

6000

0 50001000015000

nCount_RNA

n
F
e
a
tu
re
_
R
N
A

Identity

orgdata

0.97

500

1000

1500

2000

2500

or
gd
at
a

Identity

nFeature_RNA

0

1000

2000

3000

4000

5000

or
gd
at
a

Identity

nCount_RNA

0

10

20

or
gd
at
a

Identity

percent.mt

0

10

20

30

1000200030004000

nCount_RNA

p
e
rc
e
n
t.
m
t

Identity

orgdata

−0.49

500

1000

1500

2000

2500

1000200030004000

nCount_RNA

n
F
e
a
tu
re
_
R
N
A

Identity

orgdata

0.99

0

2500

5000

7500

or
gd
at
a

Identity

nFeature_RNA

0

10000

20000

30000

40000

or
gd
at
a

Identity

nCount_RNA

0

10

20

30

or
gd
at
a

Identity

percent.mt

0

10

20

30

0 10000200003000040000

nCount_RNA

p
e
rc
e
n
t.
m
t

Identity

orgdata

−0.31

0

2500

5000

7500

0 10000200003000040000

nCount_RNA

n
F
e
a
tu
re
_
R
N
A

Identity

orgdata

0.91

500

1000

1500

2000

2500

or
gd
at
a

Identity

nFeature_RNA

1000

2000

3000

4000

or
gd
at
a

Identity

nCount_RNA

0

10

20

30

or
gd
at
a

Identity

percent.mt

0

10

20

30

1000200030004000

nCount_RNA

p
e
rc
e
n
t.
m
t

Identity

orgdata

−0.43

500

1000

1500

2000

2500

1000200030004000

nCount_RNA

n
F
e
a
tu
re
_
R
N
A

Identity

orgdata

0.99

0

2500

5000

7500

10000

or
gd
at
a

Identity

nFeature_RNA

0

20000

40000

or
gd
at
a

Identity

nCount_RNA

0

20

40

60

or
gd
at
a

Identity

percent.mt

0

20

40

60

0 20000 40000

nCount_RNA

p
e
rc
e
n
t.
m
t

Identity

orgdata

−0.37

0

2500

5000

7500

10000

0 20000 40000

nCount_RNA

n
F
e
a
tu
re
_
R
N
A

Identity

orgdata

0.95

500

1000

1500

2000

2500

or
gd
at
a

Identity

nFeature_RNA

1000

2000

3000

4000

5000

or
gd
at
a

Identity

nCount_RNA

0

10

20

30

or
gd
at
a

Identity

percent.mt

0

10

20

30

1000200030004000

nCount_RNA

p
e
rc
e
n
t.
m
t

Identity

orgdata

−0.43

500

1000

1500

2000

2500

1000200030004000

nCount_RNA

n
F
e
a
tu
re
_
R
N
A

Identity

orgdata

0.99

WT35
Before QC After QC

WT70
Before QC After QC

MUT35
Before QC After QC

MUT70
Before QC After QC

A

B

C

D

Figure S2. Quality control of midbrain organoid scRNAseq datasets. A) Number of genes (nFeature_RNA), total number of molecules 
(nCount), percent of mitochondrial genes, detected in each cell for WT35 and WT70 midbrain organoids, before and after 
quality control. B) Correlations between percentage of mitochondrial genes, the number of genes and the total number of molecules 
for WT35 and WT70 midbrain organoids, before and after quality control. C) Same as (A), for MUT35 and MUT70 midbrain organoids. D) 
Same as (B), for MUT35 and MUT70 midbrain organoids. 
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Figure S5. Cell cluster naming. A) Cell cluster annotation based 
on La Manno et al. 2016 5 showing all embryonic cell names 
and the simplified regrouping. B) Neuronal marker, 
dopaminergic marker 8, and neuronal maturity marker 9 
expression in defined cell types.
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Figure S6. Differentially expressed gene analysis I. A) The bulk average LRRK2 expression in midbrain organoids. 
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Source of iPSCs Mutation Age at 
sampling Sex 

Corresponding 
midbrain 

organoid culture 
The Wellcome Trust 

Sanger Ins�tute, 
Cambridge, UK 

- 55 Male 
MO_WT35 
MO_WT70 

The Wellcome Trust 
Sanger Ins�tute, 
Cambridge, UK 

Introduced 
LRRK2 G2019S1 55 Male 

MO_MUT35 
MO_MUT70 

Table S1. Cell lines used to generate midbrain floor plate neural progenitor cells and further the midbrain 
organoids for scRNAseq.
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Preface 

 

The proper functionality and development of the human brain depends on the homeostasis of 

intercellular interactions of neurons, microglia, astrocytes, oligodendrocytes and vasculature 

(Song, Yan, et al., 2019). Although neurons are the main cell population in the brain, their 

viability and functionality are highly dependent on the other cell types. Microglia on the other 

hand constitute approximately 10% of the cellular population in the human brain and they are 

crucial for the maintenance and functionality of the neuronal networks. Apart from their synaptic 

support, microglia along with astrocytes are the immune cells of the brain (Q. Li & Barres, 

2018). Activation of microglia is necessary for the removal of debris and for fighting pathogens 

in the brain. However, in neurodegenerative processes microglia can adapt an activated state 

that leads to chronic neuroinflammation and contributes to disease progression (Muzio et al., 

2021). Therefore, it is very important to consider the biological processes that could be affected 

by microglia in neurodegenerative research.  

Midbrain organoids are used extensively in PD research, due to their cellular diversity and 

better representation of the cellular interactions in the human brain. However, these models 

are developed through a guided differentiation approach patterned to the neuroectoderm 

(Nickels et al., 2020; Smits et al., 2019), and they are incapable of developing microglia cells 

that originate from the mesoderm (Ginhoux et al., 2013).  

In this study, we successfully integrated iPSC-derived microglia into midbrain organoids. 

Extensive characterization of the model with single nuclei RNA sequencing transcriptomic 

analysis, immunoassays, and electrophysiological assessment, demonstrated that the 

microglia presence in midbrain organoids is beneficial for the overall functionality of the model. 

The results of this research facilitate progress towards more physiological relevant models, 

where the neuroinflammation component in PD could be also considered. 
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Abstract

The human brain is a complex, three-dimensional structure. To better recapitulate

brain complexity, recent efforts have focused on the development of human-specific

midbrain organoids. Human iPSC-derived midbrain organoids consist of differenti-

ated and functional neurons, which contain active synapses, as well as astrocytes and

oligodendrocytes. However, the absence of microglia, with their ability to remodel

neuronal networks and phagocytose apoptotic cells and debris, represents a

major disadvantage for the current midbrain organoid systems. Additionally,

neuroinflammation-related disease modeling is not possible in the absence of

microglia. So far, no studies about the effects of human iPSC-derived microglia on

midbrain organoid neural cells have been published. Here we describe an approach

to derive microglia from human iPSCs and integrate them into iPSC-derived midbrain

organoids. Using single nuclear RNA Sequencing, we provide a detailed characteriza-

tion of microglia in midbrain organoids as well as the influence of their presence on

the other cells of the organoids. Furthermore, we describe the effects that microglia

have on cell death and oxidative stress-related gene expression. Finally, we show that

microglia in midbrain organoids affect synaptic remodeling and increase neuronal

excitability. Altogether, we show a more suitable system to further investigate brain

development, as well as neurodegenerative diseases and neuroinflammation.
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1 | INTRODUCTION

The human brain is a highly complex organ in terms of structure, molec-

ular and cellular composition, making it a challenging target for research.

Three-dimensional (3D) brain models have been recently developed to

better mimic the spatial and functional complexity of the human brain.

Over the last decade, different protocols were developed to generate

either whole-brain organoids (Lancaster et al., 2013; Lindborg

et al., 2016) or discrete regions of the brain (Birey et al., 2017; Jo

et al., 2016; Monzel et al., 2017; Qian et al., 2016; Shi et al., 2012).

These models have proven to be suitable to model neurological disor-

ders, including microcephaly (Lancaster et al., 2013), Batten disease

(Gomez-Giro et al., 2019), Parkinson's disease (PD) (Smits et al., 2019),

and others (Choi et al., 2014; Qian et al., 2016). In fact, to better model

PD recent efforts have focused on the development of PD patient-

specific midbrain organoids (Kim et al., 2019; Smits et al., 2019). Mid-

brain organoids contain spatially patterned groups of dopaminergic neu-

rons, making them a suitable model to study PD. They consist of

differentiated and functional neurons, which contain active synapses, as

well as astrocytes and oligodendrocytes (Monzel et al., 2017; Smits

et al., 2019). Moreover, they are able to recapitulate cardinal features

of PD, including loss of dopaminergic neurons (Smits et al., 2019), and

protein aggregation (Kim et al., 2019).

A major feature of neurological disorders is chronic inflammation

(Bradburn et al., 2019; Tu et al., 2019). Previous studies have shown

integration of iPSC-derived microglia in cerebral organoids (Abud

et al., 2017; Muffat et al., 2016). Furthermore, innate differentiation of

microglia within whole-brain organoids has also been achieved (Ormel

et al., 2018; Ramani et al., 2020). Those systems used iPSCs to generate

their cerebral organoids, instead of a neuro-epithelial stem cell popula-

tion, used normally to generate midbrain region-specific brain

organoids. The current midbrain organoid system derived from neuro-

epithelial stem cells—with ectodermal origin—lacks microglia, due to

their mesodermal origin. The absence of microglia, with their ability to

prune neuronal synapses as well as phagocytose apoptotic cells and

debris represents a major disadvantage for the understanding of the

physiological brain. Additionally, neuro-inflammation-related disease

modeling is not possible in a system that lacks microglia.

Microglia, the largest population of immune cells in the brain, are

tissue-resident macrophages. In the adult brain they represent 5% to

15% of the adult brain cells, depending on the brain region (Thion

et al., 2018). Microglia have a unique ontogeny; they are derived from

Yolk sac progenitors in a very early embryonic age (Ginhoux

et al., 2010; Li & Barres, 2017; Schulz et al., 2012). Microglia have par-

ticular functions during brain development. Among others, they estab-

lish contacts with neural progenitors to support neurogenesis and

proliferation (Choi et al., 2008; Ueno et al., 2013). In the adult brain,

they interact with neurons, astrocytes, and oligodendrocytes, and

their major functions are maintenance of brain homeostasis and

immune defense. They also interact with synapses, modulating neuro-

nal activity, and perform synaptic pruning (Tremblay et al., 2011;

Wake et al., 2009). They phagocytose apoptotic neurons, induce

programmed cell death (Witting et al., 2000), guide sprouting blood

vessels, and participate in neuronal maturation (Rymo et al., 2011).

Chronic neuroinflammation is one of the neuropathological character-

istics of neurodegenerative disorders, including PD (Shabab

et al., 2017).

Recent advances have been made to increase the complexity of

organoid systems and better recapitulate the complexity of the human

brain. This has been achieved with the development of multi-lineage

assembloids, which can be generated via region-specific organoid

fusion or coculture with cells from different developmental layers

(Marton & Paşca, 2020; Pasca, 2019). Here, we describe the stable

integration of functional human iPSC-derived microglia into midbrain

organoids, which represents a significant advancement of the mid-

brain model, increasing its complexity. Moreover, microglia within

assembloids express phagocytosis-related genes and release cytokines

and chemokines, demonstrating relevant cellular communication abili-

ties. Moreover, we demonstrate that assembloids display a reduction

of cell death and oxidative stress-related genes in the system, com-

pared with midbrain organoids without microglia. Furthermore,

microglia seem to affect synapse remodeling, and lead to increased

electrophysiology properties in neurons. Overall, we have established

a stable and reproducible way to integrate functional microglia into

midbrain organoids, leading to the next generation of midbrain

organoid modeling. Our technology represents a step forward for the

understanding and modulation of the complexity of the healthy and

diseased human brain, with especial relevance for neuro-inflammatory

conditions.

2 | MATERIALS AND METHODS

2.1 | 2D cell culture

2.1.1 | iPSCs

Generation of iPSCs was performed as described in (Reinhardt

et al., 2013). iPSCs (Table S1) where cultured in Matrigel® (Corning,

354277) coated 6-well plates (Thermo Scientific, 140675), using Essen-

tial 8 Basal medium (Thermo Scientific, A1517001) supplemented with

ROCK Inhibitor (Y-27632, Millipore, SCM075) for the first 24 h after

plating. The medium was exchanged on a daily basis. Confluence iPSCs

(�70%–90%) slipt using Accutase® (Sigma, A6964) and plated at

around 300,000 cells per well. Neural progenitor cells needed to gener-

ated organoids were derived from iPSCs and maintained in culture as

described previously (Nickels et al., 2020; Smits et al., 2019). iPSCs

were also used to generate Macrophage precursors (van Wilgenburg

et al., 2013) and further differentiate them into microglia as described

previously (Haenseler, Sansom, et al., 2017).

2.2 | Microglia

The 50 K macrophage precursors were plated per well in a glass-

bottom 96-glass bottom well plate (IBL Baustoff, 220.230.042). Cells
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were cultured with microglia differentiation medium (Advanced

DMEM/F12 [Thermo Fisher, 12634010], 1� N2 [Thermo Fisher,

17502001], 1� Pen/Strep [Invitrogen, 15140122], 1� GlutaMax

[Thermo Fisher, 35050061], 50 μM 2-mercaptoethanol [Thermo

Fisher, 31350-010], 100 ng/ml IL-34 [Peprotech, 200-34], 10 ng/ml

GM-CSF [Peprotech, 300-03]). Cells were kept in culture for 10 days,

with a medium change every 3–4 days, and then fixed with 4% form-

aldehyde (Millipore, 1.00496.5000) for immunostaining or used for a

phagocytosis or MTT assay.

2.3 | 3D cell culture

2.3.1 | Midbrain organoid generation and culture

Midbrain organoids generation is described in (Nickels et al., 2020;

Smits et al., 2019). Shortly, 6000 cells per well were seeded in an

Ultra-Low Attachment 96-well Well plate (Merck, CLS3474) and kept

under maintenance conditions (N2B27 medium supplemented with

0.2 mM Ascorbic acid [Sigma, A4544-100G], 3 μM CHIR 99021

[Axon, CT 99021], 0.5 μM Smoothened Agonist [SAG, Stem cell tech-

nologies, 73412], 2.5 μM SB-431542 [Abcam, ab120163], 0.1 μM

LDN-193189 [Sigma, SML0559]) for 2 days. After that, we started the

pre-patterning (day 0 of dopaminergic differentiation) by removing SB

and LDN from the medium. Two days after, CHIR concentration was

reduced to 0.7 μM. On day 6 of dopaminergic differentiation, the

medium was changed into maturation medium (N2B27 plus 0.2 mM)

Ascorbic acid, 10 ng/ml Brain Derived Neurotrophic Factor, BDNF

(Peprotech, 450-02), 10 ng/ml Glial-Derived Neurotrophic Factor,

GDNF (Peprotech, 450-10), 1 pg/ml TGF-β3 (Peprotech, 100-36E),

0.5 mM db cAMP (Sigma, D0627-5X1G), 10 μM DAPT (R&D Systems,

2634/10) and 2.5 ng/ml Activin A (Thermo Scientific, PHC9564).

Organoids were kept under static culture conditions with media

changes every third day until day 15 of dopaminergic differentiation.

2.4 | Medium optimization for coculture with

macrophage precursors

Two batches of organoids and assembloids were used for the media

optimization. Midbrain organoids from line K7 were used as controls.

Midbrain organoids from line K7 were cocultured with macrophage pre-

cursors, either from line K7, 163, or EPI. Therefore, graphs indicating

“Midbrain organoids” refer to K7 midbrain organoids, and

“Assembloids” refer to pooled results from K7 organoids cocultured

with K7, 163, and EPI microglia separately. For the media test, midbrain

organoids and assembloids were cultured in the previously described

maturation medium until day 15 of dopaminergic differentiation. Then,

independently of the addition or not of macrophage precursors, the

medium was kept the same, exchanged by microglia differentiation

medium or coculture medium (Table S2; Advanced DMEM/F12,

1 � N2 supplement, 1x GlutaMAX™, 50 μM 2-mercaptoethanol,

100 U/ml Penicillin–Streptomycin, 100 ng/ml IL-34, 10 ng/ml GM-CSF,

10 ng/ml BDNF, 10 ng/ml GDNF, 10 μM DAPT and 2.5 ng/ml Activin

A). We kept the culture until day 35 of differentiation, fixed with 4%

formaldehyde (Millipore, 1.00496.5000) and proceeded to immunofluo-

rescence staining.

2.5 | Coculture of midbrain organoids with

macrophage precursors

From day 15 of dopaminergic differentiation—when the coculture

started—the culture medium of midbrain organoids and assembloids

was replaced by coculture medium containing 186,000 freshly

harvested macrophage precursor cells per organoid. As described in

the previous Methods and Results sections, K7 midbrain organoids

were used as controls, and K7 organoids were separately cocultured

with macrophage precursors from lines K7, 163, or EPI. The

“Assembloids” group on graphs represent the pooled results from

organoids cocultured with the K7, 163, and EPI microglia lines. After,

the plate was centrifuged at 100g for 3 min to promote the attach-

ment of the cells to the surface of the organoids. Medium was chan-

ged every 2–3 days and the system was kept for 20 or 70 days (until

day 35 or 85 of dopaminergic differentiation, respectively). Then,

organoids and assembloids were snap-frozen for sequencing and

protein extraction or fixed with 4% formaldehyde (Millipore,

1.00496.5000) for immunofluorescence staining.

2.6 | Phagocytosis assay

For immunofluorescence staining, macrophage precursors were

harvested and 30,000 cells per well were plated in 96-glass bottom

well plates (IBL Baustoff, 220.230.042) and differentiated into

microglia. On day 10, two Zymosan A (S. cerevisiae) BioParticles™

(Thermo Fisher, Z23373) per cell were added (60,000 particles/well).

Then, cells were incubated for 30 min at 37C, washed with 1� PBS

and fixed with 4% formaldehyde (Millipore, 1.00496.5000). Then fixed

samples were used for immunofluorescence staining. For live imaging

(Video S1, S2, and S3), 100,000 cells per well were seeded in 8-well

Nunc™ Lab-Tek™ Chamber Slides (Thermo Fisher, 177402PK) and

immediately imaged.

2.7 | Viability assay (MTT)

The 50 K macrophage precursors were plated per well in a 96-glass

bottom well plate (IBL Baustoff, 220.230.042). After 10 days of

microglia differentiation induction, 10 μl of 5 mg/ml MTT

(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (Sigma,

M2128)) were added to each well. Cells were incubated for 4 h at

37�C. Then, the medium was aspirated and 100 μl of DMSO were

added to each well, pipetting vigorously in order to detach and disrupt

the cells. Absorbance was measure at 570 nm. Results were compared

with midbrain organoid medium (MOm).

SABATE-SOLER ET AL. 1269



2.8 | Immunofluorescence staining in 2D

Cells cultured in glass coverslips (150 K cells/well) or 96-well imaging

plates were fixed for 15 min with 4% formaldehyde (Sigma, 100496)

and washed 3� with PBS. Permeabilization was done by using 0.3%

Triton X-100 in 1� PBS for 15 min. The cells were washed three

times with PBS and blocked the cells with 3% BSA (Carl Roth, 80,764)

in PBS at room temperature. Cells were then incubated in a wet

chamber, overnight (16 h) at 4�C with the primary antibodies (diluted

in 3% BSA + 0.3% Triton X-100 in 1� PBS). Cells were rinsed three

times with PBS and further incubated with secondary antibodies

diluted in 3% BSA + 0.3% Triton X-100 in 1x PBS for 1 h at room

temperature. After three more PBS washes, the plates were directly

imaged and the coverslips were mounted in a glass slide with

Fluoromount-G® (Southern Biotech, Cat. No. 0100-01). The anti-

bodies used are listed in Table S3.

2.9 | Immunofluorescence staining in 3D

Midbrain organoids and assembloids were fixed with 4% Formalde-

hyde overnight at 4�C and washed three times with PBS for 15 min.

Organoids were embedded in 4% low-melting point agarose (Biozym,

Cat. No. 840100) in PBS; 70 μm sections were obtained using a

vibratome (Leica VT1000 S). We selected sections coming from the

center of the organoids and assembloids, rather than border sections.

The sections were blocked with 0.5% Triton X-100, 0.1% sodium

azide, 0.1% sodium citrate, 2% BSA and 5% donkey serum in PBS for

90 min at room temperature. Primary antibodies were diluted in 0.1%

Triton X-100, 0.1% sodium azide, 0.1% sodium citrate, 2% BSA, and

5% donkey serum and were incubated for 48 h at 4�C in a shaker.

After incubation with the primary antibodies (Table S3), sections were

washed 3� with PBS and subsequently incubated with secondary

antibodies (Table S3) in 0.05% Tween-20 in PBS for 2 h at RT and

washed with 0.05% Tween-20 in PBS. Sections were mounted in

Fluoromount-G mounting medium on a glass slide.

2.10 | Imaging

Qualitative images were acquired with a confocal laser-scanning

microscope (Zeiss LSM 710). For quantitative image analysis, the

Operetta CLS High-Content Analysis System (Perkin Elmer) was

used to automatically acquire 25 planes per organoid section, with a

spacing between planes of 1 μm. Images were modified with the

ZEN blue Software. For live imaging (supporting videos), the Cell

Observer SD and the CSU-X1 Spinning Disc Unit (ZEISS) were used.

One hundred frames were acquired in each video using the ZEN blue

software, during 3054.06 s (163 line), 3053.27 s (EPI line), and

3053.66 s (K7 line). The videos were processed and modified with

Adobe Premiere and Screenpresso softwares in order to obtain a

representative time-line of the phagocytosis process. The shown

videos represent 29.97 frames per second, resulting in a total

number of 659.34 frames (163 line), 689.31 frames (EPI line), and

449.55 frames (K7 line).

2.11 | Image analysis

To measure the area of organoids and assembloids, we used ImageJ.

We delimited the perimeter of the organoids and assembloids and

used the “Measure” tool to obtain a pixel surface. Surfaces were then

compared using Graphpad Prism and displayed as “fold change” in

graphs.

For immunofluorescence staining analysis, 3D images of mid-

brain organoids and assembloids were analyzed in Matlab (Version

2017b, Mathworks) following (Bolognin et al., 2019; Smits

et al., 2019). The in-house developed image analysis algorithms facil-

itate the segmentation of Nuclei, neurons, and microglia, obtaining

as a result the positive pixel surface for a selected marker. To esti-

mate the Iba1 positive cell number, we used the regionprops Matlab

function in eight sections coming from four assembloids from two

different batches. This function detected different a total number of

310 IBA1+ events. We separated the Hoechst+ detection by “live

nuclei” (bigger and less intense) and “pyknotic nuclei” (smaller and

more intense due to the chromatin condensation). A total number of

776 live nuclei and 4178 pyknotic nuclei were detected. After that,

we averaged the volume results for IBA1, live nuclei, and pyknotic

nuclei, and we added a new line in the main image analysis function

to automatically divide the IBA1 Mask (pixel volume) by the aver-

aged IBA1 volume number previously calculated. We did the same

for the live nuclei, obtaining then an approximate IBA1+ cell number,

and live nuclei number. We obtained the percentage of IBA1+ cells

following this formula: (IBA1+ cell number /live nuclei number) �

100. The reason why we used the live nuclei number is that dead

cells may lose the IBA1 expression.

2.12 | Western blot

Protein was extracted from midbrain organoids from three batches,

and from assembloids with microglia from line K7, 163, and EPI from

three batches. Protein extraction was done from 5 or 4 pooled

organoids using the 1� RIPA buffer (Abcam, ab156034) containing

1� Phosphatase inhibitor cocktail (Merck Millipore, 524629-1ML)

and 1� cOmplete™ Protease Inhibitor Cocktail (Sigma,

11697498001). The lysates were sonicated in the Bioruptor

(Diagenode) for 10 cycles of 30 s on and 30 s off. The amount of

protein was measured using the Pierce BCA Protein Assay Kit

(Thermofisher, 23227) and the BIOTEK Cytation 5 Imaging reader.

Then, 30 μg of protein was used from each sample in the western

blot; 6� loading buffer containing 0.375 M Tris (MW 121.14 g/mol),

9% SDS, 50% Glycerol, 0.2% Bromphenolblue, 0.3 M DTT was

added in each sample and boiled at 95�C for 5 min. The protein sam-

ples were loaded into precast polyacrylamide gels (Thermofisher,

NW04120BOX). The iBlot2 device from Invitrogen was used for

1270 SABATE-SOLER ET AL.



transferring the proteins from the gel to PVDF membranes

(Thermofisher, IB24001). The membranes were blocked in 1� PBS

containing 0.2% Tween-20 and 5% Milk in for 60 min at RT. Primary

antibodies were incubated in 1� PBS containing 0.02% Tween-20,

5% BSA at 4�C overnight. Secondary antibodies were incubated for

60 min at RT in the same buffer as the one for primary antibodies.

Enhanced fluorescent signal was detected in the LI-COR OdysseyFc

imaging system. Band quantifications were performed with ImageJ

and statistics were run using GraphPad Prism. A Mann–Whitney test

was run to compare the midbrain organoid against the assembloid

group.

2.13 | RT-PCR

Between one and three million microglia cells were used per RNA

extraction. We used the RNeasy Mini Kit (Qiagen) as well as DNase I

Amplification Grade (Sigma-Aldrich) to isolate RNA. After conducting

reverse395 transcription by following the protocol of the High Capac-

ity RNA to DNA Kit (Thermo Fisher Scientific), RT–PCRs were per-

formed using GreenTaq polymerase and 50 ng of cDNA per reaction.

An initial denaturing step, 5 min at 95�C, 40 cycles of denaturation for

30 s at 95�C, annealing for 45 s at 55�C (for Iba-1, CD68, and

TMEM119) or 61�C (for RPL37A and P2RY12), extension for 30 s at

72�C and a final extension for 5 min at 72�C. The used primers are

listed in Table S4.

2.14 | Cytokine and chemokine release assay

Cytokine and chemokine measurements were performed using the

Human XL Cytokine Discovery Luminex® Performance Assay

(RD Systems, #FCTSM18). We collected supernatants from three mid-

brain organoid and assembloid batches and three biological replicates

(microglia lines K7, 163, and EPI). When values were too low to be

detected, they appeared as “out of range.” In order to consider them

statistically, they were assigned the lowest measured value of the

standard curve for that metabolite. The statistics were run with three

batches and three cell lines for the assembloid group (midbrain

organoids vs. assembloids K7, 163, and EPI).

2.15 | Metabolomics

For the extracellular metabolomics analysis, we used snap-frozen

media from 20 days of coculture old midbrain organoids or

assembloids after 48 h of culture. We also incubated coculture media,

not in contact with organoids, as a control. Three organoids or

assembloids were used per batch, three batches were analyzed, and

the three different cell lines were used for the assembloid group.

From the measured results, the control (basal medium) was subtracted

in order to discriminate secreted (positive numbers) against uptaken

(negative numbers) metabolites.

2.16 | Polar metabolite extraction, derivatization,

and GC–MS measurement

Extracellular metabolites from media samples were extracted using a

methanolic extraction fluid (5:1, methanol/water mixture, vol/vol).

The water fraction contained two internal standards Pentanedioic

acid-D6 (c = 10 μg/ml; C/D/N Isotopes Inc.) and [UL-13C5]-Ribitol

(c = 20 μg/ml; Omicron Biochemicals). Then, 40 μl of medium was

added to 240 μl ice-cold extraction fluid. After adding 100 μl ice-cold

chloroform, the mixture was shaken for 5 min at 4�C. For phase sepa-

ration, 100 μl chloroform and 100 μl water were added and vortexed

for 1 min. Then, the mixture was centrifuged at 21,000g for 5 min at

4�C; 250 μl of the polar (upper) phase was transferred to GC glass vial

with micro insert (5–250 μl) and evaporated to dry under vacuum

at �4�C.

Metabolite derivatization was performed by using a multi-

purpose sample preparation robot (Gerstel). Dried medium extracts

were dissolved in 30 μl pyridine, containing 20 mg/ml methoxyamine

hydrochloride (Sigma-Aldrich), for 120 min at 45�C under shaking.

After adding 30 μl N-methyl-N-trimethylsilyl-trifluoroacetamide

(Macherey-Nagel), samples were incubated for 30 min at 45�C under

continuous shaking.

GC–MS analysis was performed by using an Agilent 7890A GC

coupled to an Agilent 5975C inert XL Mass Selective Detector

(Agilent Technologies). A sample volume of 1 μl was injected into a

Split/Splitless inlet, operating in split mode (10:1) at 270�C. The

gas chromatograph was equipped with a 30 m (I.D. 0.25 mm, film

0.25 μm) DB-5 ms capillary column (Agilent J&W GC Column) with

5 m guard column in front of the analytical column. Helium was

used as carrier gas with a constant flow rate of 1.2 ml/min. The GC

oven temperature was held at 90�C for 1 min and increased to

220�C at 10�C/min. Then, the temperature was increased to

280�C at 20�C/min followed by 5 min post run time at 325�C. The

total run time was 22 min. The transfer line temperature was set

to 280�C. The MSD was operating under electron ionization at

70 eV. The MS source was held at 230�C and the quadrupole at

150�C. Mass spectra were acquired in full scan mode (m/z

70 to 700).

2.17 | Data normalization and data processing

All GC–MS chromatograms were processed using Metabol-

iteDetector, v3.220190704 (REF). Compounds were annotated by

retention time and mass spectrum using an in-house mass spectral

library. The internal standards were added at the same concentration

to every medium sample to correct for uncontrolled sample losses and

analyte degradation during metabolite extraction. The data set was

normalized by using the response ratio of the integrated peak

area_analyte and the integrated peak area_internal standard. The

results correspond to triplicates from three cocultured batches and

three biological replicates (midbrain organoids against assembloids

with microglia from lines K7, 163, and EPI).
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2.18 | Patch clamp

Passive and active electrophysiological properties of cells in

assembloids (with microglia from line 163) and midbrain organoids

were characterized by whole-cell patch-clamp recordings in voltage

and current clamp.

Each organoid was transferred from the incubator to a submerged

type recording chamber with constant perfusion of carbogen-buffered

artificial cerebrospinal fluid (ACSF) at 32�C. The ACSF contained

(in mM): 124 NaCl, 3 KCl, 1.8 MgSO4, 1.6 CaCl2, 10 glucose, 1.25

NaH2PO4, 26 NaH2CO3 with an osmolarity of 295 mOsm/L. The

organoid was fixated between a large diameter pipette and a custom-

made platinum harp. Cells were visualized using phase-contrast on an

upright BX51 microscope (Olympus, Hamburg, Germany) with a �60

water-immersion objective. Recording electrodes were pulled using

borosilicate glass on a Flaming/Brown P-97 Puller (Sutter Instrument,

Novato, CA) to yield a resistance of 3–6 MΩ. The electrode solution

contained (in mM): 126 potassium gluconate, 4 KCl, 10 HEPES, 0.3

EGTA, 4 MgATP, 0.3 Na2GTP, and 10 phosphocreatine adjusted to

pH 7.2 using KOH and to 288 mOsm/L by adding sucrose. Recordings

were obtained in voltage and current-clamp mode with an ELC-03XS

amplifier (NPI electronic, Tamm, Germany). Signals were low-pass fil-

tered at 3 kHz and digitized with 20 kHz using a Micros 1401MKII

AC-converter (CED, Cambridge, UK). Data were collected using the

Signal 4.10 software (CED). Voltages were not corrected for the calcu-

lated liquid-junction potential of +14.5 mV. Test pulses of �50 pA

and 100 ms were applied regularly to control for changes in series

resistance.

Putative neurons were visually identified by their size and shape.

After obtaining the whole-cell configuration, the resting membrane

potential was determined in the current clamp and the cell subse-

quently stabilized at �70 mV by continuous current injection. To

assess active and passive membrane properties, hyper- and dep-

olarizing current steps were injected at increments of 10 pA and of

500 ms length starting from �50 pA. Passive parameters were

assessed by the smallest negative current step that yielded a constant

plateau potential, which varied due to the heterogeneity of input

resistances. To measure maximum firing rates, cells were depolarized

by voltage steps of increasing amplitudes until APs started to fail due

to sodium channel inactivation (up to +500 pA depending on input

resistance). Action potential waveforms characteristics were analyzed

for the first action potential that fired 50 ms after the onset of current

injections. The voltage threshold was defined as the potential at

which the rising slope exceeded 5 mV/ms and amplitudes were mea-

sured from threshold to peak. In voltage-clamp mode, cells were held

at �70 mV and positive voltage steps of 300 ms duration and 10 mV

increments were applied every 5 s. Maximal voltage was +30 mV.

The power of voltage-gated cation channels (predominantly sodium)

was quantified at �30 mV and used for statistical comparison. Data

analysis was performed using Stimfit (Guzman, 2014) and custom-

written Phyton routines. Values were tested for Gaussian distribution

by D'Agostino-Pearson omnibus normality test. Unpaired t tests were

used to assess statistical significance in normally distributed data and

Mann–Whitney tests for non-normally distributed data (indicated as p

in figures). Outliers deviating 2.5 SD were excluded from statistical

analysis but indicated in the figures.

The presence of microglia in the recorded assembloids was con-

firmed using immunohistochemical staining and confocal imaging.

Organoids were fixed in 4% formaldehyde and stained for nuclei

(Fluoroshield with DAPI, Sigma-Aldrich), neuronal markers (MAP2,

Sigma-Aldrich Chemie GmbH), and microglia (anti-Iba1, WAKO

Chemicals). Imaging was carried out on an A1 Nikon confocal micro-

scope at the Nikon Imaging Center Heidelberg, Germany.

2.19 | Statistical analyses

First, Gaussian distribution was evaluated by performing D'Agostino

and Pearson omnibus normality test. According to this distribution,

either a one-way analysis of variance (ANOVA) or a Kruskal-Wallis

test with a Dunnett's test for multiple comparisons were used to eval-

uate statistical significance. For the pooled results (organoids against

assembloids), gaussian distribution was also tested. Depending on the

outcome, an unpaired t test or Mann–Whitney test was used to

assess the difference between groups. Outliers deviating 2.5 SD were

excluded from statistical analysis but indicated in the figures. Cells

that showed a resting membrane potential above �40 mV and action

potentials shorter than 50 mV and wider than 3 ms in half-width were

excluded from analysis, assuming that these cells were either not fully

matured neurons or recording conditions were poor. The presence of

microglia in the recorded organoids was confirmed using immunohis-

tochemical staining and confocal imaging. For the image analysis, a

two-way ANOVA, Tukey's multiple comparisons test was performed

to evaluate statistical significance. Data are presented as mean ± SEM.

All analyses were performed with three different biological replicates

(assembloids microglia from three different cell lines).

2.20 | Multi-electrode array

Forty-eight-well multi-electrode array (MEA) plates (Axion,

M768-tMEA-48B-5) were coated as follows: 24 h incubation with

0.1 mg/ml poly-D-lysine (Sigma, P7886) followed by a 24 h incubation

with 1 mg/ml laminin (Sigma, L2020). On day 20 of coculture

(or 35 days of dopaminergic differentiation), midbrain organoids and

assembloids were transferred to 48-well pre-coated MEA plates. Mid-

brain organoids and assembloids were placed in the center of the

wells, and left in the incubator for 25 min to ensure the maximum

media evaporation and adherence of the organoids and assembloids

to the well bottom. Then, we added 25 μl of Geltrex (Invitrogen,

A1413302) to the top, to avoid the detachment from the wells. Data

were acquired with an Axion Maestro Multiwell 768-channel MEA

System (Axion Biosystems) and using the Axis software (Axon Bio-

systems). Data were exported and analyzed using the available R

script following a published method ([Modamio et al., 2021] see

“Resource availability”).
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2.21 | Single-nuclei RNA sequencing

Five snap-frozen organoids or assembloids from one batch per condi-

tion were used to perform single-nuclei RNA sequencing (snRNAseq).

2.22 | Data generation

Whole frozen organoids and assembloids (with microglia from lines

K7, 163, and EPI) were dissociated for generating single-nuclei gene-

expression libraries. The following steps were performed on ice using

chilled and freshly prepared buffers. In brief, organoids and

assembloids were gently dissociated using 500 ml of 0.1� Lysis Buffer

(10 mM Tris–HCl pH 7.4, 10 mM NaCl, 3 mM MgCl2, 0.1% Tween-

20, 0.1% Nonidet P40 Substitute, 0.01% digitonin, 1% BSA, nuclease-

free water) by pipetting 10X with a wide-pore 1000 μl pipette,

followed by a 10-min incubation period on ice. This was repeated for

two cycles. To reduce batch effects and increase the number of nuclei

per experiment, material from four different organoids or assembloids

were pooled for each group. Cells were filtered through a 40-μM

strainer using 300 μl at a time, using a new 40-μM strainer. The same

procedure was done with 20-μM (Sysmex, AN777717) and 10-μM

(Sysmex, AP275603) strainers, followed by centrifugation for 5 min at

500g, at 4�C. Nuclei were then stained using Hoechst 33342 (1:2000)

for 5 min at room temperature and counted on the Countess II.

Using Diluted Nuclei Buffer (10x Genomics, 2,000,153) each sam-

ple was adjusted to a concentration of 4000 nuclei/μl. We generated

one library for each sample, aiming for 6000 nuclei. Single-nuclei

experiments were performed using the 10x Genomics Next GEM Sin-

gle Cell 50 Library Kit v1.1 (1000168) to encapsulate nuclei and

amplify cDNA, to generate sequencing libraries. Each library was

barcoded using i7 barcodes provided by 10x Genomics. cDNA and

sequencing library quality and quantity were determined using

Agilent's High Sensitivity DNA Assay (5067-4626) and KAPA

(KK4824). Final libraries were pooled, loaded on two lanes of the

Illumina's HiSeq X, and sequenced in 150PE mode.

2.23 | Count matrix generation

Following steps are performed on default settings if not otherwise

specified. Single-nucleus libraries were demultiplexed based on their

i7 index sequences and for each library mapping to the human

genome was performed using the Cell Ranger 4.0.0 software and

human reference GRCh38 3.0.0, both provided by 10x Genomics.

Next, count matrix files for each sample were generated using cell

ranger count.

2.24 | Data preprocessing

Since the material coming from assembloids with the EPI microglia

line was lost, count matrixes for the assembloids with K7 and

163 microglia, as well as the midbrain organoid control were uploaded

and Seurat Objects were created. Data were preprocessed as

decribed by https://satijalab.org/seurat/v3.2/pbmc3k_tutorial.html.

An independent data quality control was performed of all three

objects, by checking levels of ribosomal genes, and by removing cells

with a high mitochondrial gene fraction (Lake et al., 2019; Osorio &

Cai, 2021). Moreover, cells containing less than 100 or more than

5000 (100 < RNA n Feature <5000) genes were removed from the

analysis, being considered empty droplets or doublets, respectively.

After quality assessment all three objects were combined, log normal-

ized, scaled, and a linear dimensional reduction was performed (PCA).

Dimensionality was assessed (20) and cells were clustered with a reso-

lution of 0.5. A nonlinear dimensional reduction using “umap” was

performed, and cluster markers were assessed. Cluster names were

defined by their characteristic marker gene expression.

2.25 | Cell type identification

Cell clustering was performed based on the top 20 principal compo-

nents using Louvain algorithm modularity optimization with a resolu-

tion of 0.5. UMAP was used for cell cluster visualization (Becht

et al., 2018). The distinct cell clusters were identified in the UMAP

plot. For cell type identification, binarized gene list across cell types

from La Manno et al., 2016 was used. This list of genes comprises

information about the marker genes in a binarized manner, where

1 means that gene is marking a specific cell population and 0 means

that it cannot be considered as a marker gene. For more details on

how this list is generated please refer to La Manno et al., 2016.

Expression of each cluster defining gene was overlapped with the

marker gene (1) in the La Manno marker matrix. Cell types were

assigned based on the highest number of major cluster marker genes

being expressed in the respective clusters. Cellular subtypes were ver-

ified and grouped in neuronal identity clusters based on neuronal

marker gene lists (Table S5). (Chen et al., 2016; Smits et al., 2020).

Moreover manual marker verifications were done using known marker

genes for each cluster. For instance, RGLs expressed SLC1A3 (Glast).

MidNESCs expressed midbrain markers SHH, LMX1A, and FOXA2 and

stem cell markers SOX2 and MSI1 (Musashi). PROG highly expressed

VIM (Vimentin) and lower levels of stem cell markers. NB were positive

for young neuronal markers DCX (doublecortin) and STMN1 (sthaminin)

without expressing mature neuronal markers. YDN&CN still expressed

DCX and STMN1 but also some mature neuronal markers for synapses

such as SYP (synaptophysin) and subtype specification markers such as

TH (dopaminergic neurons) and SLC18A3 (cholinergic neurons).

Mature neurons expressed low levels of STMN1 and DCX but high

levels of SYP. Subtype specification revealed that mDN(A10)

&GaN&GlN expressed high levels of genes that define neurons from

the ventral tegmental area (VTA). Besides, cells expressing dopaminer-

gic marker TH also expressed the marker for A10 DN CALB1, as well

as ADCYAP1. Moreover, the glutamatergic SLC18A1 and GABAergic

GAD1 transporters were highly expressed in these neurons. Last

mDN(A9)&SN were qualified by high amounts of TH and KCNJ6

SABATE-SOLER ET AL. 1273



(Girk2) as well as DN defining synaptic markers ROBO1. Moreover,

also serotonergic transporters SLC18A2 were expressed in that clus-

ter. Microglial cells expressed IBA1. Cell type proportions were calcu-

lated by counting the cells of each cluster. A spearman correlation and

a heatmap clustering (pheatmap) were performed on the average

expression of clusters defining genes. Because of a substantial sample

loss during sample processing, that affected the microglia cell count,

26 microglial cells were detected (Table S6). The microglial cluster,

26 cells, was subsetted and an independent analysis was performed.

The top 100 genes defining the microglial cluster are shown in a

heatmap. Moreover, the average gene expression across all microglial

cells was exported, and representative genes (Galatro et al., 2017). are

presented in a violin plot. Significances were calculated based on a

one sample Wilcoxon test *p <.05. The same was done for genes

involved in the phagocytic pathway. Cytokines and chemokines were

represented in a heatmap.

2.26 | Differential expressed gene and enrichment

analysis

The most variable features were identified and a heatmap clustering

(pheatmap) was performed on the average expression of the top

100 most variable genes. DEG were identified between assembloids

and midbrain organoids. This was done for all the cell types together

and each cell type independently. Data of the DEG lists are represen-

ted in heatmaps (top 100), or underwent metacore enrichment analy-

sis. Metacore analysis was based on the following arbitrary threshold

p <.05, adj p <.5. Moreover, Venn diagrams were formed using nVenn

http://degradome.uniovi.es/cgi-bin/nVenn/nvenn.cgi. Genes involved

in the enriched pathways are shown separately in box plots. Statistics

were performed using a Wilcoxon test p <.05*.

3 | RESULTS

3.1 | hiPSC-derived microglia express specific

markers and are functional

The work presented here is based on the use of quality controlled

hiPSC lines (lines: K7, 163, EPI, Table S1) from three different healthy

individuals that express the pluripotency markers SSEA-4, OCT-4,

TRA-1-60, NANOG, TRA-1-81, and SOX2 (Figure S1A). We started by

deriving macrophage precursors from hiPSCs that were then differen-

tiated into microglia for 10 days, as previously described (Haenseler,

Zambon, et al., 2017). hiPSC-derived microglia in monoculture

expressed macrophage-specific markers, including IBA1, PU1, and

CD45, and microglia markers, notably TMEM119 and P2RY12, as

detected by immunostaining (Figure 1a). Moreover, PCR confirmed

that microglia also expressed the macrophage specific genes IBA1 and

CD68, and the microglia-specific genes TMEM119 and P2RY12

(Figure 1b). After confirming the microglia cell identity, we next

assessed their phagocytic capacity. Incubation of microglia with

Zymosan particles showed the cells' ability in phagocytosing these

particles, detectable within their cell bodies (Figure 1c, Figure S1B,

Video S1, S2, and S3).

A major challenge in assembloid generation is the compatibility of

cell culture conditions for different cell types. In order to assess the

microglia compatibility with the organoid culture medium, we first

examined the toxicity of each midbrain organoid medium supplement

on microglia survival. Macrophage precursors were cultured for

10 days with organoid maturation medium (containing BDNF, GDNF,

TGFβ3, db cAMP, DAPT, and Activin A), microglia differentiation

medium (containing IL-34 and GM-CSF), or microglia medium individ-

ually supplemented with each of the neurotrophic factors contained

in the organoid medium. After 10 days of exposure to the different

media, an MTT viability assay showed a significant decrease in cell via-

bility in the presence of TGFβ3 (69.18% ± 8.371, p = .0024), db cAMP

(47.10% ± 8.371, p <.0001) and Activin A (76.01% ± 8.371,

p = .0292) compared with microglia medium (Figure 1d,e). After only

7 days of exposure, an impairment of differentiation and a lower via-

bility were already observed visually in the cells cultured with

organoid medium as well as the microglia medium supplemented with

TGFβ3 or db cAMP (Figure 1e). These results indicate that the mid-

brain organoid medium, containing TGFβ3, db cAMP, and Activin A

might not be suitable for the cultivation of microglia containing mid-

brain organoids.

3.2 | The coculture medium allows an efficient

integration of functional microglia and expression of

midbrain specific neuronal markers in assembloids

After testing the organoid medium on microglia, we next assessed the

effects of the different media compositions on the neuronal popula-

tion of midbrain organoids. Taking into consideration the cytotoxic

effect on 2D monoculture microglia, we combined the microglia dif-

ferentiation medium with the least microglia-toxic neurotrophic fac-

tors from the organoid maturation medium. Hence, we supplemented

the microglia differentiation medium with BDNF, GDNF, DAPT, and

Activin A and refer to this medium combination as the “coculture

medium” (Table S2). In order to study the effects of the coculture

medium on the organoids, we used midbrain organoids from the line

K7 as a control, and three groups of assembloids represented in

Figure 1f (The “assembloids” group in graphs represents the pooled

results from the three cocultured groups). We cultured those groups

with midbrain organoid medium, microglia differentiation medium or

coculture medium for 20 more days (Figure 1f). As expected, the IBA1

positive microglial population was significantly reduced when

organoid medium was used, whereas no difference was observed

when cultured with microglia or coculture medium (Figure 1g,

Figure S1C). Interestingly, we observed a significant decrease in TH

positive neurons in both midbrain organoids and assembloids in the

presence of microglia differentiation medium (Figure 1h, Figure S1C).

This decrease was not observed in the MAP2 positive pan neuronal

population (Figure S1D, Figure 2c, and Figure S1I). The reduction of
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TH positive cells indicates an impairment of dopaminergic neuron dif-

ferentiation under microglia medium culture conditions. Notably, in

the presence of coculture medium, the levels of TH in both midbrain

organoids and assembloids remained at similar levels as for the

organoids cultured with midbrain organoid maturation medium

(Figure 1h, Figure S1C).

After successfully optimizing the coculture conditions, midbrain

organoids were generated using a pure ventral midbrain-patterned

NESC population (Figure S1E) from the hiPSC line K7 (Nickels

et al., 2020; Smits et al., 2019). After 2 days of maintenance, and

15 days of dopaminergic neuron differentiation induction, we

proceeded to the cocultures (Figure 2a). They were performed using

K7 midbrain organoids as controls, and co-culturing K7 organoids with

K7 macrophage precursors, with 163 macrophage precursors or with

EPI macrophage precursors (following Figure 1f excluding the media

testing). During the whole study, we did not observe any major line

specific differences. During the coculture, the macrophage precursors

first aggregated, forming smaller round colonies that attached to the

surface of the organoid and then incorporated within that same struc-

ture (Figure S1F).

After 20 days of coculture (35 days of dopaminergic differentia-

tion), we validated the incorporation of microglia into the organoids

by IBA1 immunostaining. We then assessed the percentage of IBA1

positive cells in assembloids using a previously published computer-

assisted image analysis pipeline for marker identification and quantifi-

cation with small modifications (Smits et al., 2019). On average, 6.4%

of the assembloid cells were IBA1 positive (Figure 2b). The morphol-

ogy of the incorporated microglial cells varied between round and par-

tially ramified (Figure S1G). We confirmed the presence of a neuronal

population by a Beta-tubulin III (TUJ1) staining, and assessed further

neuronal differentiation by MAP2 staining. In addition, FOXA2 posi-

tive midbrain specific dopaminergic neuron precursors and TH posi-

tive differentiated dopaminergic neurons were observed in

assembloids (Figure 2c, Figure S1I). After culturing the assembloids for

70 days, we further confirm the presence of a GFAP positive astro-

cytic population in the assembloids (Figure S1H).

3.3 | Single nuclear RNA-sequencing reveals eight

different cell populations within midbrain-microglia

assembloids

In order to further characterize the microglia within assembloids we

performed single nuclear RNA-sequencing (snRNA-Seq). Separation of

clusters in cells coming from midbrain organoids and assembloids

clearly showed that the microglia cluster is specific for assembloids

and not present in midbrain organoids (Figure 2d). Cell types were

identified based on marker gene expression from la Manno

et al. (2016). Moreover, the identified cell clusters were validated and

neuronal subtypes were specified (Figure S2 and Table S5). Quality

controlled clustering of single cells (Figure S3) showed eight different

cell types: radial glia (RGL), midbrain specific neural epithelial stem

cells (midNESC), neuronal progenitors (PROG), neuroblasts (NB),

young dopaminergic and cholinergic neurons yDN&CN, mature A10

specific dopaminergic neurons, GABAergic and glutamatergic neurons

(mDN(A10)&GABA&GLUT), mature A9 specific dopaminergic neurons

and serotonergic neurons (mDN(A9)&SN) as well as microglia (MGL,

Figure S3).

Proportions of the different clusters in midbrain organoids and

assembloids are represented in pie charts (Figure 2e). midNESC were

the most prominent cell type by representing 35% of total cells. More

than 60% of the organoid and assembloid cells showed neuronal iden-

tity (corresponding to the groups NB, yDN&CN, mDN(A10)

&GlN&Gan, and mDN(A9)&SN). Less than 5% were represented by

glial cells (astrocytes, oligodendrocytes, and microglia) at this stage of

differentiation. Because of a considerable sample and cell loss, we

believe the proportion of microglia cells represented in the Figure 2e

is not accurate. However, we proceeded with the analysis of micro-

glial identity and functionality-related genes, as well as for the other

cell clusters. Progenitors were closest to neuroblasts and young neu-

rons, whereas radial glial cells were very similar to midNESCs. The dif-

ferent mature neuronal groups clustered together. Clustering of the

marker genes showed the relation between different cell clusters

(Figure 2f). As expected, MGL cells clustered apart from all other cell

F IGURE 1 iPSC-derived microglia express specific markers, have phagocytosis ability and are compatible with the engineered coculture
medium. (a) Immunofluorescence staining of microglia from line 163 for IBA1, PU.1 (upper panels), TMEM119 and CD45 (middle panels) and
P2RY12 (bottom panels). (b) IBA1, CD68, TMEM119, and P2RY12 gene expression in microglia from the three used lines. The ribosomal protein
RPL37A coding gene was used as a housekeeping gene due to its stable expression. (c) Immunofluorescence staining of microglia from the EPI
line for IBA1 and Zymosan (upper panels. For lines K7 and 163 see Figure S1B). 3D reconstruction of a microglia cell from the line K7 with
Zymosan particles in its cytoplasm (bottom panels, scale bar left = 4 μm, scale bar right = 3 μm). (d) Cell viability of 2D microglia from lines
163 and EPI (MTT assay) after 10 days of treatment with midbrain organoid media (MOm) or microglia medium (MGLm) without further
supplementation or supplemented with neurotrophic factors. (n = 3, 3 batches). (e) Representative bright field images of the microglia
morphology (line 163) at day 0 and 7 of culture with MOm, MGLm, MGLm supplemented with TGFβ3 (MGL + TGFβ3), with cAMP (MGL
+ cAMP), or with Activin a (MGL + ActA). (f) Schematic diagram of the steps for the media optimization in assembloids and midbrain organoids.
(g) IBA1 positive (IBA1+) population in assembloids upon culture with MOm, MGLm or coculture medium (cc med). Y-axis represents the fold
change with respect to the control (MOm). (h) TH positive (TH+) neuron population in midbrain organoids (left) and assembloids (right). Y-axis
represents the fold change with respect to the control (MOm) (n [midbrain organoids] = 2, 2 batches, n [assembloids] = 5, 2 batches and three
cell lines). Data are represented as mean ± SEM. *p <.05, **p <.01, ***p <.001, ****p <.0001 using a two-way ANOVA with Dunnett's multiple
comparisons test. Abbreviations: BDNF, brain-derived neurotrophic factor; GDNF, glial cell-derived neurotrophic factor; TGFβ3, transforming
growth factor beta-3, cAMP, cyclic adenosine monophosphate; ActA, activin A
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F IGURE 2 The coculture medium allows a successful microglia integration and seven other neural cell populations in assembloids. (a) Timeline of
the coculture of midbrain organoids with macrophage precursors. DOD = day of differentiation, DOC = day of coculture. (b) IBA1 positive (IBA1+)
cell percentage in midbrain organoids and assembloids. Assembloids present around 6.4% of IBA1+ cells (n [midbrain organoids] = 5, 5 batches,
n [assembloids] = 15, 5 batches, 3 cell lines). Data are represented as mean ± SEM. (c). Immunofluorescence staining of midbrain organoids and
assembloids with microglia from the line K7 for IBA1, FOXA2 and MAP2 (left panels), and for TH and TUJ1 (right panels). For lines 163 and EPI see
Figure S1H. (d). UMAP visualization of scRNA-seq data—split by microglial presence—shows eight different defined cell clusters in assembloids. RGL,
radial glia; midNESC, midbrain specific neural epithelial stem cells; PROG, neuronal progenitors; NB, neuroblasts; yDN&CN, young dopaminergic and
cholinergic neurons; mDN(A10)&gaN&GlN, mature A10 specific dopaminergic neurons, gabaergic and glutamatergic neurons; mDN(A9)&SN, mature
A9 specific dopaminergic neurons and serotonergic neurons, MGL, microglia. (e) Proportions of different cell types in midbrain organoids and
assembloids. (f) Average expression of cluster defining genes in assembloids. (g). Spearman's correlation between different cell types in assembloids.
*p <.05, **p <.01, ***p <.001, ****p <.0001 using a Kruskal-Wallis one-way ANOVA with Dunn's multiple comparisons test (for MGLm and cc med
vs. MOm), and a Mann–Whitney test (for MGLm vs. cc med) in (a) and (b), and a Mann–Whitney test in (e)
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F IGURE 3 Microglia in assembloids have phagocytic capacities and release cytokines and chemokines. (a) Heatmap representing the measured
levels of cytokines and chemokines in cell culture media (pg/ml) shows two different clusters corresponding to midbrain organoids and assembloids
(n = 9, 3 batches, 3 lines). (b) Cytokine (upper graph) and chemokine (bottom graph) levels in midbrain organoids and assembloids (n = 9, 3 batches,
3 lines). (c) Average expression of cytokine and chemokine genes across cell types. (d) Organoid surface area in midbrain organoids and assembloids
over time (left graph, n = 3, 3 batches). Comparison of the organoid size, measuring the same organoids and assembloids, in four time points during
culture (right graph, n = 3, 3 batches). (e) Cell number (total nuclei count, left panel) and dead cells (pyknotic nuclei, right panel) in midbrain organoids
and assembloids after 20 days of culture (n [midbrain organoids] = 5, 5 batches, n [assembloids] =15, 5 batches, 3 lines). Data are represented as
mean ± SEM. *p <.05, **p <.01, ***p <.001, ****p <.0001 using a Mann–Whitney test in (a) and (b), a multiple t test with the Holm-Sidak method for
(d) (left panel), a two-way ANOVA with Tukey's multiple comparisons test for (d) (right panel) and a Mann–Whitney test in (e)
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types. A distinct genetic signature of the microglia cells was further

validated by a Spearman correlation analysis (Figure 2g).

3.4 | Microglia in assembloids show a typical

immune cell signature

Next, we aimed at identifying gene signatures unique to microglia in

comparison to the other cell types in assembloids. Firstly, we used the

expression of the 100 most variable genes obtained from the snRNA-

Seq analysis to cluster the different cell populations observed in

assembloids (Figure S3A). Indeed most variability between cells clus-

ters came from the microglia, which had a completely different

genetic signature (Figure S4A). Then, we identified the top

100 markers defining microglia identity (Figure S4B). From those, sev-

eral canonical marker genes were chosen in order to characterize the

main functions of microglia. General microglia marker genes such as

IBA1 and PU1 were significantly and specifically expressed in

microglia. In addition, the microglia core signature revealed genes

involved in antigen presentation (HLA-DMB), cytokine and comple-

ment signaling (CSF1R, IL18, C1QC) as well as pathogen and self-

recognition such as toll-like receptor signaling (TLR2), C-type lectins

(CLEC7A) and mannose and nod-like receptors (MRC1, NAIP). More-

over, genes involved in microglial adhesion (ITGAM) and motility

through chemokine signaling (CCL2), as well as purinergic signaling

(P2RX4) were significantly expressed in microglia (Figure S4C). Fur-

thermore, several chemokines and cytokines were expressed predomi-

nantly in microglia (Figure S4D).

In order to address microglia functionality, we then measured

chemokine and cytokine release in midbrain organoids and

assembloids. For that, culture medium from midbrain organoids and

assembloids at day 20 of coculture was used. The medium collected

was in contact with the organoids or assembloids for 3 days. As

expected, in a hierarchical clustering analysis, midbrain organoids clus-

tered in a different group than the microglia containing assembloids

(Figure 3a). For a total of 18 analyzed cytokines (IL-7, IL-12p17, IL-3,

TNFα, IL-1α, IL-1ẞ, IL-6, IFNα, IL-10, and IFNγ) and chemokines

(CXCL8, CCL2, CXCL2, CCL3, CXCL1, CCL4, CX3CL1, and MIP-3ẞ)

we observed a significant increase in the medium from assembloids

compared with midbrain organoids, suggesting that immune function-

ality was acquired through the microglia incorporation (Figure 3b).

Interestingly, although the RNA expression levels for IL-6, IL-7 and

CX3CL1 were higher in non-microglia cells (Figure 3c), the levels of

released cytokines were higher in the assembloids medium

(Figure 3b). Hence, potentially the released cytokines are not neces-

sarily produced in the microglia, but their secretion is stimulated by

the presence of microglia.

3.5 | Microglia in assembloids are functional and

affect the expression of cell survival-related genes

As we previously demonstrated, microglia have the ability to phago-

cytose Zymosan particles in 2D monoculture (Figure 1c). Therefore,

we assessed if microglia in assembloids express genes involved in

phagocytosis. Indeed, in assembloids we observed a higher expres-

sion of phagocytic genes suggesting the presence of a functional

phagolysosomal pathway (Figure S4D). Genes included antigen rec-

ognition (HLA-A, B, C), receptor (TLR2, 4), and internal signaling

(ATG7), as well as autophagic vesicle formation (LAMP2, SQSTM1

[p62]) and lysosomal degradation/oxidation (CYBB). These results

indicate these microglia should have phagocytic capacity and hence

the ability to remove dead cells. Interestingly and in agreement with

this hypothesis, when we measured the organoid size throughout

the culture period we observed a decrease of the assembloid size

over time (Figure 3d). Midbrain organoids and assembloids were sta-

ined using the DNA dye Hoechst, and using our computer-assisted

image analysis pipeline for cell type segmentation (Smits

et al., 2019), we quantified Hoechst signal. Levels of total cells, live

cells and necrotic/late apoptotic cells were evaluated. We observed

that the total amount of cells was lower in assembloids compared

with midbrain organoids, correlating with the size measurements.

Particularly, the amount of dead cells was significantly lower in the

assembloids (Figure 3e), suggesting that microglia may eliminate

dead cells in assembloids.

3.6 | Microglia have an effect on oxidative stress

and immune response in assembloids

After establishing the successful integration of microglia into midbrain

organoids and showing important aspects of microglia functionality,

we investigated the potential influence of microglia on the neural cells

in midbrain organoids. We performed differential gene expression

analysis over the neural cells in assembloids and midbrain organoids,

which revealed 423 significantly different genes (p <.05). The top

F IGURE 4 Microglia affect the expression of oxidative stress and immune response-related genes in assembloids. (a) Differentially expressed
gene enrichment analysis in assembloids against midbrain organoids reveals 12 significant network process pathways (FDR <0.05). (b) Expression
of genes related to response to oxidative stress in assembloids compared with midbrain organoids. (c) Gene expression of genes related to
immune response of assembloids. The presence of microglia increases the expression of genes related to antigen presentation and immune
response, and decreases the expression of those related to autophagy in non-microglia cells. Box plots show mean expression and SD.
(d) Enrichment analysis of cluster specific DEG p <.05 between assembloids and midbrain organoids reveals significant FDR <0.05 network
processes involved in oxidative stress, immune response as well as synaptic regulation. Dots represent single cells. Data are represented as mean
± SD. *p <.05, **p <.01, ***p <.001, ****p <.0001 using a Wilcox test
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100 differentially expressed genes (DEGs) across all cells are repre-

sented in a heat-map and clustered by cell type (Figure S5A). We

assigned DEGs to each cell type and represented their overlap in

Venn diagrams (p <.05, Figure S5B). The left Venn diagram shows an

overlap of all three neuronal clusters and the right Venn diagram over-

laps NB, RGL, PROG, and midNESCs. Most DEG were cell type-

F IGURE 5 Legend on next page.
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specific, although some cell types shared DEGs, which was especially

the case between both mature neuronal clusters.

Next, a pathway enrichment analysis was performed MetaCore

using the DEG across all cell types in midbrain organoids and

assembloids (Figure 4a). The analysis revealed 12 significantly

enriched biological pathways. Besides ribosomal and cytoskeletal

genes, genes for oxidative stress (10/160 genes), the immune

response (12/242 genes) as well as neurogenesis and axonal guidance

were significantly different (13/229). Interestingly, we found

10 enriched genes involved in hypoxia and oxidative stress. Among

those, six genes showed a clear downregulation of this pathway in the

presence of microglial cells; the expression of mitochondrial cyto-

chrome oxidase 1 (complex IV) (COX1), peroxiredoxin1 (PRDX1),

superoxide dismutase 1 (SOD1), glutathione peroxidase 4 (GPX4),

ATPase (complex V) (MT-ATP6), as well as glutathione S-transferase

1 (GSTP1) was significantly lower in assembloids (Figure 4b).

Next, we assessed the 12 genes involved in the immune response

and in the antigen presentation processes (Figure 4c). Indeed, non-

microglial cells expressed genes from the MHCII such as HLA-C and B.

Moreover, the STAT2 and STAT3 genes were upregulated in the pres-

ence of microglia. The MRC2 (ENDO180) receptor involved in colla-

gen internalization and remodeling was upregulated, while genes

involved in cytokine-mediated phagocytosis (ELMO1) and autophagy

(MAP1LC3A (LC3), SQSTM1 (p62)) were downregulated (Figure 4c).

An enrichment analysis of the DEGs for each cell cluster showed dif-

ferences in genes involved in immune response, inflammation, phago-

cytosis and response to hypoxia and oxidative stress, among others

(Figure S5C).

Microglia are important to main brain homeostasis. However,

neuroinflammation might occur when this homeostasis is com-

promised. Therefore, we assessed the expression of genes involved in

pyroptosis—inflammation related cell death through inflammasome

activation—including CASP1, NLRP3, PYCARD (data not shown) PPIA

(Figure S6A), and observed that neuroinflammation related genes

were unchanged or decreased in assembloids.

3.7 | Microglia affect the expression of synaptic

remodeling-related genes in assembloids

Enrichment analysis of the DEGs for each cell cluster showed differ-

ences in genes involved in synaptic vesicle exocytosis, synaptic con-

tact, synaptogenesis, and axonal guidance in assembloids (Figure 4d

and Figure S5C). To further investigate the microglia effects on synap-

tic pathways, we performed an extensive analysis of genes involved in

synaptic processes. In assembloids, general synaptic markers such as

Synaptotagmin (SYT1) and Synaptophysin (SYP), as well as the dopami-

nergic neuron circuit formation genes ROBO1 and DCC were signifi-

cantly downregulated across cell types (Figure 5a). Other important

genes involved in synaptic vesicle exocytosis—such as VMAT2 and

SNAP25—were differentially expressed (Figure S6B). Moreover, we

assessed axonal guidance and growth molecules, such as semaphorins

(SEMA3C, DPYSL2), plexins, ephrins (EPHA5), neuropilins, neuro-

filaments, and actin cytoskeleton (NEFM, ACTB) (Figure S6C). These

genes were all differentially expressed, depending on the cell type,

indicating that axonal remodeling is influenced by the presence of

microglia. Furthermore, we examined some cell specific genes in

mature neurons involved in action potential (CASK, CACNA1A,

CACNA1E, CACNA1B) and active zones (HCN1, KCNC3, KCND3) within

synapses and observed that those genes are upregulated in

assembloids (Figure 5b). Apart from assessing the synapse-related

gene expression, we observed reduced protein levels of the synaptic

vesicle protein VAMP2 in assembloids compared with midbrain

organoids (Figure 5c). Together these results suggest a role of

microglia in synaptic remodeling and maturation within midbrain

organoids.

F IGURE 5 Microglia affect the expression of genes related to synaptic remodeling in assembloids and develop mature electrophysiological
characteristics. (a) Gene expression of general synaptic markers such as Synaptotagmin (SYT1) and Synaptophysin (SYP), and the dopaminergic
neuron circuit formation genes ROBO1 and DCC across cell clusters in midbrain organoids and assembloids. Data are represented as mean ± SD.
*p <.05 using a Wilcox test. Dots represent single cells. (b) Expression of genes involved in action potential (CASK, CACNA1A, CACNA1E,
CACNA1B) and active zones (HCN1, KCNC3, KCND3) within synapses in the dopaminergic neuron cluster (mDN(A9)&SN) in midbrain organoids
and assembloids. Data are represented as mean ± SD. *p <.05 using a Wilcox test. Dots represent single cells. (c) Western blot showing protein
levels of the synaptic vesicle marker VAMP2 and the housekeeping protein β-actin (upper panels). Bar graph showing the Western blot
quantification from the upper panels (n [midbrain organoids] = 3, 3 batches, n [assembloids] = 9, 3 batches, 3 cell lines). **p <.01 using a Mann–
Whitney test. Data are represented as mean ± SEM. (d) Fixation of organoid during recording and post hoc verification of microglia presence. The
left half shows an infrared phase-contrast life image with the fixation pipette (upper left panel). The right half shows the same organoid after
immunofluorescence staining for MAP2 and IBA1. Example traces show voltage response to hyperpolarizing and depolarizing current injections of
a neuron inside an assembloid measured by whole-cell patch-clamp. Voltage responses that exhibited action potential (AP) following 50 ms after
stimulus onset were used for AP analysis (upper right panel). Analysis of AP waveform characteristics (bottom left panel). Voltage thresholds were
significantly more depolarized in assembloid neurons (bottom middle-left panel, n = 14 neurons in midbrain organoids and n = 13 cells in
assembloids), although analysis of AP amplitude (bottom middle-right panel) and half width (bottom right panel) shows no systematic differences
between both groups. Box plots indicate median, 25th, and 75th percentiles and raw data points. Outliers deviating 2.5 SD are marked
translucent and were excluded from statistical analysis for normally distributed data. p-values were determined using unpaired t tests or Mann–
Whitney rank test (indicated as p). (e) Multi-electrode array results showed a lower inter-spike interval in assembloids compared with midbrain
organoids (n [midbrain organoids] = 3, 3 batches, n [assembloids] = 9, 3 batches, 3 cell lines). ***p = .001, **p = .01, *p = .05 using a Wilcox test.
Boxes cover data from the first to the third quartile. The whiskers go from each quartile to the minimum or maximum
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In order to investigate the functional impact of microglia in mid-

brain organoids we performed electrophysiological measurements of

passive and active membrane properties as well as firing behavior. We

performed patch-clamp experiments of visually identified neurons in

the intact organoids from 20 to 35 days after microglia addition

(Figure 5d). Neurons in midbrain organoids and assembloids exhibited

similar resting membrane potentials and input resistances and reliably

fired repetitive action potentials in response to somatic current injec-

tions (n midbrain organoids =14; n assembloids = 13 cells;

Figure S6D). Depolarizing steps in voltage-clamp configuration trig-

gered strong inward currents in all tested neurons, indicative of fast

voltage-activated sodium currents (Figure S6E). The amplitude of

these currents was not different between both groups. Firing charac-

teristics and action potential waveforms (Figure 5d) varied consider-

ably, which was expected from neurons at different degrees of

maturation. Importantly, the voltage threshold for the action potential

generation was more negative in the group of assembloid neurons

(�39.86 [midbrain organoids] against �36.35 [assembloids] ± 3.281,

p = .0480, Figure 5d), which is a common and strong indicator of

increased neuronal excitability in mature neurons. In sum, neurons in

assembloids develop fully mature electrophysiological properties with

a lower threshold for action potential generation than in midbrain

organoids. Furthermore, we performed multi-electrode array (MEA)

analysis with midbrain organoids and assembloids containing microglia

from line K7, 163, or EPI (Figure 5e). The results showed that, after

40 days of coculture, which corresponds with the time point when

the Patch clamp measurements were performed, assembloids had a

lower interspike interval than midbrain organoids (Figure 5e). These

results back up the observed lower action potential threshold

observed in the patch-clamp experiment.

In order to support these findings and investigate further the dif-

ferences between midbrain organoids and assembloids, we performed

a nonpolar exo-metabolomic analysis from culture supernatants

20 days after microglia addition. The assay showed a different meta-

bolic profile in midbrain organoids compared with assembloids

(Figure S6F). A total number of 14 metabolites were significantly dif-

ferent. Among them, we observed a higher uptake of glucose and

pyruvic acid from assembloids (Figure S7A). Regarding amino-acid

metabolism, we observed a lower secretion of phenylalanine, tyrosine,

methionine, lysine, putrescine, threonine, leucine, isoleucine, and

valine by the assembloids compared with midbrain organoids. Further-

more, the levels of uptaken asparagine and serine from the medium

were higher in assembloids. The secretion of glutamine was higher

assembloids (Figure S7B).

4 | DISCUSSION

4.1 | Microglia can be efficiently integrated into

midbrain organoids

Here we described the generation of human midbrain assembloids

containing microglia as well as the effect that microglia have on

midbrain organoid structure and function. Although some studies

have shown a microglia-like population in brain organoids (Mansour

et al., 2018; Ormel et al., 2018), integration of human iPSC-microglia

cells into midbrain organoids has not previously been reported. More-

over, particularly the assessment of how microglia are affecting brain

organoid physiology is heavily under-investigated.

In this study, we have shown for the first time the successful

incorporation of a significant amount of microglia into midbrain

organoids, obtaining an average of 6.4% of IBA1 positive cells in

assembloids. Studies based on immunocytochemistry show around

10% of IBA1 positive cells in human substantia nigra (Mittelbronn

et al., 2001). One of the main challenges we faced during the integra-

tion were the cytotoxic effects of the midbrain organoid medium on

microglia, and the unsuitability of the microglia differentiation medium

on the organoids. Interestingly, while TGF-beta 1 and 2 have been

associated with microglia function and inflammatory response (Hu

et al., 1995; Kim et al., 2004; Lieb et al., 2003; Taylor et al., 2017),

very little is known about the relationship between TGF-beta 3 and

microglia. TGF-beta 3 has been associated with dopaminergic neuron

differentiation (Roussa et al., 2006), which is the reason why the

dopaminergic neuron differentiation medium contains this recombi-

nant molecule. However, no studies associating a beneficial relation-

ship between TGF-beta3 and microglia have been found. We

hypothesize that this subtype of the TFG-beta family may be acting

differently than TGF-beta 1 and 2, since the 3D structure of TGF-beta

1 and 2 are considerably different than TGF-beta3, which could lead

to functional differences with respect to their effect toward microglia

(Bocharov et al., 2000; Grütter et al., 2008; Hinck et al., 1996). The

absence of neurotrophic factors—which promote dopaminergic

differentiation—in the microglia differentiation medium, led to a sig-

nificantly lower amount of dopaminergic neurons in midbrain

organoids and assembloids. This incompatibility might be one of the

reasons why, so far, no studies have shown an efficient coculture of

dopaminergic neurons with microglia. Here, we developed an opti-

mized coculture medium, which allowed the survival of microglia

within the organoids as well as an efficient dopaminergic neuron dif-

ferentiation. The incorporated microglia clustered separately from the

cells of ectodermal origin in the midbrain organoids, showing that

both cell lines keep their cellular identity under coculture conditions.

This is in line with in vivo development, as microglia are derived from

primitive hematopoietic stem cells and as such have a completely dif-

ferent genetic signature (Alliot et al., 1999; Ginhoux et al., 2010;

Schulz et al., 2012). Unfortunately, and as stated before, the sample

loss during the pre-processing for snRNA-Seq makes the cell propor-

tions from the sequencing inaccurate. Thus, additional runs of

sequencing would allow us to obtain more reliable results concerning

the cell proportions. However, the obtained data is still of good qual-

ity to proceed with gene expression analysis for cell clustering and for

assessing functionality-related genes. Apart from clustering separately

from the rest of the assembloid cells, microglial cells express genetic

markers for all the major functions of the human microglial core signa-

ture (Galatro et al., 2017). This confirms that the population we inte-

grated into the organoid is, indeed, microglial.
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Until now, no studies analyzed which effect the integration of

microglia cells have on the functionality of midbrain organoids. Our

data demonstrate that the integration of microglia influence neural

stress, cell death, neuronal cyto-architecture and synapse remodeling-

related gene expression in the neuronal network.

4.2 | Microglia communicate with neurons and

play a role in midbrain organoid stress response

Microglia have cell–cell communication ability through cytokine and

chemokine signaling (Arnò et al., 2014; Carbonell et al., 2005;

Haenseler, Sansom, et al., 2017; Siddiqui et al., 2016). They can move

towards apoptotic cells in order to phagocyte and eliminate cell debris

(Chan et al., 2003). Apoptotic neurons generate chemotactic signals

recognized by microglial receptors, which attract them to the apopto-

tic area in order to phagocytose dying cells (Witting et al., 2000). Our

data suggest that microglia are functional in assembloids. Phagocytic

genes were significantly expressed. These gene expression data were

experimentally confirmed through a 2D Zymosan phagocytosis assay.

Furthermore, our gene expression analysis via snRNA-Seq showed

the expression of multiple cytokines and chemokines, as well as cyto-

and chemokine receptors, in microglia from assembloids. We also

measured many cytokines and chemokines in culture media, and

observed that their levels were significantly higher in assembloid

medium compared with midbrain organoids medium. We observed a

reduced size of assembloids compared with midbrain organoids, and a

lower amount of dead cells in assembloids. These results lead us to

hypothesize that microglia in assembloids may be attracted to apopto-

tic areas and phagocytose apoptotic cells and cell debris. High levels

of cell death and absence of removal mechanisms for dead cells, par-

ticularly in the center of organoids, was previously a key limitation of

organoid technology (Berger et al., 2018; Nickels et al., 2020).

Previous work on organoids suggested that neurons in organoids

have unusual high stress levels (Bhaduri et al., 2020). Interestingly, the

DEG analysis shows differences in oxidative cell stress-related genes

(often linked to cell death). Moreover, the downregulation of

autophagy within non-microglial cells might be linked to reduced

overall stress due to starvation, which is in line with the increased

metabolite uptake from the media. Additionally, the metabolomics

analysis revealed a significantly lower amount of Leucine, Isoleucine,

Valine, Phenylalanine, and Tyrosine in the assembloid culture medium.

Increased plasma levels of those metabolites have been associated

with acute hypoxic exposure in rats (Muratsubaki & Yamaki, 2011).

We also observed upregulated genes involved in the immune

response in assembloids. Non-microglial cells may have reacted

towards microglia by upregulating antigen presenting factors, and

STAT2 and STAT3 pathways involved in the inflammatory response.

Although neuronal cells respond to microglia, the expression of

pyroptosis-related genes was decreased or unchanged in assembloids,

indicating that there might be no inflammasome activation in the sys-

tem. This, together with reduced oxidative stress and cell death in

assembloids, suggests that the communication could be

neuroprotective. In addition, ER stress and UFPR remained unaffected

or reduced in assembloids. Overall, these results indicates alterations

in cell signaling, oxidative stress and inflammation. Further studies on

cell death and oxidative stress would be of value to confirm the

observed results and support our hypothesis.

4.3 | Microglia induce alterations in synaptic gene

expression in assembloids

In the current study, the expression of synaptic marker genes is

reduced in assembloids. Furthermore, protein levels of the pre-

synaptic protein VAMP2 were lower in assembloids compared with

midbrain organoids. Physiologically, microglia are responsible, among

other functions, for remodeling the cyto-architecture and connectivity

of the brain by stripping unnecessary or misguided synapses

(Tremblay et al., 2011; Wake et al., 2009). Here we could show that

genes in axonal guidance and cytoskeletal organization are der-

egulated upon microglia presence. Moreover, whereas the expression

of most synaptic genes are reduced, the expression of genes involved

in triggering action potential are increased. These results lead us to

hypothesize that inactive synapses may be eliminated while active

synapses are strengthened. This phenomenon would be in line with

the previously described synaptic pruning function of microglia

(Paolicelli et al., 2011; Sellgren et al., 2019). The metabolomics results

may be supporting this theory; there was an increase in glucose

metabolism in assembloids via a higher uptake of glucose and pyruvic

acid from the medium. The higher metabolic activity in the glucose

metabolism may indicate a higher need for substrates for the TCA

cycle, which leads to amino-acid production and, eventually, to neuro-

transmitter production (Tiwari et al., 2013). Further, we observed a

lower release of methionine to the medium. Methionine is related to

processes of neurotransmission and neuromodulation (Kurbat &

Lelevich, 2009). The secretion of glutamine to the medium was higher

in assembloids. Since this amino acid is directly linked to the neuro-

transmitter glutamate production, this might indicate a higher produc-

tion of glutamate. The uptake of the amino acids phenylalanine and

tyrosine was higher in assembloids. Interestingly, tyrosine can be

metabolized from phenylalanine, which can be metabolized to L-

DOPA and, after that, to dopamine (Weinberg et al., 2019). Further

experiments assessing synapse pruning would be of great value to

confirm these observations.

Finally, the electrophysiology analysis showed that neurons in

assembloids form a functional network. Interestingly, the voltage

threshold for action potential generation, a common marker of neuro-

nal excitability, was lower in assembloids compared with midbrain.

Furthermore, the MEA results show a lower inter-spike interval in

assembloids compared with midbrain organoids. Together with a ten-

dency to higher membrane potentials, this indicates elevated levels of

excitability in these neurons. Since the intrinsic excitability of neurons

is often fine-tuned to the amount and frequency of external inputs

and network activity, this change might in fact compensate for the

possible degree of synaptic pruning previously discussed.
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Furthermore, these results are in line with previous reports, which

describe that microglia increase neuronal excitability (Klapal

et al., 2016).

Thus, our results suggest that microglia in assembloids may per-

form synaptic pruning, leaving the system with fewer inactive synap-

ses. Microglia could strengthen and support active synapses, and lead

to a more active TCA cycle in the assembloids. Furthermore, the elec-

trophysiological properties of assembloids suggest a higher excitability

of neurons.

4.4 | Midbrain-microglia assembloids as a new

model for neuroinflammation in Parkinson's disease

Microglia play an important role in neurodegenerative diseases.

Reactive microgliosis and neuroinflammation are known to promote

neuronal cell death and the pathophysiology of those disorders

(Block et al., 2007; Duffy et al., 2018). Midbrain organoids have been

used to model neurodegeneration in PD in vitro (Kim et al., 2019;

Smits et al., 2019). However, until now, no 3D in vitro model for

studying neuroinflammation in PD was described. The new

assembloid model presented here will enable to study reactive

microgliosis and neuroinflammation in PD. Furthermore, a personal-

ized approach, in which patient-specific assembloids are used, can

be assessed for genetic and idiopathic cases of PD. This opens doors

to studies of neuroinflammation related pathways and, to new thera-

peutic targets for compounds that focus on the immune system in

the brain.

ACKNOWLEDGMENTS

The authors would like to thank Dr. Jared Sterneckert for provid-

ing us with the cells from K7 line, and Dr. Christine Klein from the

Institute of Neurogenetics, University of Lübeck for providing the

163 line. Javier Jarazo was supported by a Pelican award from the

Fondation du Pelican de Mie et Pierre Hippert-Faber. SLN is

supported by the National Centre of Excellence in Research on

Parkinson's Disease (NCER-PD) which is funded by the

Luxembourg National Research Fund (FNR/NCER13/

BM/11264123). We thank the LCSB Metabolomics Platform, and

specially Christian Jäger and Xiangyi Dong for their contribution

to this manuscript. We also thank Dr. Paul Antony and Dr. Silvia

Bolognin for the development of the image analysis codes used in

this study. We thank Dr. Jennifer Modamio for the development

of the R script used for the MEA analysis. The Jens

C. Schwamborn lab is supported by the Fonds National de la

Recherche (FNR) Luxembourg (PRIDE17/12244779/PARK-QC;

FNR/PoC16/11559169, FNR/NCER13/BM/11264123). This is an

EU Joint Program—Neurodegenerative Disease Research (JPND)

project (INTER/JPND/15/11092422). We also would like to thank

the private donors who support our work at the Luxembourg Cen-

tre for Systems Biomedicine. Jay W. Shin and Yan Jun Lan are

supported by research grants to RIKEN Integrative Medical Sci-

ences (IMS) from the Japanese Ministry of Education, Culture,

Sports, Science and Technology (MEXT) and Yan Jun Lan is part of

the International Program Associate (IPA) program in RIKEN.

CONFLICT OF INTEREST

Jens C. Schwamborn and Javier Jarazo are co-founders and share-

holders of the biotech company Organo Therapeutics SARL. This

company uses midbrain organoids and assembloids for in vitro disease

modeling and drug discovery.

AUTHOR CONTRIBUTIONS

Sonia Sabate-Soler designed and conducted the experiments, inter-

preted the data and drafted the manuscript. Sarah Louise Nickels ana-

lyzed data. Emanuel Berger, Ugne Dubonyte, Kyriaki Barmpa, Yan Jun

Lan, Tsukasa Kouno, Javier Jarazo, Graham Robertson, Jafar Sharif,

Haruhiko Koseki, and Christian Thome conducted specific experi-

ments. Cláudia Saraiva contributed to the manuscript. Jay W. Shin,

Sally A. Cowley, and Jens C. Schwamborn coordinated and conceptu-

alized the study. All authors reviewed and approved the final manu-

script and agreed to be accountable for their contributions.

ETHICS STATEMENT

Written informed consent was obtained from all individuals who

donated samples to this study and all work with human stem cells was

done after approval of the national ethics board, Comité National

d'Ethique de Recherche (CNER), under the approval numbers

201305/04 and 201901/01.

DATA AVAILABILITY STATEMENT

All original and processed data as well as scripts that support the find-

ings of this study are public available at this https://doi.org/10.

17881/cx25-ht49.

ORCID

Sonia Sabate-Soler https://orcid.org/0000-0001-6430-6357

Sarah Louise Nickels https://orcid.org/0000-0003-0575-156X

Cláudia Saraiva https://orcid.org/0000-0003-4866-8790

Ugne Dubonyte https://orcid.org/0000-0001-8681-7318

Javier Jarazo https://orcid.org/0000-0001-9652-3620

Sally A. Cowley https://orcid.org/0000-0003-0297-6675

Jens C. Schwamborn https://orcid.org/0000-0003-4496-0559

REFERENCES

Abud, E. M., Ramirez, R. N., Martinez, E. S., Healy, L. M., Nguyen, C. H. H.,

Newman, S. A., Yeromin, A. V., Scarfone, V. M., Marsh, S. E.,

Fimbres, C., Caraway, C. A., Fote, G. M., Madany, A. M., Agrawal, A.,

Kayed, R., Gylys, K. H., Cahalan, M. D., Cummings, B. J., Antel, J. P., …

Blurton-Jones, M. (2017). iPSC-derived human microglia-like cells to

study neurological diseases. Neuron, 94(2), 278–293.e9. https://doi.

org/10.1016/j.neuron.2017.03.042

Alliot, F., Godin, I., & Pessac, B. (1999). Microglia derive from progenitors,

originating from the yolk sac, and which proliferate in the brain. Devel-

opmental Brain Research, 117(2), 145–152. https://doi.org/10.1016/

S0165-3806(99)00113-3

Arnò, B., Grassivaro, F., Rossi, C., Bergamaschi, A., Castiglioni, V.,

Furlan, R., Greter, M., Favaro, R., Comi, G., Becher, B., Martino, G., &

SABATE-SOLER ET AL. 1285



Muzio, L. (2014). Neural progenitor cells orchestrate microglia migra-

tion and positioning into the developing cortex. Nature Communica-

tions, 5, 5611. https://doi.org/10.1038/ncomms6611

Becht, E., McInnes, L., Healy, J., Dutertre, C. A., Kwok, I. W. H., Ng, L. G.,

Ginhoux, F., & Newell, E. W. (2019). Dimensionality reduction for visu-

alizing single-cell data using UMAP. Nature Biotechnology, 37(1), 38–

44. https://doi.org/10.1038/nbt.4314

Berger, E., Magliaro, C., Paczia, N., Monzel, A. S., Antony, P., Linster, C. L.,

Bolognin, S., Ahluwalia, A., & Schwamborn, J. C. (2018). Millifluidic cul-

ture improves human midbrain organoid vitality and differentiation.

Lab on a Chip, 18(20), 3172–3183. https://doi.org/10.1039/

c8lc00206a

Bhaduri, A., Andrews, M. G., Mancia Leon, W., Jung, D., Shin, D., Allen, D.,

Jung, D., Schmunk, G., Haeussler, M., Salma, J., Pollen, A. A.,

Nowakowski, T. J., & Kriegstein, A. R. (2020). Cell stress in cortical

organoids impairs molecular subtype specification. Nature, 578(7793),

142–148. https://doi.org/10.1038/s41586-020-1962-0

Birey, F., Andersen, J., Makinson, C. D., Islam, S., Wei, W., Huber, N.,

Fan, H. C., Metzler, K. R. C., Panagiotakos, G., Thom, N.,

O'Rourke, N. A., Steinmetz, L. M., Bernstein, J. A., Hallmayer, J.,
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Supporting information 

 

Supporting Figure Legends 

Figure S1. Microglia in assembloids show different morphologies and allow astrocyte 

differentiation A. iPSCs from the line K7 (upper row), 163 (middle row) and EPI (bottom row) 

stained for the pluripotency markers TRA-1-60, Nanog (left), TRA-1-81, SOX2 (middle), SSEA-

4 and Oct-4 (right). B. Zymosan and IBA1 staining on microglia from line K7 (top) and 163 

(bottom) differentiated for 10 days. C. Immunostaining for IBA1, TH and TUJ1 of midbrain 

organoids and assembloids with microglia from line K7, 163 and EPI upon culture with midbrain 

organoid (MOm), microglia (MGLm) or co-culture (cc med) media). D. MAP2 positive (MAP2+) 

cells in midbrain organoids and assembloids (n (midbrain organoids) =5, 5 batches, n 

(assembloids) =15, 5 batches, 3 cell lines). For immunofluorescence images see Figure 2C 

and S1H. Data are represented as mean ± SEM. Y axis is fold change compared to midbrain 

organoids. E. Immunostaining of neural precursor cells from line K7 for the pluripotency marker 

SOX2, the neural precursor marker Nestin and the forebrain and hindbrain marker PAX6, 

whose absence confirms the midbrain patterning of the cells. F. Bright field images of midbrain 

organoids (upper panels) and assembloids (bottom panels) at the co-culture day (0DOC, days 

of co-culture, left) and at 20DOC (right). G. Immunostaining of assembloids for IBA1 showing 

ramified (left), elongated (middle) and round (right) microglia. H. Immunostaining of an 

assembloid from the line 163 after 70 days of co-culture, for GFAP, IBA1 and MAP2. I. 

Immunofluorescence staining of midbrain organoids (left panels) and assembloids with 

microglia from line 163 (middle panels) and EPI (right panels) for IBA1, FOXA2 and MAP2 

(upper panels), and for TH and TUJ1 (bottom panels). The images correspond to a maximum 

intensity projection from a z-stack of 70µm organoid sections.  

Figure S2. Cell type specific gene expression in assembloids. Heatmap showing the cell 

type-specific gene expression throughout the different cell clusters in assembloids. 

Figure S3. Quality control of sn-RNAseq data using the Seurat R Package. Quality controls 

of A. Midbrain organoids. B. Assembloids with microglia from line K7. C. Assembloids with 

microglia from line 163. i) Before quality controls; ii) After quality controls (100 < nFeature_RNA 

< 5000 or percent_mt < 25); iii) Correlation between features and counts; iv) Correlation 

between microglial genes and counts. D. Volcano plot showing the most variable genes 

between midbrain organoids and assembloids. E. UMAP visualization of scRNA-seq data 

grouped by samples: Assembloids with microglia from 163 Assembloids_163), Assembloids 
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with microglia from K7 (Assembloids_K7) and midbrain organoids. F. Principle components 

analysis. 20 dimensions were chosen. 

Figure S4. Microglia in assembloids have a typical immune cell signature. A. Heatmap 

showing the average expression of 100 most variable genes between midbrain organoids and 

assembloids. B. Expression of top 100 microglial marker genes across microglia cells in 

assembloids. C. Microglia core signature, expression of microglia marker genes as well as 

genes involved in adhesion, immune response, pathogen recognition and purinergic signaling. 

D. Gene expression levels of genes related to phagocytic activity. Violin plot shows average 

expression level. *p <0.05, **p<0.01, ***p<0.001, ****p<0.0001 using a Wilcox one-sample 

tests, median in red, quantiles in black. Dots represent single cells.  

Figure S5. Microglia in assembloids lead to differential expression of multiple genes. A. 

Heatmap of the average expression of 100 most significant differentially expressed genes 

across cell clusters in midbrain organoids and assembloids (p<0.05). B. Venn diagrams 

showing the number of DEG across cell types. Overlap within three neuronal clusters (left 

pannel) and midNESC, PROG, RGL and NB (right panel). C. Complete enrichment analysis of 

cluster specific DEG between midbrain organoids and assembloids reveals significant network 

processes (FDR<0.05). 

Figure S6. Microglia lead to a decrease in the inflammasome-related gene PPIA, and 

differences in synapse-related genes. A. Expression of PPIA gene, involved in pyroptosis, 

across cell clusters in midbrain organoids and assembloids. B. Expression of VMAT2 and 

SNAP25, involved in synaptic vesicle exocytosis, across cell clusters in midbrain organoids and 

assembloids. C. Expression levels of axonal guidance and growth-related genes: semaphorins 

(SEMA3C, DPYSL2), plexins, ephrins (EPHA5), neuropilins, neurofilaments and actin 

cytoskeleton (NEFM, ACTB) across cell clusters in midbrain organoids and assembloids. Data 

are represented as mean ± SD. * p< 0.05 using a Wilcox test. Dots represent single cells. D. 

Boxplot from patch clamp data showing that neurons in midbrain organoids and assembloids 

show similar resting membrane potentials (left) and input resistances (middle), and fired 

repetitive action potentials in response to somatic current injections (right, n midbrain organoids 

=14; n assembloids = 13 cells). E. Inward currents of an assembloid neuron triggered by voltage 

steps to different potentials starting from -70 mV in voltage-clamp mode. Voltage-gated 

currents appeared at -40mV and persisted until +30mV under whole-cell voltage-clamp 

conditions (left). Inward currents generated at -30 mV (red trace in left panel) between midbrain 

organoids and assembloids showed no significant difference between both groups (right). F. 

Heatmap showing extracellular metabolite levels in culture supernatants (n (midbrain 
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organoids) = 5, 5 batches, n (assembloids) = 15, 5 batches, 3 cell lines). Midbrain organoids 

cluster separately from assembloids from lines K7, 163 and EPI. 

Figure S7. Assembloids show a different extracellular metabolite profile compared to 

midbrain organoids. A. Metabolite levels in the culture media from organoids and 

assembloids after 48h of culture. The levels of glucose and pyruvic acid were lower in media 

from assembloids compared to midbrain organoids. B. The levels of the amino acids 

phenylalanine, tyrosine, methionine, lysine, putrescine, threonine, leucine, isoleucine, valine, 

asparagine and serine in the media were lower in assembloids, whereas the glutamate levels 

were higher (n (midbrain organoids)= 3, 3 batches, n(assembloids)= 9, 3 batches, 3 cell lines). 

Each dot represents a replicate (medium 3 organoids or assembloids pooled). Data are 

represented as mean ± SEM. *p < 0.05, **p<0.01, ***p<0.001, ****p<0.0001 using a Mann-

Whitney or an unpaired t test. 

Supporting video legends 

Video S1. Time-lapse of K7 microglia phagocytosing zymosan particles. 449.55 frames, 29.97 

frames per second.  

Video S2. Time-lapse of 163 microglia phagocytosing zymosan particles. 659.34 frames, 29.97 

frames per second.  

Video S3. Time-lapse of EPI microglia phagocytosing zymosan particles. 689.31, 29.97 frames  

per second.  

Video S4. Z-stack images of microglia from lines K7, 163 and EPI showing internalized 

Zymosan particles. IBA1 shown in green, zymosan shown in red, nuclei shown in blue. 

Video S5. 3D reconstruction from a microglia cell from line K7 showing internalized Zymosan 

particles. IBA1 shown in green, zymosan shown in red, nuclei shown in blue. 

Supporting Tables 

Nam
e 

Simplifie
d 
identifier 

Identifier Patient 
Gende
r 

Age of 
sampling 

Source 

K7 200 
2.0.0.10.1.
0 

K7.1 WT/C4 
WT 

Female 81 
Reinhardt et 
al., 2013 

EPI 201 
2.0.0.15.0.
0 

A13777 Female Cord Blood 
GIBCO/A1377
7 

163 304 
2.0.0.79.0.
0 

163 Male 66 SYSMED 

Table S1 related to experimental procedures. iPS cell lines used in this study. Macrophage 

precursors were derived from iPSCs as described in the Experimental procedures section. 

Human neural precursors were derived from human iPSCs from the simplified identifier 200. 
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Human midbrain-specific organoids were generated with neural precursors as described in the 

Experimental procedures section. 

Reagent name Company Catalog number Concentration 

Advanced 
DMEM/F12 

Thermo Fisher 12634010 -  

N2 Thermo Fisher 17502001 1x 

Pen/Strep Invitrogen 15140122 1x 

GlutaMax Thermo Fisher 35050061 1x 

2-mercaptoethanol Thermo Fisher 31350-010 50 μM 

IL-34 Peprotech 200-34 100 ng/mL 

GM-CSF Peprotech 300-03 10 ng/mL 

BDNF Peprotech 450-02 10 ng/mL 

GDNF Peprotech 450-10 10 ng/mL 

DAPT R&D Systems 2634/10 10 μM 

Activin A Thermo Fisher PHC9564 2.5 ng/mL 

Table S2 related to experimental procedures. Co-culture medium composition. 

Antibody Host species Source Ref.-No. Dilution 

IBA1 Goat Abcam ab5076 1:250 

PU1 Rabbit Cell signalling 2258S 1:250 

CD45 Mouse Biolegend 304002 1:1000 

TMEM119 Rabbit Sigma HPA051870 1:250 

P2RY12 Rabbit Sigma HPA014518 1:250 

FOXA2 Mouse Santa Cruz sc-101060 1:250 

LMX1A Rabbit Abcam ab139726 1:100 

PAX6 Rabbit Biolegend 901301 1:300 

SOX2 Goat R&D systems AF2018 1:100 

SOX2 Rabbit Abcam ab97959 1:100 

Nestin Mouse Millipore MAB5326 1:100 

TH Rabbit Abcam ab112 1:1000 

TUJ1 Chicken Millipore AB9354 1:1000 

MAP2 Chicken Abcam ab5392 1:1000 

MAP2 Mouse Millipore MAB3418 1:200 

GFAP Chicken Millipore AB5541 1:1000 

SSEA-4  Mouse Millipore MAB4304 1:50 

Oct-4 Rabbit Abcam ab19857 1:400 

TRA-1-60 Mouse Millipore MAB4360 1:50 

Nanog Rabbit Millipore AB5731 1:200 

TRA-1-81 Mouse Millipore MAB4381 1:50 

VAMP2 Rabbit Abcam ab215721 1:1000 
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Actin-β Mouse Cell signalling 3700 1:100000 

Alexa Fluor® 647 
Anti-chicken 

Donkey 
Jackson 
Immuno 

703-605-155 1:1000 

Alexa Fluor® 488 
anti-goat  

Donkey Invitrogen A-11055 1:1000 

Alexa Fluor® 568 
anti-goat  

Donkey Thermo Fisher a11057 1:1000 

Alexa Fluor® 647 
anti-goat 

Donkey Invitrogen a21447 1:1000 

Alexa Fluor® 488 
anti-rabbit 

Donkey Thermo Fisher a21206 1:1000 

Alexa Fluor® 568 
anti-rabbit 

Donkey Invitrogen a10042 1:1000 

Alexa Fluor® 647 
anti-rabbit 

Donkey Invitrogen a31573 1:1000 

Alexa Fluor® 488 
anti-mouse 

Donkey Invitrogen a21202 1:1000 

Alexa Fluor® 568 
anti-mouse 

Donkey Invitrogen a10037 1:1000 

Hoechst 33342 
Solution (20 mM) 

-  Invitrogen 62249 1:10000 

IgG H+L 800 Rabbit Cell signalling 5151 1:10000 

IgG H+L 680 Mouse Cell signalling 5470 1:10000 

Table S3 related to experimental procedures. Antibodies used in this study. 

Primer Sequence (5’ to 3’) Region (Purpose) 

h-RPL37A-F GTGGTTCCTGCATGAAGACAGTG RT-PCR 

h-RPL37A-R TTCTGATGGCGGACTTTACCG RT-PCR 

2241_AIF1_F AGACGTTCAGCTACCCTGACTT RT-PCR 

2242_AIF1_R GGCCTGTTGGCTTTTCCTTTTCTC RT-PCR 

2243_CD68_F CTTCTCTCATTCCCCTATGGACA RT-PCR 

2244_CD68_R GAAGGACACATTGTACTCCACC RT-PCR 

2289_P2RY12 FW AAGAGCACTCAAGACTTTAC RT-PCR 

2290_P2RY12 RV GGGTTTGAATGTATCCAGTAAG RT-PCR 

2291_TMEM119 FW AGTCCTGTACGCCAAGGAAC RT-PCR 

2292_TMEM119 RV GCAGCAACAGAAGGATGAGG RT-PCR 

Table S4 related to experimental procedures. Primers used in this study. 

Stem 
cells 

DA VTA Maturity CN GAN GLN SN 

SOX2 
PAX6 
HES5 
ASCL1 
SOX1 
PAX3 

NR4A2 
PBX1 
GRIA3 
TH 
EN1 
TMCC3 
NTM 

ALDH1A
1 
TRHR 
CD24 
SLC18A
2 
FGF1 

SPRYD7 
TUBB2A 
SKP1 
GNAI1 
MRAS 
ATP1A3 
MAGED1 

CHAT 
SLC18A
3 
ACHE 

GAD1  
GAD2 
GABARAP 
GABARAP
L1 
GABARAP
L2 

SLC1A1 
SLC1A2 
SLC1A3 
SLC17A
6 
SLC17A
7 

SLC6A4 
SLC18A2 
TPH1 
TPH2 
FEV 
HTR1D 
HTR1E 
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DACH
1 
LMO3 
NR2F1 
PLAGL
1 
LIX1 
HOXA
2 
FOXA2 
SLC1A
3 
MSI1 
VIM 
NES 
SHH 

DDC 
CAMK2
N1 
ALDH1A
1 
APP 
PDZRN4 
PCDH10 
ERBB4 
SLC10A
4 
BEX5 
NPY1R 
GPC2 
HTRA2 
HTRA3 
HTRA4 
PTX3 
OTX2 
EN2 
SOX6 
FOXA2 
LMX1A 
LMX1B 
KCNJ6 
CALB1 
SLC6A3 
SHH 
NKX6−1 

NRIP3 
MPP6 
NTS 
CCK 
SOX6 
GRIN2C 
SNCG 
IGF1 
ADCYA
P1 
GRP 
LPL 
CALB1 
SLC32A
1 
VIP 
TACR3 
DCC 
OTX2 
SATB1 

ARL2 
MCFD2 
MORF4L
2 
NRSN2 
NAP1L3 
NGRN 
OLFM1 
DKK3 
CCDC13
6 
COX6C 
HSP90A
B1 
CALM2 
ATP1B1 
UQCRB 
COX4I1 
PSMB5 
FXYD7 
RTN1 
SEC62 
COX7C 
CNTN1 
FAIM2 
SLC48A1 
RAB3B 
NPTXR 
PDGFA 
NDUFC2 
BEX2 
UCHL1 

ABAT GLS 
GLS2 
GRIN1 
GRIN2A 
GRIN2B 
GRIN2
C 
GRIN2
D 
GRIN3A 
GRIN3B 
GRINA 
GRIA1 
GRIA2 
GRIA3 
GRIA4 
HTRA1 

HTR1F 
HTR2A 
HTR2A−A
S1 
HTR2B 
HTR2C 
HTR3A 
HTR3B 
HTR3D 
HTR4 
HTR5A 
HTR5A−A
S1 

Table S5 related to results. Genes used for defining neuronal cell clusters and maturity. DA 

= Dopaminergic; VTA = ventral tegmental area; CN = Cholinergic; GAN = Gabaergic; GLN = 

Glutamatergic; SN = Serotonergic. 

Name Identifier 

Cell 1 MglK7_CATCAGAAGGCCATAG.1 

Cell 2 MglK7_AGGGATGGTGTCCTCT.1 

Cell 3 MglK7_CTAAGACGTCTAGCGC.1 

Cell 4 MglK7_CCGTGGACATCCTTGC.1 

Cell 5 MglK7_AGTTGGTCAGCCTTTC.1 

Cell 6 Mgl163_ACGCCAGTCATTGCCC.1 

Cell 7 Mgl163_CATATTCTCCAATGGT.1 

Cell 8 MglK7_CGCTGGAGTCCAGTTA.1 

Cell 9 MglK7_AAGCCGCAGCTTCGCG.1 

Cell 10 MglK7_CTCCTAGTCCTGCTTG.1 

Cell 11 MglK7_CAAGGCCGTAGGCATG.1 

Cell 12 MglK7_ACAGCCGCAGCTGCAC.1 
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Cell 13 MglK7_CAACCAACAGGAATGC.1 

Cell 14 MglK7_ACGGGCTGTACAAGTA.1 

Cell 15 MglK7_GTCTTCGCAATCCGAT.1 

Cell 16 Mgl163_GCACATACATCGGACC.1 

Cell 17 Mgl163_AGATCTGCAAACGTGG.1 

Cell 18 Mgl163_ACGTCAAAGTTTAGGA.1 

Cell 19 MglK7_GGATGTTGTCGCCATG.1 

Cell 20 MglK7_TGTTCCGCAAGAGGCT.1 

Cell 21 MglK7_GACTACAAGTAGGCCA.1 

Cell 22 MglK7_TTAGGACAGGTTACCT.1 

Cell 23 MglK7_GCTGGGTAGCGATATA.1 

Cell 24 MglK7_GCTTGAAAGATACACA.1 

Cell 25 MglK7_AAAGTAGGTGACTACT.1 

Cell 26 MglK7_TATCTCACAGGTTTCA.1 

Table S6 related to results. Identifiers of the 26 microglia cells. 
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Supporting Figures 

 

Figure S1. 
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Figure S2. 
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Figure S3. 
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Figure S4. 
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Figure S5. 
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Figure S6. 
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Figure S7. 

 

 

 

 

  



 

112 
KYRIAKI BARMPA PHD THESIS 

Manuscript III 

 

Age-induced midbrain-striatum assembloids model early phenotypes of Parkinson’s 

disease 

 

Kyriaki Barmpa1, Claudia Saraiva1, Gemma Gomez-Giro1, Elisa Gabassi2, Sarah Spitz3, 

Konstanze Brandauer3, Juan E. Rodriguez Gatica4, Paul Antony1, Graham Robertson1, 

Florentia Papastefanaki5,6, Ulrich Kubitscheck4, Ahmad Salti2,7, Peter Ertl3, Rebecca Matsas5,6, 

Frank Edenhofer2 and Jens C. Schwamborn1* 

 

1Developmental and Cellular Biology, Luxembourg Centre for Systems Biomedicine, University 

of Luxembourg, 7, Avenue des Hauts-Fourneaux, 4362 Esch-sur-Alzette, Luxembourg 

2Laboratory of Genomics, Stem Cell Biology and Regenerative Medicine, Institute of Molecular 

Biology, University of Innsbruck, Technikerstr. 25, 6020 Innsbruck Austria 

3Institute of Applied Synthetic Chemistry, Vienna University of Technology, Getreidemarkt 9, 

1060 Vienna, Austria 

4Clausius Institute of Physical and Theoretical Chemistry, University of Bonn, Wegeler Str. 12, 

53115 Bonn, Germany 

5 Laboratory of Cellular and Molecular Neurobiology-Stem Cells, Hellenic Pasteur Institute, 127 

Vassilissis Sofias Avenue, 11521 Athens, Greece 

6Human Embryonic and Induced Pluripotent Stem Cell Unit, Hellenic Pasteur Institute, 127 

Vassilissis Sofias Avenue, 11521 Athens, Greece 

7Johannes Kepler University Linz, Kepler University Hospital, University Clinic for 

Ophthalmology and Optometry, Altenberger Strasse 69, 4040 Linz and Krankenhausstrasse 5, 

4020 Linz, Austria  

 

*Corresponding author: Jens C. Schwamborn  

 

 

The article is in bioRxiv. Submission to a peer reviewed journal is foreseen in the next weeks. 

  



 

113 
KYRIAKI BARMPA PHD THESIS 

Preface 

 

The nigrostriatal pathway is formed by the dopaminergic neuronal projections from the SNpc 

to the dorsal striatum. In the case of PD, retrograde degeneration of the dopaminergic terminals 

in the striatum leads to DA depletion and dysregulation of the basal ganglia circuits that control 

behavior and movement. Research on PD has mainly focused on the dopaminergic neuronal 

loss, which is the ultimate state of the disease. More efforts are needed into elucidating the 

mechanisms of retrograde axonal degeneration of DANs, a phenotype that precedes the 

ultimate neuronal death in the SNpc (Tagliaferro and Burke 2016; L. H. Li et al. 2009; Heng et 

al. 2023). 

Advanced 3D in vitro models such as midbrain organoids, are capable of recapitulating many 

aspects of PD making them a relevant model for studying the vulnerability of DANs in a 

microenvironment that resembles the adequate human midbrain composition better than the 

neuronal 2D models (Jarazo et al., 2021; H. Kim et al., 2019; Monzel et al., 2017; Smits et al., 

2019). However, midbrain organoids cannot resemble the nigrostriatal connectivity which is 

crucially affected in PD. Here we present the generation of a midbrain striatum assembloid 

model. Characterisation of the model shows the identity specificity in the midbrain and striatum 

compartments in the assembloid, but also the ability of these two distinct organoids to 

communicate with the formation of active synapses. In parallel, we provide evidence of 

nigrostriatal pathway functionality in the model, with the release of catecholamines from the 

midbrain to striatum. 

Another aspect that we take into consideration in this study, is the major risk factor of PD, which 

is aging. While in vitro iPSC-derived models are valuable for investigating neurodevelopmental 

defects that may contribute to the development of PD (Schwamborn, 2018), they cannot fully 

recapitulate aging dysregulated mechanisms (Simpson et al., 2021). To address this issue, we 

leveraged an iPSC line engineered to express a progerin transgene under the control of the 

Tet-On system. Overexpression of progerin with doxycycline supplementation induces aging 

characteristics in the assembloid model and leads to the development of early 

neurodegeneration phenotypes. The model described here represents the initial endeavour to 

induce aging in an iPSC-derived, brain-relevant 3D model, holding significant potential for its 

application in neurodegenerative research. 
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Abstract 

Parkinson’s disease (PD), one of the most common aging-associated neurodegenerative 

disorders, is characterised by nigrostriatal pathway dysfunction, caused by the gradual loss of 

dopaminergic neurons in the substantia nigra pars compacta (SNpc) of the midbrain and the 

dopamine depletion in the striatum. State of the art, human in vitro models are enabling the 

study of the dopaminergic neurons’ loss, but not the dysregulation of the dopaminergic network 

in the nigrostriatal pathway. Additionally, these models do not incorporate aging characteristics 

which potentially contribute to the development of PD. Therefore, it is conceivable that research 

conducted using these models overlooked numerous processes that contribute to disease’s 

phenotypes. Here we present a nigrostriatal pathway model based on midbrain-striatum 

assembloids with inducible aging. We show that these assembloids are capable of developing 

characteristics of the nigrostriatal connectivity, with catecholamine release from the midbrain 

to striatum and synapse formation between midbrain and striatal neurons. Moreover, Progerin-

overexpressing assembloids acquire aging traits that lead to early phenotypes of PD. This new 

model shall help to reveal the contribution of aging as well as nigrostriatal connectivity to the 

onset and progression of PD. 
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Introduction 

The nigrostriatal pathway connectivity is established through projections of the midbrain SNpc 

dopaminergic neurons to the dorsal striatum. Disruption of the nigrostriatal connectivity 

contributes to the development of PD symptoms, such as motor dysfunction, tremor, muscle 

stiffness, and bradykinesia (Caminiti et al., 2017; Ghosh et al., 2019). The gradual loss of 

dopaminergic neurons leads to dopamine depletion in the striatum, with consequences in the 

synaptic network organization and cellular complexity (Zhai et al., 2018). Before the onset of 

neuronal loss there is significant decrease of dopaminergic axons in the striatum. This reduction 

in dopaminergic axons is twice as pronounced in the striatum compared to the decrease in 

dopaminergic neuronal cells in the SNpc (Chung et al., 2020; Heng et al., 2023; L. H. Li et al., 

2009; Tagliaferro & Burke, 2016). However, due to the research focus on the loss of neurons, 

which is the ultimate endpoint of the disease, the mechanisms of the retrograde dopaminergic 

axons’ degeneration from the striatum are still not understood (Tagliaferro & Burke, 2016).  

Animal models of PD have been used to elucidate cellular and molecular dysfunctions, but they 

cannot fully recapitulate the impairments that occur in the human nigrostriatal connectivity 

(Potashkin et al., 2011). More recently, human based cellular models such as induced pluripotent 

stem cells (iPSCs) derived 2D neuronal cell culture and the more advanced 3D midbrain 

organoids have been extensively used for PD modelling. Midbrain organoids have the advantage 

of better recapitulating the neuronal connectivity in a 3D environment with active neuronal 

electrophysiology and self-organization properties (J. Kim et al., 2020; Monzel et al., 2017). 

Midbrain organoids derived from PD patient cell lines exhibit phenotypes relevant to the disease 

and they present a great tool for further understanding the molecular and cellular mechanisms 

of neurodegeneration (Becerra-Calixto et al., 2023; Jarazo et al., 2019; Jo et al., 2021; H. Kim 

et al., 2019; S. W. Kim et al., 2021; Smits et al., 2019; Zagare et al., 2022). Although these 

models are useful for studying the dopaminergic neurons’ vulnerability in PD, they do not 

recapitulate the nigrostriatal pathway connectivity dysfunction which is essential for unveiling 

the sources of PD onset and progression.  

More advanced 3D models with the combination of two or more region specific brain organoids 

have started to pave the way towards cellular models with higher complexity that can effectively 

reflect the neuronal connectivity between different brain regions (Makrygianni & Chrousos, 

2021; Panoutsopoulos, 2020; Pașca, 2018). For instance, recent studies have shown the 
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generation of pallium-subpallium, cortico-motor and cortico-striatal assembloids from human 

iPSCs (Andersen et al., 2020; Birey et al., 2017; Miura et al., 2020), and their capability to 

develop physiological functional networks that could provide essential insights in diseases’ 

development and progression.  

Here we present the development of a midbrain-striatum assembloid model that can recapitulate 

the nigrostriatal pathway connectivity, with catecholamines release from the midbrain to 

striatum and the formation of active synapses between the midbrain dopaminergic neurons and 

the striatal neurons. Although the midbrain-striatum assembloid model allows us to study 

aspects of the human nigrostriatal connectivity in vitro, it still lacks one major risk factor of PD, 

which is aging (Collier et al., 2017; Hindle, 2010; Lapasset et al., 2011). To address whether 

aging induction could lead to neurodegenerative phenotypes in assembloids, we used a 

genetically engineered iPSC line that carries a Progerin-GFP transgene under the control of the 

Tet-On system for the controllable overexpression of Progerin in the presence of doxycycline 

(Gabassi et al., In Preparation). Our results show that Progerin-overexpression can induce aging 

phenotypes in the midbrain-striatum assembloid model which subsequently leads to the 

development of PD-associated early neurodegeneration phenotypes.  

 

 

Methods 

iPSCs and NESCs 

The induced pluripotent stem cells (iPSCs) that were used in this study are described in 

Supplementary Table 1. The iPSCs were cultured in 6-well plates (Thermo Fisher Scientific, 

140675) coated with Geltrex (Life Technologies, A1413302). For the first 24 hours the cells 

were cultured in Essential 8 Basal medium (Thermo Fisher Scientific, A1517001) supplemented 

with 1% Penicillin/Streptomycin (Invitrogen, 15140122) and 10 µM ROCK Inhibitor (Ri) (Y-

27632, Millipore, SCM075). After the 24 hours, the cells were cultured in Essential 8 Basal 

Medium, with daily media changes. Confluent iPSCs (~70-90%) were splitted using 

UltraPure™ 0.5M EDTA, pH 8.0 (Thermo Fisher Scientific, 15575020). Immunofluorescence 

staining was performed to confirm the pluripotent identity of the iPSCs (Supplementary Figure 
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1.A-D). Neuroepithelial stem cells (NESCs) were generated from iPSCs using a previously 

described protocol (Reinhardt et al., 2013). Similar to the iPSCs, the NESCs were cultured in 

Geltrex-coated 6-well plates using supplemented N2B27 media, as described in  (Monzel et al., 

2017). The NESCs were passaged using Accutase (Sigma-Aldrich, A6964) and their neural stem 

cell identity was confirmed with immunofluorescence staining (Supplementary Figure 1.E-G).  

 

Striatum Organoids 

Striatum organoids (StrOs) were generated using an adapted protocol (C4) from (Miura et al., 

2020) (C3) after comparing it with two other conditions (RA and SR) in two time points of 

culture (day (D)35 and D50) (Supplementary Figure 2, Supplementary Figure 3). iPSCs at ~70% 

confluency were used for the StrOs generation. Before the procedure of spheroids formation, 

the cells were treated overnight with 1% DMSO (Sigma-Aldrich, D2650) in Essential 8 basal 

medium. For the spheroids formation (D -1), the iPSCs were first incubated into Accutase at 37 

°C for 5 min. The accutase was stopped using 5x DMEM-F12 (Thermo Fisher Scientific, 21331-

046). The cells were then resuspended in Essential 8 medium containing 20 μM Ri and counted 

using the Countless cell counting chambers slides (Invitrogen, C10313). For condition C4, 

10000 cells were added per well in the BIOFLOAT™ 96-well plate U-bottom (faCellitate, 

F202003), centrifuged in 100g for 3 min and then incubated in the normal culture conditions of 

37°C with 5% CO2. The spheroids were left intact for two days to form properly and at D1 the 

medium was exchanged with Essential 6 medium (Thermo Fisher Scientific, A1516401) 

supplemented with 10 μM Ri, 2.5 μM Dorsomorphin (Sigma-Aldrich, P5499) and 10 μM SB-

431542 (Abcam, ab120163). The spheroids were cultured in the same medium until D5, with a 

reduction of the Ri concentration at 10 μΜ at D2, 5 μΜ at D3 until completely removed at D4. 

To start the differentiation process of the spheroids into StrOs, on D6 the medium was 

exchanged with a medium containing Neurobasal-A (Thermo Fisher Scientific, 10888022), 2% 

B-27 without vitamin A (Thermo Fisher Scientific, 12587010), 1% Penicillin/Streptomycin 

(Invitrogen, 15140122), 1% GlutaMAX (Thermo Fisher Scientific, 35050061) and 

supplemented with 2.5 μM IWP-2 (Selleckchem, S7085) and 50 ng/ml Activin A (Thermo 

Fisher Scientific, PHC9561). From D9 to 17, the media was additionally supplemented with 100 

nM SR11237 (Tocris, 3411). Until D17 the medium was exchanged daily. From D17 to 35, the 
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media was changed to promote the neuronal differentiation and it was supplemented with 20 

ng/ml BDNF (PeproTech, 450-02), 20 ng/ml NT-3 (Alomone labs, N-260), 200 μM AA (Sigma-

Aldrich, A4544) and 100 μM cAMP (Biosynth, ND07996), with medium exchanges every 3 to 

4 days. For condition C3, the same protocol as described in Miura and colleagues (Miura et al., 

2020) was followed, without the addition of cis-4,7,10,13,16,1 9-docosahexaenoic acid (DHA) 

at D22 of differentiation.  

For the generation of StrOs from the RA and SR conditions, iPSCs at ~70% confluency were 

collected using accutase as described above, and 9000 cells were plated in each well of the 

BIOFLOAT™ 96-well plate U-bottom (D -2). The media used for plating was containing 80% 

DMEM F12 (Thermo Fisher Scientific, 21331046), 20% KOSR (Thermo Fisher Scientific, 

10828028), 3% FBS (Invitrogen, 16140071), 1% GlutaMAX, 1% NEAA (Thermo Fisher 

Scientific, 11140-050) and 0.7% 2-Mercaptoethanol 50 mM (Thermo Fisher Scientific, 31350-

010). This media was supplemented with 10 μM Ri and 40 ng/ml FGF-basic (PeproTech, 100-

18B). After two days (D0 of culture) the media was exchanged with the Neural induction 

medium (NIM) containing 76.8% DMEM F12, 20% KOSR, 1% NEAA, 1% GlutaMAX, 1% 

Penicillin/Streptomycin and 0.2% 2-Mercaptoethanol 50 mM. From D0 to 2 the NIM was 

supplemented with 5 μΜ DM, 10 μM SB and 10 μM Ri, while on D2 Ri was removed. From 

D2 to D16 the medium was exchanged daily. On D4 and 5 the medium was additionally 

supplemented with 5 μΜ IWP-2. On D6, NIM was exchanged to the neural differentiation 

medium (NM) which contained 96% Neurobasal A medium, 2% B-27 without vitamin A, 1% 

GlutaMAX and 1% Penicillin/Streptomycin. From D6 to 8, NM was supplemented with 20 

ng/ml FGF-basic, 20 ng/ml EGF (PeproTech, AF-100-15) and 5 μΜ IWP-2. From D8 to 16, 

NM was supplemented with 20 ng/ml FGF-basic, 20 ng/ml EGF, 5 μΜ IWP-2, 50 nM SAG 

(Merck Millipore, 566660), 50 ng/ml Activin A and 1 mM for condition RA or 100 nM SR11237 

for condition SR. On D17 the media was exchanged with a non-supplemented NM. From D18 

to D35 or D50, NM was supplemented with 20 ng/ml BDNF and 20 ng/ml NT3, with media 

changes every 3 to 4 days. 
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Midbrain organoids 

Midbrain organoids (MOs) were generated using NESCs as the starting population of cells. The 

protocol that was used is a slightly altered version of the one described in Monzel and colleagues 

(Monzel et al., 2017). At D0, 9000 NESCs were added per well in the BIOFLOAT™ 96-well 

plate U-bottom and cultured in maintenance medium for 2 days. At D3 the medium was 

exchanged with the differentiation medium containing 1 µM purmorphamine and at D8 with the 

final differentiation medium without purmorphamine.  The organoids were kept in static 

conditions and in the 96-well plates U-bottom, until used for the assembloids generation 

(described below).  

 

Assembloids 

Assembloids of midbrain and striatum organoids were generated using midbrain organoids at  

D20 and striatum organoids at D35 of culture. Due to the different media composition of the 

organoids, an optimization of the co-culture medium was needed (Supplementary Figure 4, 

Supplementary Figure 5, Supplementary Figure 6). Four different media were tested. The Neural 

Medium (NM) was comprised of Neurobasal-A, 2% B-27 without vitamin A, 1% 

Penicillin/Streptomycin and 1% GlutaMAX, while the Neural Medium Plus (NMpl) was 

supplemented with B-27 plus (Thermo Fisher Scientific, A3582801) instead of the B-27 without 

Vitamin A. In the third condition, the Neural Medium++ (NM++) was tested, which was the 

NM medium supplemented with 20 ng/ml BDNF (PeproTech, 450-02), 10 ng/ml GDNF 

(PeproTech, 450-10), 20 ng/ml NT-3 (Alomone labs, N-260), 200 μM AA (Sigma-Aldrich, 

A4544) and 100 μM cAMP (Biosynth, ND07996).  The optimal assembloid co-culture condition 

for the assembloid model was consisted of the N2B27 medium (described by Monzel and 

colleagues (Monzel et al., 2017)), which consists of DMEM F12 (Invitrogen)/Neurobasal 

(Invitrogen) 50:50 with 0.5% N2 supplement (Thermo Fisher Scientific, 17502001), 1% B-27 

without Vitamin A, 1 % GlutaMAX and 1 % Penicillin/Streptomycin. The media was further 

supplemented with 20 ng/ml BDNF (PeproTech, 450-02), 10 ng/ml GDNF (PeproTech, 450-

10), 20 ng/ml NT-3 (Alomone labs, N-260), 200 μM AA (Sigma-Aldrich, A4544) and 100 μM 

cAMP (Biosynth, ND07996). At D0 of the assembloids generation, each StrO was transferred 

in each well of the 96-well plate U-bottom that contained the MOs and the medium was 
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exchanged to the assembloid co-culture medium. After 4 days, the two organoids were merged 

into an assembloid, and they were transferred in 24 well ultra-low attachment plates (Celltreat, 

229524). Some of the assembloids were embedded in 30 µl Geltrex (Invitrogen, A1413302), as 

described before (Monzel et al., 2017). The assembloids were cultured in 37°C, 5% CO2 under 

static conditions. 

For the Progerin overexpression induction, assembloids that were generated from the Progerin-

overexpressing cell line were treated with 4 ng/μl doxycycline (Sigma-Aldrich, D9891). 

Generation and validation of iPSC line expressing Progerin under control of the Tet-ON system 

is described elsewhere (Gabassi et al., In Preparation). 

 

ATP and LDH assay 

Intracellular ATP in assembloids was measured using luminescence based CellTiter-Glo® 3D 

Cell Viability Assay (Promega, G9681). Three organoids per cell line and per condition were 

transferred each in one well of the imaging plate (PerkinElmer, 6055300). 50 µl of CellTiter-

Glo® reagent were added to each well and the plate was incubated for 30 min on a shaker at 

room temperature (RT). Luminescence was measured using Cytation5 M cell imaging reader 

(RRID:SCR_019732). The experiment was repeated for three independent derivations (batches) 

at D30 assembloids. The mean signal of three assembloids of each cell line and condition was 

calculated and normalized to the mean size (area) of the assembloids. Brightfield images of 

random assembloids of the three batches taken with the ZEISS Axio Vert.A1+Axiocam ICM1 

microscope and the area of each assembloid was calculated with the ZEN (blue edition) software 

(RRID:SCR_013672). The mean area of all assembloids measured per line and conditions from 

each batch was used for the normalization.  

For determining the cytotoxicity in the assembloids, the LDH-Glo™ Cytotoxicity Assay 

(Promega, J2381) was used. In the day of assembloids collections (D30 of culture) media from 

three assembloids per line and condition from three batches was collected and snap frozen in 

liquid nitrogen. For the LDH assay, the snap frozen media was thawed on ice. 50 μl of media 

from each sample and 50 μl of the enzyme and substrate mix was pipetted in a well of the 

imaging plate (PerkinElmer, 6055300). The plate was briefly mixed and incubated for 1 h at RT 
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avoiding exposure to light. Luminescence was measured using Cytation5 M cell imaging reader. 

Similar to the ATP assay, the mean signal of the assembloids was normalized to the mean of the 

assembloids’ area.  

 

Western Blotting – RIPA buffer 

For Western blotting, four non-embedded assembloids or six to eight organoids were lysed using 

RIPA buffer (Abcam, ab156034) supplemented with cOmpleteTM Protease Inhibitor Cocktail 

(Roche, 11697498001) and Phosphatase Inhibitor Cocktail Set V (Merck Millipore,  524629). 

The samples were pipetted 10-20 times up and down until dissolved and were incubated on ice 

for 20 min. For DNA disruption, lysates were sonicated for 10 cycles (30 seconds on / 30 

seconds off) using the Bioruptor Pico (Diagenode), followed by a centrifugation at 4°C for 20 

min at 14000g. The protein concentration was measured using the Pierce™ BCA Protein Assay 

Kit (Thermo Fisher Scientific, 23225). Samples were adjusted to the same concentration by 

appropriate dilution with RIPA buffer and boiled at 95°C for 5 min in denaturating loading 

buffer. 2.5-10 μg of protein was loaded per sample for every Western blot. Protein separation 

was achieved using SDS polyacrylamide gel electrophoresis (Bolt™ 4-12% Bis-Tris Plus Gel, 

Thermo Fisher Scientific) and transferred onto a PVDF membrane using iBlot™ 2 Gel Transfer 

Device (Thermo Fisher Scientific). After transfer the membrane was dried for 10 min in 37°C 

and subsequently activated with 100% Methanol for 30 sec. The membranes were washed twice 

with PBS containing 0.02% Tween and they were blocked for 1 hour at RT in 5% skimmed milk 

powder dissolved in PBS. After blocking, the membranes were washed quickly with PBS 

containing 0.02% Tween and were incubated overnight at 4°C with the primary antibodies 

prepared in 5% BSA and 0.02% Tween in PBS (Supplementary Table 2). The next day, 

membranes were washed three times for 5 min with PBS containing 0.02% Tween and incubated 

with DyLight™ secondary antibodies at a dilution of 1:10000 (anti-rabbit IgG (H+L) 800, Cell 

Signaling, 5151P or anti-mouse IgG (H+L) 680, Cell Signaling, 5470P) for 1 hour. Membranes 

were revealed in the Odyssey® Fc 2800 Imaging System and exposure time was from 30 sec to 

4 min, depending on the primary antibody used. Western blots were analyzed using ImageJ 

(RRID:SCR_003070) software.  
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Western Blotting – Nuclear and Cytoplasmic fractionation 

The protocol described by Abcam (https://www.abcam.com/protocols/nuclear-extraction-

protocol-nuclear-fractionation-protocol) was used for the nuclear-cytoplasmic fractionation. At 

the last step of the protocol both nuclear and cytoplasmic samples were sonicated for 10 cycles 

(30 seconds on / 30 seconds off) using the Bioruptor Pico (Diagenode). For the preparation of 

the nuclear extraction and fractionation buffer the reagents used were HEPES (Sigma-Aldrich, 

H3375), KCl (AppliChem, 8059), MgCl2 (Sigma-Aldrich, M8266), EDTA (Sigma-Aldrich, 

E9884), EGTA (Sigma-Aldrich, E3889), DTT (Thermo Fisher Scientific, R0861), cOmpleteTM 

Protease Inhibitor Cocktail and Phosphatase Inhibitor Cocktail Set V. The following Western 

blotting procedure is described in the previous section. 

 

Flow cytometry 

Three embedded assembloids per condition were used for GFP+, live cells measurement in BD 

LSRFortessa flow cytometer (RRID:SCR_019601). Geltrex embedded assembloids were first 

incubated at 37oC for 40-50 min on shaker in 500 μl of papain solution containing 20 ml DMEM-

F12, 36 mg Papain (Sigma-Aldrich, P4762), 8 mg EDTA (Sigma-Aldrich, E6758) and 8 mg L-

Cystein (Sigma-Aldrich, C6852). To start the dissociation process, papain solution was replaced 

with 500 μl accutase and the assembloids were pipetted with the 1000 pipette, followed by a 10 

min incubation shaking. After that, pipetting with the 200 μl pipette and incubation cycles were 

continued until the complete dissociation of the assembloids. For the accutase and papain 

inhibition, 500 μl papain inhibitor solution containing 5 mg/ml BSA (Carl Roth, 8076.4) and 5 

mg/ml Trypsin inhibitor (Sigma-Aldrich/Roche, 10109878001) in PBS was added. After 

transferring the total volume in 2 ml Eppendorf tube, the dissociated assembloids were 

centrifuged at 500xg for 5 min. Supernatant was discarded and the pellet was washed once with 

PBS. The pellet was resuspended in 300 μl DMEM (Thermo Fisher Scientific, A14430-01) 

containing 1:1000 concentration live-dead stain Zombie NIR (Biolegend, 423106), followed by 

incubation at 37oC for up to 30 min. Cells were then centrifuged at 500xg for 3 min and pellet 

was washed twice with PBS and centrifuged again with the same setting. After the final wash 

and centrifugation, the pellet was resuspended in DMEM and the samples were run in Becton 

Dickinson LSRFortessa, with 10000 events acquisition of GFP+, live-cells. Each sample was 

https://www.abcam.com/protocols/nuclear-extraction-protocol-nuclear-fractionation-protocol
https://www.abcam.com/protocols/nuclear-extraction-protocol-nuclear-fractionation-protocol
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run in two technical replicates. The data were analysed using the FlowJo software (v.10.7.2, 

RRID:SCR_008520). 

 

Rabies virus based retrograde monosynaptic tracing 

Lentiviral vector and rabies virus vector productions 

The construct pBOB-synP-HTB [gift from Edward Callaway & Liqun Luo (Addgene plasmid 

# 30195 ; http://n2t.net/addgene:30195 ; RRID:Addgene_30195)] (Miyamichi et al., 2011) was 

used for the production of the replication-deficient LV-GP-TVA-GFP lentiviral vector. High-

titer preparations of lentiviral particles were produced, as previously described (Kutner et al., 

2009). The titer of the preparation used was 3  108 IU/mL. 

For the production of RBV-ΔG-EnvA-RFP rabies viral particles, we followed stages III-VI of 

the previously established protocol for the amplification, pseudotyping, and concentration of the 

virus (Osakada & Callaway, 2013). Titer was 4  107 IU/mL. 

Lentiviral vector and rabies virus vector transduction of assembloids 

To assess the connectivity through active synapses between the midbrain and striatum neurons 

in the assembloid model, striatum organoids at D35 of culture were transduced by adding 

concentrated LV-GP-TVA-GFP viral particles at 1:500 dilution, in the culture medium. After 7 

days the medium containing the lentiviral vector was discarded and the organoids were washed 

twice with fresh medium. The LV-transduced StrOs were then merged with MOs and the 

assembloids were infected by the addition of the concentrated RBV-ΔG-EnvA-RFP rabies viral 

particles at 1:500 dilution in the culture medium. Control experiments, with single infection of 

assembloids with only one of the vectors at a time, were performed to confirm the specificity of 

the signal. After 7 days the media was changed and the assembloids were cultured for up to 

D30. 70 μm-thick sections were either imaged directly for the observation of the RFP and GFP 

signal from the viral infections or were immunostained using a tyrosine hydroxylase (TH) 

antibody (see Immunofluorescence Staining procedure and Supplementary Table 3 for the 

antibody) to assess the colocalization between TH and RFP.  
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β-galactosidase  

70 μm sections from assembloids were used in the β-galactosidase staining, using the 

Senescence Detection Kit (Abcam, ab65351). One section from two or three assembloids per 

condition from four batches were used. Images were taken using the colour camera setting with 

4X objectives in the Olympus IX83 microscope (RRID:SCR_020344). β-galactosidase positive 

areas were quantified using ImageJ. Positive areas in each section were summed and normalised 

to the total area of the section in the image. The normalised value was multiplied by 100 for 

calculating the % of positive β-galactosidase areas in the image.  

 

Immunofluorescence Staining  

iPSCs and NESCs 

The procedure that was used for the immunofluorescence staining characterization of the iPSCs 

is detailed described by Gomez-Giro and colleagues (Gomez-Giro et al., 2019), a previous study 

from our lab. 

For the NESCs’ immunofluorescent staining characterization, NESCs were cultured on Geltrex-

coated 96-well imaging plates (PerkinElmer, 6055300) until they reached approximately 70% 

confluency. Next, NESCs were fixed for 15 min at RT with 4% Paraformaldehyde (PFA), 

washed 3x for 5 min with PBS and permeabilizated with 0.3% Triton X-100 in PBS for 15 min 

at RT. After permeabilization, NESCs were washed 3x for 5 min with PBS and then blocked 

with 10% fetal bovine serum (FBS) in PBS for 1 hour at RT. Primary antibodies (Supplementary 

Table 3) were diluted in 3% FBS in PBS and the cells were incubated overnight at 4°C. Then 

cells were washed 3x for 5 min with PBS and incubated for 1 hour at RT with secondary 

antibodies (Supplementary Table 3) and Hoechst 33342 (Invitrogen, 62249). After 3 washes for 

5 min with PBS, cells were kept in 0.1% Sodium Azide (NaAz) in PBS until imaging with 

confocal microscopy. 

Organoid and Assembloid Sections 

Assembloids and organoids were fixed with 4% PFA overnight at 4°C, and then washed with 

PBS three times for 15 min at RT. At least three organoids/assembloids per line and time point 
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were embedded in 3% low-melting point agarose (Biozym, 840100). 70 μm sections were 

obtained using the vibratome (Leica VT1000s, RRID:SCR_016495).  The sections were 

permeabilized for 30 min in 0.5 % Triton X-100 and blocked for 2 h with blocking buffer 

containing 2.5% normal goat serum, 2.5 % BSA, 0.01% Triton X-100 and 0.1 % sodium azide 

in PBS at RT. Sections were incubated with the primary antibodies (Supplementary Table 3) 

diluted in blocking buffer for 48-72 hours at 4 °C. The sections were washed with 0.01% Triton 

X-100 for 5 min three times and then incubated with the secondary antibodies (Supplementary 

Table 3) and Hoechst at 1:1000 dilution for 2 hours at RT. The sections when then washed again 

with 0.01% Triton X-100 for 5 min three times at RT. After the last wash, the sections were kept 

in MilliQ water and mounted on slides as described by Nickels and colleagues (Nickels et al., 

2020). 

 

Microscopy 

For high-content image analysis, one 70 μm section from three organoids/assembloids of each 

condition from at least three batches were acquired using the Yokogawa CV8000 high content 

screening microscope (RRID:SCR_023270) with a 20X/0.75 numerical aperture (NA) 

objective.  

For qualitative analysis, images were acquired using a confocal laser scanning microscope 

(Zeiss LSM 710, RRID:SCR_018063) with the 20X/0.8 NA, 40X/1.3 NA or 63X/1.4 NA 

objective. 

 

Light sheet fluorescence expansion microscopy 

Sample preparation 

The expansion microscopy protocol was adopted from Rodriguez-Gatica and colleagues 

(Rodriguez-Gatica et al., 2022) and used for whole assembloid preparation. Briefly, the labelled 

samples were incubated with 2 mM of methylacrylic acid-NHS linker for 24 hours on a shaker 

at RT, ensuring they were fully submerged in 1 ml of the solution. Following this, the samples 

were washed thrice, each time for 40 min in PBS. Subsequently, they were incubated in the 
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monomer solution (comprising 8.6% sodium acrylate, 2.5% acrylamide, 0.15% N,N’-

methylenebisacrylamide, and 11.7% NaCl in 1× PBS) on a shaker at 4°C, using 0.9 ml of the 

solution to cover them. 

The gelling solution was freshly prepared by adding 4-hydroxy-TEMPO (0.01%), TEMED 

(0.2%), and ammonium persulfate (0.2%) to new monomer solution. To prevent premature 

polymerization during the gelling process, the samples were placed in a 24-well plate on ice. 

After discarding the monomer and adding the gelling solution, the samples were shaken at 4°C 

for 5 min. They were then transferred to a gelling chamber that utilized 2 mm spacers to maintain 

the sample's integrity and prevent deformation. Post-transfer, the samples were left at 4°C 

overnight and subsequently incubated at 37°C for 2 hours. Upon gel formation, the samples 

were extracted from the gelling chamber and incubated at 37°C in the digestion buffer 

(containing 50 mM Tris, 1 mM EDTA, 0.5% Triton X-100, 0.8 M guanidine HCl, and 16 U∕ml 

of proteinase K; pH 8.0). The digestion buffer was replaced every 24 hours, if required, until 

the samples became fully transparent. After digestion, the buffer was discarded, and the samples 

were washed three times with PBS. The samples were then stored in PBS, resulting in an 

expansion to approximately 1.5 times their original size. 

The ability to preserve the fluorescence of autofluorescent proteins during the expansion 

procedure allowed for exclusive immunolabeling of the dopaminergic neurons. Owing to the 

enhanced retention capabilities of the protocol, nuclear staining was conducted post-digestion. 

To ensure complete penetration throughout the gel, samples were incubated with Hoechst 33342 

(H3570, Invitrogen) in PBS for 24 hours at RT with a concentration of 2.5 μg/ml (1:4000). 

Light sheet microscopy 

Following the expansion protocol, whole-assembloids were imaged using light sheet 

microscopy to obtain information at both the mesoscale and microscopic scale. Specifically, we 

utilized the Blaze microscope LaVision-Miltenyi Biotec for whole-assembloid imaging and a 

custom-built setup for higher resolution imaging of selected regions of interest (ROIs). 

Mesoscopic Imaging 

Mesoscopic imaging and analysis provide insights into the topology of complete assembloids. 

This is particularly useful for analysing the distribution of dopaminergic neurons throughout the 
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entire sample. For imaging, the digested specimen was affixed to a coverslip using poly-L-lysine 

to prevent movement during measurement. This coverslip was then inserted into a custom 

sample holder and positioned within a large imaging chamber (183 × 50 × 64 mm length–width–

height) filled with PBS solution (1xPBS, 0.02% Sodium azide).  

For mesoscopic imaging, the Blaze from LaVision-Miltenyi BioTec was employed. 

Fluorescence excitation was achieved using four fiber-coupled lasers emitting at 405, 488, 561, 

and 638 nm (from the LaVision laser beam combiner). Given the sample's transparency, a single 

illumination arm sufficed. The beam waist in the object plane was adjusted to a 1/e² diameter of 

6 µm for all laser lines. Fluorescence emission was detected by a 4X objective (LaVision-

Miltenyi BioTec MI PLAN 4X/0.35 NA, working distance (WD) 15 mm with water dipping 

cap) and data was captured using a sCMOS camera (2048 x 2048 pixels, pixel size 6.5 μm) in 

global shutter mode, resulting in an effective field of view of (3328 μm)². Due to the sample's 

extensive size, mosaic-style imaging was essential to capture the entire organoid. 

Microscopic Imaging 

For microscopic scale imaging, assembloids were prepared as described above, producing a 

transparent specimen expanded by 1.5-fold. These were then examined using a high-resolution, 

long-distance objective with an NA of 1.1 (Nikon CFI75 25x/1.1 NA WD 2mm water 

immersion (WI)), achieving an optical resolution of approximately 0.3 µm laterally and 1.1 µm 

axially. Factoring in the sample expansion, this translated to an effective resolution of 0.2 and 

0.7 µm, respectively, enabling structural characterization at subcellular length scales. For 

samples where the projections were not clear with the 4X mesoscopic view, a 12X objective 

(LaVision-Miltenyi BioTec MI PLAN 4X/0.35 NA, WD 8.5 mm WI) was used as an 

intermediate imaging step with the Ultramicroscope. 

Imaging of complete assembloids at this resolution is often not advisable due to the data 

generation (about 500 Gigabyte data per 1 mm3 per channel). Instead, specific ROIs identified 

in the mesoscale data were chosen for subsequent microscopic scale analysis. To this end we 

employed a custom-built setup (Rodriguez-Gatica et al., 2022). Briefly, fluorescence excitation 

was achieved using four fiber-coupled lasers emitting at 405, 488, 561, and 638 nm (Hübner 

Photonics, Germany). A horizontally scanned light sheet was produced by a galvanometer 

system with silver-coated mirrors. Beam waist adjustment within the sample chamber was 
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facilitated by relay optics mounted on a precision linear stage. The beam waist in the object 

plane was set to specific 1/e² diameters for each laser line. For illumination, a Mitutoyo 10x NA 

0.28 air objective was used. 

Our custom sample chamber (165 × 60 × 40 mm length–width–height) featured an illumination 

window created by a standard 24x24 mm coverslip with a 0.17 mm thickness. Observation was 

from above using a Nikon 25X 1.1 NA WI objective with an additional 1.5x magnification 

(Nikon, Germany). The sample, mounted on a coverslip, was manoeuvrable in three spatial 

directions via motorized micro-translation stages. Data capture was facilitated by a sCMOS 

camera (3200 x 3200 pixels, pixel size 6.5 μm, Kinetix, Teledyne Photometrics, USA), in global 

shutter mode, resulting in an effective field of view of (832 μm)². A custom-written LabView 

program managed all electronic components. 

Data processing 

3D stacks of raw 16-bit images were processed using custom-written MATLAB scripts, 

facilitating parallel data processing. Selected image stacks were spatially deconvolved using 

Huygens (Professional version 22.04, Scientific Volume Imaging, The Netherlands). This 

deconvolution utilized theoretical point spread functions (PSFs) derived from the microscopy 

parameters. The classical maximum likelihood estimation algorithm was employed, with Acuity 

set to: -10 to 25. Signal-to-noise ratio (SNR) values ranged between 12 and 20, and the 

maximum number of iterations varied from 60 to 100. 

Full 3D representations of the samples were achieved by stitching multiple 3D datasets together 

using FIJI (Schindelin et al., 2012) and the stitching plugin by Preibisch and colleagues 

(Preibisch et al., 2009). To optimize the stitching process, especially when datasets surpassed 

the available RAM of the workstation, a two-step approach was adopted. First, substacks of the 

3D datasets were generated using a FIJI script, with each substack containing approximately 

15% of the central data from the full stack. Subsequently, each substack was stitched to its 

adjacent counterpart, ensuring optimal overlap based on cross-correlation measures. Using the 

localization data from each substack post-stitching, the complete 3D stacks were then 

assembled. 
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The 3D data visualization was achieved using the Surpass view in Imaris (Version 10.0.1, 

Bitplane Inc., Zurich, Switzerland). All data processing tasks were executed on a HIVE 

workstation (ACQUIFER Imaging GmbH, Germany) equipped with dual Intel Xeon Gold 6252 

CPUs (2.1 GHz, 24 cores), 1 TB of memory, and an Nvidia RTX A4000 GPU (16 GB GDDR6), 

operating on Windows Server 2019. 

 

Image analysis 

Images obtained from the Yokogawa microscope were processed and analyzed in MATLAB 

(2021a, Mathworks, RRID:SCR_001622) using a previously described image analysis pipeline 

(Bolognin et al., 2019; Monzel et al., 2020). 

 

Electrochemical detection of catecholamines in neuronal tissues 

Commercially available Nafion-coated carbon fiber microelectrodes (World Precision 

Instruments, CF10-50) were employed to measure the presence of  catecholaminergic 

neurotransmitters (e.g., dopamine) within the assembloids. Amperometric measurements were 

performed according to the manufacturer’s instructions using a potentiostat (Bio-Logic, VMP3) 

equipped with a low current module (Bio-Logic) and a custom-made platform (Supplementary 

Figure 11.D). Electrodes were activated by applying a potential of 1.2V and simultaneous 

exposure to a 150 mM NaCl solution with a pH of 9.5. All measurements were conducted at a 

potential of 0.65V. Prior to the measurements, assembloids were washed three times using PBS. 

Assembloids were subsequently placed onto the custom-made platform, covered in 100 µl of 

PBS before electrodes were carefully inserted into the tissue using a laboratory jack. 

Measurements on StrOs alone and StrOs within D30 assembloids were conducted by 

introducing the electrode 1-2 times into the centre of the neuronal tissue. For the StrOs cultured 

in pre-used MOs media, the media was in contact with the MOs for 24 hours. Then it was 

transferred into the wells containing StrOs. StrOs were cultured in the pre-used MO media for 

48 hours prior to the measurements. Due to the occasional occurrence of necrotic cores within 

assembloids electrochemical measurements on D60 assembloids were performed by introducing 

the electrodes at the border of the StrO. Measurements were conducted at five different locations 
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within the StrO of the assembloid. To exclude any cross-contaminations, electrodes were 

carefully washed, and background signals were recorded in between the measurement of each 

assembloid. Measurement results were averaged and unless stated otherwise data was 

background subtracted.  

 

Quantitative PCR  

The RNeasy Mini Kit (Qiagen, 74106) was used for the total RNA extraction form striatum 

organoids. The RNA concentration was measured using the Nanodrop 2000c Spectrophotometer 

(Thermo Fisher Scientific, RRID:SCR_020309). The High-Capacity RNA-to-cDNATM Kit 

(Thermo Fisher Scientific, 4387406) was used for the cDNA synthesis. For the quantitative PCR 

reaction, the Maxima SYBR Green qPCR Master Mix (Thermo Fisher Scientific, K0221) was 

used with the primers listed in Supplementary Table 4. The Aria Mx Real-Time PCR system 

(Agilent) was used and the data were extracted from the AriaMx PC software. 

 

RNA sequencing 

RNA was extracted from the assembloids using the RNeasy Mini Kit. Four assembloids were 

used per condition and from three batches. The RNA samples were shipped with dry ice to 

Novogene in UK for the RNA sequencing experiment and bioinformatic analysis. The following 

methodology was used: 

Quality control of reads 

In the process of obtaining clean reads, reads containing adapters, higher than 10% 

undetermined bases and low quality (Qscore of over 50% bases of the read is <=5) were 

removed. 

Library Construction, Quality Control and Sequencing 

Poly-T oligo-attached magnetic beads were used to purify the messenger RNA from the total 

RNA. After fragmentation, the first strand cDNA was synthesized using random hexamer 

primers, followed by the second strand cDNA synthesis using dUTP for directional library. To 

quality control the library, Qubit and real time PCR were used for quantification, while for the 

size distribution detection bioanalyzer was used. The quantified libraries were combined and 
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sequenced on Illumina platforms, taking into consideration the optimal library concentration 

and desired data volume. 

Clustering and sequencing  

The clustering of the index coded samples was performed according to the manufacturer’s 

instructions. Following the generation of clusters, the library preparations underwent 

sequencing using an Illumina platform, resulting in the generation of paired-end reads. 

 

RNA sequencing Data Analysis 

Quality control 

The initial processing of the raw data (raw reads) in fastq format involved utilizing the fastp 

software (RRID:SCR_016962). This step involved removing reads that contained adapters, 

reads with poly-N sequences, and low-quality reads from the raw data, resulting in obtaining 

clean data (clean reads). Additionally, metrics such as Q20, Q30, and GC content were 

calculated for the clean data. All subsequent analyses were performed using the high-quality 

clean data. 

Reads mapping to the reference genome 

The reference genome (hg38) and gene model annotation files were directly downloaded from 

the genome website. To enable alignment of the paired-end clean reads, an index of the reference 

genome was constructed using Hisat2 v2.0.5 (RRID:SCR_015530). Subsequently, Hisat2 

v2.0.5 was employed as the mapping tool of choice. We specifically chose Hisat2 due to its 

ability to generate a splice junction database utilizing the gene model annotation file, resulting 

in improved mapping accuracy compared to non-splice mapping tools. 

Quantification of gene expression level 

To determine the number of reads mapped to each gene, featureCounts v1.5.0-p3 

(RRID:SCR_012919) was employed. Subsequently, the Fragments Per Kilobase of transcript 

sequence per Millions (FPKM) base pairs sequenced for each gene was calculated based on the 

gene's length and the count of reads mapped to it. FPKM is a widely utilized method for 
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estimating gene expression levels as it accounts for both the sequencing depth and gene length 

when considering the reads count. It provides a comprehensive measure of gene expression and 

is currently the most commonly used approach in this regard. 

Differential expression analysis 

Differential expression analysis was conducted on two conditions/groups using the DESeq2 R 

package (version 1.20.0, RRID: SCR_015687). DESeq2 utilizes a statistical model based on the 

negative binomial distribution to determine differential expression in digital gene expression 

data. The resulting P-values were adjusted using the Benjamini and Hochberg's method to 

control the false discovery rate. Genes with an adjusted P-value of less than or equal to 0.05, as 

determined by DESeq2, were identified as differentially expressed. 

Before performing the differential gene expression analysis, the read counts for each sequenced 

library were adjusted using the edgeR package (version 3.22.5, RRID:SCR_012802) by 

applying a scaling normalization factor. The differential expression analysis of the two 

conditions was carried out using the edgeR. The P-values were adjusted using the Benjamini 

and Hochberg's method. A corrected P-value threshold of 0.05 and an absolute fold change of 2 

were set to determine significantly differential expression. 

Enrichment analysis of differentially expressed genes 

The clusterProfiler (RRID:SCR_016884) R package was used for Gene Ontology (GO) 

(RRID:SCR_002811) enrichment analysis on the differentially expressed genes, with gene 

length bias being corrected. GO terms with a corrected P-value < 0.05 were deemed significantly 

enriched by the differentially expressed genes. 

For the analysis of KEGG (RRID:SCR_012773) pathways, which provide insights into the 

functions and utilities of biological systems, especially based on large-scale molecular datasets, 

the clusterProfiler R package was employed. The statistical enrichment of differentially 

expressed genes in KEGG pathways was assessed. 
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Single nuclei RNA sequencing  

Samples processing 

Samples were processed and sequenced by Singleron. 10 MOs, 10 StrOs and 4 assembloids per 

batch form 2 batches, generated from the same wild type  (WT) line (201, Supplementary Table 

1) were snap frozen in 1.5 ml Eppendorf tubes, and sent to Singleron in dry ice. The culture time 

point was D30 for assembloids, D50 for MOs and D65 for StrOs. As mentioned before, 

assembloids were generated by the merging of D20 MOs and D35 StrOs. MOs and StrOs that 

were cultured separately after D20 and D35, were cultured in the same media of the assembloid 

condition (optimized co-culture medium).  Samples from the two batches were pulled together 

for nuclei extraction and sequencing by Singleron. 

Data analysis   

Reads were mapped to Homo_sapiens_ensembl_92 genome, and 10X matrices were generated 

for each sample. To perform the downstream analysis, we used R studio (23.06.1+504 version, 

RRID:SCR_000432) and R 4.2.2 version (RRID:SCR_001905). Using the Seurat package 

(version 4.3.0, RRID:SCR_016341), Seurat objects were created for each sample and quality 

control filtering was performed. For all datasets, cells with >5% mitochondrial genes were 

filtered out. Additional filtering for cell debris and doublets was performed for each dataset. In 

MOs data cells with  <100 and >1000 genes, in StrOs cells with <100 and >1800 genes and in 

assembloids cells with <100 and >4000 genes were filtered out. Similar to another study, after 

filtering, ribosomal and mitochondrial genes were removed from all datasets, as they are 

considered contamination in the single nuclei RNA sequencing experiments (Khan et al., 2021). 

After filtering, using the standard Seurat workflow, we analyzed each dataset separately, for 

identifying clusters specific to each model. LogNormalisation was performed in each dataset, 

followed by the identification of the 2000 most variable genes (FindVariableFeatures function). 

Next, data were scaled with the ScaleData function and linear dimensionality reduction was 

performed with the RunPCA function. 10 PCs were used for the MO dataset clustering and 15 

PCs for the StrO and assembloid datasets. Clusters were identified using the FindNeighbors and 

FindClusters functions, at 0.5 resolution in all datasets. Determination of cell type identity in 

each cluster was performed with the evaluation of specific cellular markers expression using the 

DotPlot visualization method.  
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For identifying differentially expressed genes (DEGs) between assembloids and MOs or StrOs, 

integration analysis was performed (Butler et al., 2018). After integrating the data, DEG lists 

using the FindMarkers function were computed, defining the assembloid dataset as ident.1 and 

the MO or StrO dataset as ident.2. The DEG lists from both comparisons were imported in the 

Metacore (Clarivate, 2023) online software, were enrichment analysis with FDR threshold > 

0.25 and adjusted P.value < 0.05 was performed. Enriched pathways from the “Process 

Networks” category were extracted. Genes related to the enrichment of the 

“Development_Neurogenesis_Axonal guidance” pathway were exported, and their expression 

pattern (up or down regulation) was evaluated. DEGs were also used to assess the expression 

pattern of genes related to neuronal maturity. 

 

Multi-electrode Array  

Non-embedded assembloids were used for the electrophysiological analysis using the Axion 

Micro-electrode array (MEA) system. 48-well MEA plates (Axion, M768-tMEA-48B-5) were 

first coated with 0.1 mg/ml poly-D-lysine (Sigma-Aldrich, P7886) and incubated in 37°C, 5% 

CO2 overnight, followed by an 1 hour incubation with 1 mg/ml laminin (Sigma-Aldrich, 

L2020). Laminin coating was removed, and the plates were washed twice with sterile PBS 

(Thermo Fisher Scientific, 14190250). Each assembloid was placed in the center of the well on 

the electrodes and after the media was carefully aspirated, it was left for 2-3 min to dry. Then, 

15 μl of Geltrex was added on top of each assembloid and was left in the incubator for 5 min to 

polymerise. 500 μl of fresh culture medium was added in each well and the plate was kept in 

the incubator (37°C, 5% CO2) under static conditions. Electrophysiological data were acquired 

with the Axion Maestro Multiwell 768-channel MEA System (Axion Biosystems) and the Axis 

software (Axon Biosystems, RRID:SCR_016308). For the analysis of the data the spike lists 

were exported from the Axis software and the data were processed with MATALB (2021a, 

Mathworks, RRID:SCR_001622). Plots of the MATLAB exported data were generated using R 

4.2.2 vesrion. 

 

Data analysis and statistics 
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Data were analysed usings GraphPad Prism 9.0.0 or R studio (23.06.1+504 version) with R 4.2.2 

version. Normality test was performed using the Shapiro test. If not stated otherwise, outlier 

removal was performed using the ROUT method Q 1% in GraphPad or the Inter-Quartile Range 

(IQR) proximity rule in R and data were batch normalized to the mean value of each batch. For 

normally distributed data, two-sided Wilcoxon test or Kruskal-Wallis with Dunn’s multiple 

comparison test and Benjamini-Hochberg correction was implemented. For normally distributed 

data, Welch’s t-test or one-way ANOVA with Tukey’s multiple comparison test was performed. 

Significant P value is represented with asterisks in the order P<0.05 *, P <0.01 **, P <0.001 

***, P <0.0001 ****. Error bars represent mean ± SD. 

 

Data availability 

Raw and processed data that support the findings in this study, as well as scripts used for the 

analysis of the data are publicly available at this link: https://doi.org/10.17881/4va5-e156 

Bulk RNA and single nuclei RNA sequencing data are available on Gene Expression Omnibus 

(GEO) under the accession codes GSE236458 and GSE241632 respectively.  

 

 

Results 

Development of the Midbrain-Striatum assembloid model  

The nigrostriatal pathway is characterised by dopaminergic neuronal projections from the SNpc 

to the putamen and caudate of the dorsal striatum. To recapitulate this pathway in vitro, we 

generated a 3D in vitro model of midbrain and striatum organoids. MOs were generated based 

on our previously published protocols (Monzel et al., 2017; Nickels et al., 2020). For the 

generation of StrO different culture conditions were tested  (RA, SR and C4) and compared to 

the recently published protocol (named C3) (Miura et al., 2020) with minor changes 

(Supplementary Figure 2). The purpose of this optimisation on the StrOs protocol generation 

was to reduce the lengthy culture time of 50-80 days to 35-50 days while preserving the mature 

population of medium spiny neurons (MSNs). For the conditions RA, SR and C4 organoids 

https://doi.org/10.17881/4va5-e156
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were cultured for 35 and 50 days, while for the C3 organoids were cultured until D50 (the 

earliest time point described in (Miura et al., 2020)). In C4,  the differentiation conditions are 

similar to C3 (Miura et al., 2020), but in the maturation phase (D17 to D35), DHA was excluded 

as it is susceptible to oxidation and to avoid the use of ethanol (the solvent for DHA) in the 

medium. The same medium was used until D50 without the addition of DAPT at D42 

(Supplementary Figure 2.A). DHA was also excluded from the C3 (Supplementary Figure 2.B). 

For conditions RA and SR (Supplementary Figure 2.C, D) the previously published protocol 

which described the generation of ventral forebrain, subpallium-like organoids (Sloan et al., 

2018), was adapted to shift the differentiation towards the LGE region and eventually to the 

dorsal striatum. In both conditions, SAG was added as it is neuroprotective and very important 

for neurodevelopment (Nguyen et al., 2021), while activin A has been shown to assist the 

differentiation of striatal projection neurons (Arber et al., 2015). As was demonstrated by Miura 

and colleagues (Miura et al., 2020), SR11237 was used to stimulate the RXRG receptor (SR 

condition), which has high expression in the development of the striatum as shown in the human 

brain transcriptome (HBT) database. Similarly, we also wanted to test the effects of RA 

supplementation (RA condition) as data in the HBT database show that RARB is also highly 

expressed in the first days of striatum development.  

Gene expression analysis with qPCR for genes specific for the telencephalon and the LGE were 

used to confirm the differentiation of the organoids towards the dorsal striatum (Supplementary 

Figure 3.A). Although the forebrain marker Forkhead box protein G1 (FOXG1) was evenly 

expressed in all conditions, there were some differences in the expression of LGE progenitor 

genes. Achaete-Scute Family BHLH Transcription Factor 1 (ASCL1) showed a tendency of 

higher expression in the RA and SR conditions in both time points, indicating a slower 

differentiation of cells with higher number of progenitors at D50 of culture. In C4 at D35, ASCL1 

had similar expression with RA and SR conditions, but at D50 the expression was lower and 

similar to C3. Genetic-Screened Homeobox 2 (GSX2) is an essential transcription factor in LGE 

progenitors, that assists their differentiation towards neurons and glia cells in the dorsal striatum 

(Roychoudhury et al., 2020). In the here investigated conditions we show that GSX2 is mainly 

expressed in the C4 and C3 at D50. The Forkhead Box P1 (FOXP1) and Forkhead Box P2 

(FOXP2) genes are both transcription factors that are highly expressed in the striatum and are 

important for the development of MSNs (Fong et al., 2018). The expression of FOXP1 was 
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similar in all conditions, but FOXP2 had higher expression in C4 and C3 at D50, indicating a 

better differentiation of the neurons towards MSN fate. In addition COUP-TF-interacting 

protein 2 (CTIP2), another crucial transcription factor for the differentiation of MSNs (Arlotta 

et al., 2008), showed higher expression in the organoids of C4 and C3. Expression of NKX2.1 

and OTX2 genes are important for the development of the medial ganglionic eminence (MGE) 

(Sandberg et al., 2018). The low expression of these genes in C3 and C4 further validates a LGE 

and dorsal striatum identity (Supplementary Figure 3.B). The presence of mature MSNs in the 

organoids was evaluated by the expression of the MSN specific marker Dopamine and cAMP-

Regulated Neuronal Phosphoprotein 32 (DARPP32) and the dopaminergic receptors 1 and 2 

(DRD1 and DRD2). We observed that C4 had noticeable higher expression of DARPP32, while 

the expression of DRD1 and DRD2 was similar between C3 and C4 (Supplementary Figure 

3.C). Similar patterns were observed in the protein levels, where DARPP32 abundance was 

similar at D50 for conditions C3 and C4, DRD1 was higher in C3 and C4 at D50 and there were 

no differences in the levels of DRD2 between all conditions. Glutamic acid decarboxylase 65-

kilodalton isoform (GAD65), important enzyme for the synthesis of GABA, was higher in C3. 

Overall, these results indicate that C4 and C3 have similar differentiation capacity towards 

dorsal striatum identity (Supplementary Figure 3.D-G). C4 seems to result in progenitor rich 

striatum organoids at D35 with differentiated characteristics at D50.  

Since MOs and StrOs were differentiated independently for their identity specification, the 

generation of the assembloid model firstly required the optimisation of a suitable co-culture 

medium. Assembloids were generated between D20 of MOs derived from a GFP-expressing 

cell line and D35 or D50 of StrOs (Supplementary Figure 4.A), from the four StrO conditions 

described before (Supplementary Figure 2). Four different medium conditions were tested to 

ensure the optimal development and identity specificity of both organoids (Supplementary 

Figure 4.B). First, we evaluated the development of the dopaminergic neurons in GFP-

expressing MOs cultured for up to 20 days by staining for TH and MAP2. MOs cultured in NM 

and NMpl media showed significant depletion of dopaminergic neurons, while the organoids in 

NM++ and N2B27++ medium did not show significant differences from the control condition 

(MOs standard media, see Midbrain organoids section in Methods) (Supplementary Figure 4.C). 

Then, the four different media were tested in assembloids cultured for 20 and 35 days to assess 

the impact on both dopaminergic neurons (TH staining) and MSNs (DARPP32 staining). 
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Similar to the observations in MOs, assembloids cultured with NM++ and N2B27++ media, 

showed high levels of TH neurons in both time points of assembloid culture, specifically in C4 

and C3 (Supplementary Figure 5). Since these two conditions were more suitable for the 

development of TH-positive neurons and the N2B27++ was slightly more favourable for the 

DARPP32 positive neurons in C4 (Supplementary Figure 6), we used N2B27++ as the optimal 

co-culture medium for the assembloids (Figure 1.A). Overall, based on these data, in order to 

reduce the time of cultures and achieve the desired differentiation capacity in assembloids, StrOs 

generated with the strategy C4 at D35 of differentiation were used for the generation of 

assembloids in the subsequent experiments.   

 

Midbrain and striatum specific identity in the assembloid model  

Characterisation was performed on assembloids cultured for 30 days. Microscopy assessment 

with immunofluorescence staining showed that the midbrain and the striatum organoids retain 

their identity in the assembloid model (Figure 1.B-F). Midbrain progenitors positive for FOXA2 

and CORIN were identified only in the midbrain side of the assembloid, while striatal 

progenitors positive for ASCL1 and CTIP2 appear only in the striatum side (Figure 1.B, C, D). 

Additionally, mature neurons of midbrain and striatal identity were observed with the positive 

immunofluorescence staining of TH and DARPP32, respectively (Figure 1.E, F). To validate 

that the assembloid model exhibits neuronal activity, electrophysiological measurement with 

MEA were performed on assembloids generated from two independent WT cell lines. Analysis 

of the MEA recordings showed that assembloids from both lines display similar 

electrophysiological activity with no differences in the number of spikes, the interspike interval 

and the burst frequency (Figure 1.G).  

To confirm the qualitative observations, we performed single nuclei RNA sequencing on pooled 

assembloids from two batches, generated from the WT 1 cell line (see Supplementary Table 1) 

and cultured for 30 days. From the same batches, we also sequenced MOs and StrOs that after 

D20 and D35 respectively (time points used for assembloid generation) were cultured 

independently for 30 more days in the same assembloid co-culture medium. Datasets from the 

three models were analysed separately following the standard Seurat workflow. For the 

assembloid model, eight different clusters were identified and visualised with UMAP (Figure 

2.A). The identity of each cluster was defined based on the expression of cellular specific 
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markers from gene lists identified by literature (Bhaduri et al., 2020; Kamath et al., 2022; La 

Manno et al., 2016) and the PanglaoDB database (Supplementary Figure 7). Calculation of the 

percentage of each cellular identity in the assembloid model revealed the presence of 5% A10 

dopaminergic neurons (DANs(A10)), 6% of GABAergic neurons, 7% progenitors of the LGE 

(LGE Prog), 14% of radial glia cells (RGCs), 15% of medium spiny GABAergic neurons 

(MSNs), 16% of non-defined progenitors (Progenitors), 17% of A9 dopaminergic neurons 

(DANs(A9)) and 21% young neurons (yNeurons) (Figure 2.B). Hierarchical clustering of the 

cellular populations based on their top 500 variable genes, demonstrated the similar 

transcriptomic identity of the dopaminergic neuronal clusters, followed by the other mature 

neuronal populations of MSNs and GABAergic neurons, while young neurons and progenitor 

cells cluster together (Figure 2.C). The identity similarity between clusters is further 

demonstrated by the Spearman’s correlation matrix (Figure 2.D). This illustrates the close 

correlation of the progenitor clusters (LGE Prog, RGCs and Progenitors) that weakly correlate 

with the more mature populations. Additionally, there is a weak correlation between the A9 and 

A10 DANs, indicating their distinct genetic signature. Although A10 DANs exhibit low 

correlation with all the clusters, their slightly better correlation with the RGCs and Progenitors 

clusters, suggests a more immature identity. On the other hand, A9 DANs correlate with the 

more mature clusters (GABAergic Neur and MSNs), while showing a weak correlation with the 

progenitor clusters. Finally, yNeuron cluster exhibits an unidentified young neuronal identity, 

correlating with Progenitors, DANs(A9) and GABAergic neurons, but with highest correlation 

to the MSN cluster. 

The same analysis was performed for the MO and StrO datasets, with the presence of cell 

clusters more specific to the midbrain and striatum identity respectively. MOs are comprised of 

dopaminergic neuronal clusters (DANs and DANs2, 28% and 3% respectively) but also 

GABAergic neurons (33%), general neurons with no specific identity (Neurons, 14%), radial 

glia cells (RGCs, 20%) and a small proportion of oligodendrocyte precursor cells (OPCs, 1%) 

(Supplementary Figure 8.A, B). Heatmap of the 500 most variable genes, shows the clustering 

of RGCs in the middle, giving rise to the DANs, GABAergic neurons and Neurons clusters, 

while DANs2 and OPCs cluster separately, showing a more specified identity (Supplementary 

Figure 8.C). In Spearman’s correlation, DANs2 cluster shows a more mature identity with a 

very weak correlation to the progenitor RGCs cluster and a stronger correlation with the 
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GABAergic Neur and Neurons clusters. On the other hand, DANs cluster shows a less mature 

identity (Supplementary Figure 8.D). The clustering was confirmed by the expression of 

different cellular markers (Supplementary Figure 8.E-J).  

StrOs show a striatum specific cellular composition with 42% MSNs, 39% GABAergic 

interneurons, 10% LGE progenitors, 8% Neural progenitors and 1% of more general 

Telencephalic progenitors (Supplementary Figure 9.A-B). Similarly here, hierarchical 

clustering of the 500 most variable genes shows the close association of the progenitor clusters, 

followed but the more mature populations of MSNs and GABAergic interneurons 

(Supplementary Figure 9.C). The maturity of the MSNs is further confirmed by the Spearman’s 

correlation matrix, with their weak correlation to LGE and Telencephalic progenitors, and their 

strong correlation to the GABAergic interneurons (Supplementary Figure 9.D). The identity of 

each cellular cluster was also here validated by the expression of cellular specific markers 

(Supplementary Figure 9.E-K).   

To be able to compare the three datasets and evaluate the genes that are differentially expressed 

between assembloids and the individual organoids, we performed integration analysis using the 

Seurat workflow (Butler et al., 2018). A clear shift of cellular populations from the MOs and 

StrOs into the assembloid model is visible in the UMAP plot of the integrated object based on 

the clusters identified separately in each model (Supplementary Figure 10.A). The progenitor 

clusters in all models appear in the upper part of the UMAP. DANs(A10) population clusters 

closer to the RGCs, illustrating once more their immature identity. Between the progenitor and 

mature clusters appears an intermediate more general cluster of progenitors in the assembloids 

model (Progenitors). This progenitor cluster seems to evolve into neuronal identity cells, given 

its close association with the yNeurons cluster. DANs cluster, that has a more immature identity 

in MOs, was not present in the assembloid model, while the general neuronal cluster in MOs, 

seems to have been shifted towards the DANs(A9) identity in assembloids. The MSNs cluster 

from StrOs, was preserved in assembloids. The strong correlation between GABAergic 

interneurons and MSNs is likely the reason why this cluster is not observable in the assembloid 

model (Supplementary Figure 10.B). Additionally, a small number of OPCs is only present in 

MOs. Given their correlation with neuronal cluster, this cluster probably consists of cells with 

mixed identity (Supplementary Figure 10.B).  
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Enrichment analysis using the DEGs of assembloids-MOs and assembloids-StrOs, revealed the 

enrichment of several processes related to synaptic contact, cell adhesion but also neurogenesis 

and axonal guidance (Figure 2.E). Concerning the developmental neurogenesis and axonal 

guidance pathway, which was the second most enriched pathway in both comparisons, we 

observed that the majority of responsible genes for enriching this pathway are upregulated in 

the assembloid model compared to the MO and StrO models (Figure 2.F). Additionally, we 

evaluated the expression of genes related to neuronal maturity and identified six genes, all 

showing upregulation in the assembloid model (Figure 2.G). Finally, genes related to cellular 

and oxidative stress were found downregulated in assembloids compared to MOs and StrOs 

(Supplementary Figure 10.C, Supplementary Table 5).  

 

Midbrain-striatum assembloid model resembles the nigrostriatal pathway connectivity 

For validating the existence of nigrostriatal pathway connectivity, we examined the presence of 

dopaminergic projections from the midbrain into the striatum in the assembloid model. First, to 

confirm that TH+ signal in the striatum of the assembloids originates from the MOs TH+ 

neurons innervation, we examined the presence of TH+ neurons in GFP-expressing MOs and 

StrOs cultured separately in the assembloid co-culture media for the same culture period as the 

assembloids (D30 assembloids, D50 MOs and D65 StrOs). We observed that MOs develop a 

high number of TH+ neurons, while the StrOs have almost no TH+ signal (Supplementary 

Figure 11.A). Next, for visualising the TH+ neurite projections from the midbrain to the striatum 

in the assembloid model, we performed whole mount imaging of D30 assembloids containing 

GFP-expressing MOs. We were able to identify neurons that have TH+/GFP+ soma, indicating 

their midbrain identity, with TH+ axons projecting towards the striatum side of the assembloid 

(Figure 3.A, Supplementary Figure 11.B, C).  

Nigrostriatal pathway connectivity and functionality in the assembloid model were further 

investigated. Catecholamine levels were assessed by inserting a Nafion-coated carbon electrode 

into the neuronal tissues (Supplementary Figure 11.D). We have previously shown that 

electrochemical monitoring of catecholamine levels in the supernatant of MOs can provide 

valuable insights into the presence of dopamine (DA), due to neglectable levels of the interfering 

cationic catecholamines norepinephrine and epinephrine within the system (Zanetti et al., 2021). 

As expected, we observed higher levels of catecholamines in the MO side of the assembloid 
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compared to the StrO side (Supplementary Figure 11.E). No differences in StrO and StrO 

cultured in MO-conditioned media were detected, indicating no significant catecholamine or 

DA uptake from the medium (Supplementary Figure 11.F). Finally, we measured catecholamine 

levels in StrOs alone and StrOs in the assembloid model. The results showed that the StrOs in 

the assembloid model displayed higher signals compared to StrOs cultured alone (Figure 3.B), 

suggesting the active secretion of the catecholamine DA from midbrain dopaminergic neurons 

that are projecting to the striatum in the assembloid model. 

To further determine whether neurons of MO and StrO are connected through active synapses 

in the assembloid model, we established a rabies virus-based retrograde monosynaptic tracing 

system. This system allows tracing of monosynaptic connections between neurons, using a 

lentiviral vector (Miyamichi et al., 2011) that expresses histone 2B-tagged green fluorescent 

protein (GFP), the avian tumor virus A (TVA) receptor (for selective infection by EnvA-

pseudotyped rabies virus), and rabies virus envelope spike glycoprotein (GP) (to allow for rabies 

virus transsynaptic spreading) (LV-GP-TVA-GFP), in combination with a recombinant G-

deleted (ΔG) rabies viral vector, pseudotyped with EnvA envelope protein (selectively binding 

to TVA), and red fluorescent protein (RFP)-tagged (RBV-ΔG-EnvA-RFP). LV-GP-TVA-GFP-

transduced neurons (starter neurons) are identified by nuclear GFP expression. Following 

infection with the RBV-ΔG-EnvA-RFP, the double-transduced starter neurons are traced by co-

expression of nuclear GFP and RFP, and because of GP expression, allow ΔG-rabies virus to 

form infectious particles in their cytoplasm. Neurons laying presynaptic inputs on the targeted 

starter neurons, are rendered RFP+ due to the selective retrograde transmission of rabies virus 

across active synapses (target neurons) (Ugolini, 1995). Therefore, target neurons are 

RFP+/GFP- whereas starter neurons are RFP+/GFP+. Only first-order synapses are traced 

because GP expression is confined to the starter neurons, not allowing for further propagation 

of ΔG-rabies virus (Etessami et al., 2011; Grealish et al., 2015; Osakada & Callaway, 2013). 

StrOs at D35 of culture were transduced with LV-GP-TVA-GFP expressing the H2B-GFP 

fusion protein under the human Synapsin promoter. One week later, transduced StrOs were 

merged with MOs expressing GFP to generate assembloids, and together they were infected 

with RBV-ΔG-EnvA-RFP. The targeted starter neurons in the StrO were RFP+/GFP+. One 

week later, the media was changed and the assembloids were further cultured for up to 30 days 

(Figure 3.C). Sections from fixed assembloids were analysed with confocal microscopy for RFP 
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and GFP expression (Figure 3.D). Starter neurons (RFP+/GFP+, arrowheads in Figure 3.D StrO 

side) as well as target neurons (RFP+/GFP-, arrowheads in Figure 3.D MO side) were detected 

in the striatum side of the assembloid, demonstrating high connectivity of the nearby neurons 

with the starter neurons in the striatum organoid. Notably, RFP+ (arrowheads in Figure 3.D MO 

side) target neurons were additionally present more distantly in the MO compartment, indicating 

active synaptic connectivity between the two organoids on the assembloid level. TH-

immunostaining revealed TH+/RFP+ target neurons in the MO side of the assembloid, 

suggesting the presence of synapse connectivity between dopaminergic neurons in the MO and 

starter neurons in the StrO (Figure 3.E). Target neurons (RFP+/GFP-) presence was also 

confirmed in assembloids where MOs were derived from iPSCs that initially did not express 

GFP (Supplementary Figure 11.G). 

 

Doxycycline inducible Progerin overexpression in the assembloid system 

For the induction of aging phenotypes in the assembloid model we used an iPSC line that was 

genetically engineered with a transgene containing the modified LMNA gene for the 

transcription of Progerin, under the control of the Tet-On system, where doxycycline 

supplementation is needed for the induction of the transgene expression (Gabassi et al., In 

Preparation). For better identification of the Progerin+ cells, Progerin is co-expressed with the 

GFP fluorescent protein. This line was used to generate assembloids (Figure 4.A), and optimal 

concentration of doxycycline supplementation was determined by testing three different 

concentrations (1, 2 and 4 ng/μl). Assembloids were treated with doxycycline from D4 to D30 

of culture. At D30, three assembloids per condition and from three batches were used in flow 

cytometry to measure the amount of GFP positive cells. Approximately 50% of cells were GFP-

positive in assembloids treated with the highest concentration of doxycycline (4 ng/μl), which 

was significantly higher than in the other conditions (Figure 4.B). Similar to what was observed 

for the GFP levels, Progerin levels, validated by Western blot using the LMNA antibody (see 

Supplementary Table 2), were significantly higher in the 4 ng/μl doxycycline concentration 

(Figure 4.C). To evaluate the viability of assembloids treated with doxycycline we performed 

ATP and LDH assays (Supplementary Figure 12). Here, we also used assembloids generated 

from the isogenic line (without the Progerin transgene, referred to as WT assembloids) as a 

control. In the LDH assay, we show significant higher levels of LDH in the 4 ng/μl doxycycline 
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treatment (WT_4_Dox) which indicates that doxycycline could cause some cytotoxicity in the 

model. However, we noticed a different pattern of LDH levels in the assembloids with the 

Progerin transgene (Progerin assembloids), with no significant differences between the 

untreaded (Progerin_0_Dox) and the 4 ng/μl doxycycline treated assembloids 

(Progerin_4_Dox) (Supplementary Figure 12.A). In the ATP assay, we detected no differences 

between the conditions, indicating no changes in the viability and metabolic activity of the 

model when treated with doxycycline (Supplementary Figure 12.B). These findings suggest that 

4 ng/μl doxycycline concentration is acceptable for generating a mosaic Progerin-

overexpressing assembloid model.  

 

Progerin-overexpressing assembloids show aging characteristics 

To determine whether neurons that express Progerin in the assembloids acquire aging 

characteristics, we stained assembloid sections from D30 and D60 assembloids treated with 4 

ng/μl doxycycline for aging-associated markers (Figure 5). Colocalization of H2AX and 53BP1 

positive foci is a marker of DNA double-strand breaks. We were able to see that D60 

assembloids had significantly higher levels of H2AX/53BP1 positive foci in the Progerin-

expressing cells (marked as GFP+) compared to the non-Progerin-expressing cells (Figure 5.A). 

Similarly, aging-associated markers such as p21, p16 and p53 were all significantly elevated not 

only in the Progerin-expressing cells, but more specifically in Progerin-expressing neurons 

(MAP2/GFP-double positive) in D60 assembloids (Figure 5.B, C, D).  

Next, we explored the impact of the Progerin-expressing cells on the whole assembloid model. 

For that, we performed transcriptomic analysis with bulk RNA sequencing on assembloids 

generated from the Progerin-expressing cell line and its respective isogenic control. In both 

cases, we used the doxycycline treated (WT_DOX, PROG_DOX) and the untreated conditions 

(WT_UNTR, PROG_UNTR). Principle component analysis (PCA) plot shows the clustering of 

the samples based on their transcriptomic similarity. In this case, all the Progerin-expressing 

(PROG_DOX) samples were clustered completely separately from the rest of the samples 

(Figure 6.A). Similarly, a heatmap of the DEGs shows that the Progerin-expressing samples 

have a distinct expression pattern (Supplementary Figure 13.A). Additionally, the number of 

DEGs of assembloids with Progerin overexpression (PROG_DOX group) versus the control 

groups (PROG_UNTR, WT_UNTR, WT_DOX) was 2 or 3-fold higher (Supplementary Figure 
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13.B). These data demonstrated that assembloids with Progerin overexpression acquire a distinct 

transcriptomic profile. To explore possible aging-related transcriptomic changes, relevant to the 

human brain in the Progerin-overexpressing assembloids, we pooled the DEG lists from the 

comparisons between the Progerin-overexpressing assembloids with the controls 

(PROG_DOXvsPROG_UNTR, PROG_DOXvsWT_UNTR and PROG_DOXvsWT_DOX) 

and we compared them to the differentially expressed genes of aged human post-mortem brain 

transcriptomic data from two studies (Berchtold et al., 2008; González-Velasco et al., 2020). 

For these comparison, we extracted the significant DEGs (adj. pvalue < 0.05) that are commonly 

up or downregulated in the post-mortem and assembloid datasets (Extended data 1-4). From 

these genes we focused on the ones with a log2FoldChange higher than 2. Additionally, we 

included the expression of PNOC (foldchange = -1.34) and GMPR (foldchange = 1.72) genes. 

The expression pattern of these two genes is best associated with aging, according to González-

Velasco and colleagues (González-Velasco et al., 2020) (Figure 6.B). The aging associate genes 

VIP, SST, NRGN, NETO1, KCNAB1, GRM4, GABRA4, DRD2, DRD1, DLX6, CRH, COBL, 

CHCHD2, IER3, GMPR, COL21A1 and CHI3L1 were all significantly differentially expressed.  

Confirming the transcriptomic changes, we were also able to observe significant reduction of 

the LAMINB1 protein levels, another aging-related phenotype, in the Progerin-overexpressing 

assembloids (Figure 6.C). Finally, the β-galactosidase staining on assembloid sections, revealed 

significant higher levels of senescent cells in the Progerin-overexpressing assembloids (Figure 

6.D). Overall, we consider that these results reveal a successful induction of aging in the 

assembloid model with the inducible expression of Progerin. 

 

Neurodegeneration phenotypes in the Progerin-inducible aged assembloids 

Next, we investigated whether the Progerin-overexpressing aged assembloids, at D60 of culture, 

lead to PD relevant neurodegeneration phenotypes. First, we measured the catecholamine levels 

in the StrO tissue in assembloids from the control (WT_Untreated, WT_DOX and 

Progerin_Untreated) and aged conditions (Progerin_DOX) (Figure 7.A). Catecholamine levels 

were significantly lower in the striatum of the aged assembloid model. These data along with 

the RNA sequencing analysis, showing the clustering of all the control samples (Figure 6.A), 

demonstrates a similar phenotype between the 3 control conditions. Therefore, in the following 

experiments we only compared assembloids generated from the Progerin line without 
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doxycycline treatment (Progerin_Untreated) with assembloids from the same line with 

doxycycline supplementation for inducing the Progerin overexpression (Progerin_DOX). 

KEGG and GO enrichment analysis from the bulk RNA sequencing transcriptomic data 

revealed significant dysregulation of synaptic and DA transmission related pathways (Figure 

7.B), with the majority of the responsible genes to be downregulated in the Progerin-

overexpressing assembloids (Supplementary Figure 14.A-E). To confirm these results at the 

protein level, we performed Western blotting for the postsynaptic protein Gephyrin and the 

presynaptic proteins VAMP2 and Synaptotagmin1 (SYN). Importantly, the three of them were 

significantly downregulated in Progerin-overexpressing assembloids (Figure 7.C-E).  

Loss of TH positive dopaminergic neurons which leads to striatal DA depletion is the key 

characteristic of PD (Chung et al., 2020). The lower catecholamine levels detected in the striatal 

compartment of aged assembloids, is a first indication that this pathology hallmark is 

recapitulated in the aging model. To further substantiate this finding, we assessed the levels of 

TH protein in the Progerin-overexpressing assembloids via Western blotting. Consistent with 

the electrochemical measurements, also the TH protein levels are reduced upon induced aging 

(Figure 7.F). Finally, we investigated the integrity of the dopaminergic neuronal population 

within the assembloid model. Strikingly, this revealed an increase in the fragmentation of 

neurites from TH positive dopaminergic neurons, which is an early sign of degeneration (Figure 

7.G-H). The TH fragmentation was calculated using our automated image analysis method 

(Bolognin et al., 2019). Altogether, these data suggest that there is indeed an early loss of 

dopaminergic neurons’ function in induced aged assembloids that mimics early stages of PD 

pathology. Accordingly, this new model could be very valuable to investigate early alterations 

during the onset and progression of PD. 

 

 

Discussion 

In this study, we developed a midbrain-striatum assembloid model that resembles the 

physiological nigrostriatal pathway connectivity. This model represents a relevant tool for the 

investigation of PD. To date, most studies on PD research with advanced cellular 3D models 

are based on the use of midbrain organoids (Becerra-Calixto et al., 2023; H. Kim et al., 2019; 

Monzel et al., 2017; Smits et al., 2019). Although these organoids have proven to be an excellent 
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tool for studying the dopaminergic neurons’ vulnerability in different PD-related conditions, 

they are not able to recapitulate the dysregulated connectivity in the nigrostriatal pathway, which 

is crucially affected in PD (Fuxe et al., 2006; Singh et al., 2015). For the reconstruction of the 

nigrostriatal pathway connectivity, here we show the generation of a midbrain-striatum 

assembloid model that retains the identity of the two regions with the expression of midbrain 

and striatum specific markers respectively.  

Single nuclei RNA sequencing analysis further revealed the identity specificity of MOs and 

StrOs, while the assembloid model demonstrated the preservation of cellular populations from 

both organoids, with additionally the identification of A9 and A10 dopaminergic neuronal 

clusters that are not clearly detected in our MOs dataset. A9 dopaminergic neurons were 

revealed by the high expression of KCNJ6 that encodes GIRK2 protein (H. Li et al., 2022), 

while expression of OTX2 was found only in the A10 cluster. OTX2 encodes a transcription 

factor that is crucial for the specification of the A10 dopaminergic neurons (Grealish et al., 

2014). In parallel, the MSN population in the assembloid model is specified by the co-

expression of ARPP21and PPP1R1B, a strong indication of an MSN identity (Ivkovic & 

Ehrlich, 1999; Straccia et al., 2015), which is not evident in the StrOs dataset where only 

ARPP21 expression was found. This illustrates that the assembloid model, probably through a 

functional communication between both regions, favours the further specification of the 

midbrain dopaminergic neurons as well as the MSNs of the striatum.  

Enrichment analysis of the DEGs between assembloids and MOs, and assembloids and StrOs, 

revealed the upregulation of genes related to developmental neurogenesis, axonal guidance, and 

neuronal maturity. In line with the importance of brain’s interregional communication in 

neuronal maturity and functionality (Qin et al., 2015; Voytek & Knight, 2015), it is possible that 

neurogenesis and neuronal maturity are promoted by the interactions formed between midbrain 

and striatal neurons in the assembloid model. These observations align with another study in 

cortico-thalamic assembloids, where neuronal maturity was observed in the assembloid level 

compared to individual organoids (Xiang et al., 2019). Moreover, this assumption is further 

supported by the reduced expression of cellular and oxidative stress related genes in midbrain-

striatum assembloids, as elevated stress levels in cerebral organoids have been linked with 

impaired cellular maturity (Bhaduri et al., 2020). 
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Nigrostriatal pathway connectivity and functionality are also confirmed in assembloids, with 

the formation of active synapses between midbrain and striatal neurons and the release of 

catecholamines from the midbrain to striatum. This is specifically important, as the 

catecholamine DA release in the dorsal striatum from the SNpc dopaminergic neuronal axons 

is the major functionality of the nigrostriatal pathway and it is crucial for behaviour and 

movement control (Aarts et al., 2011; Sulzer et al., 2016).  

A limitation of iPSC-derived organoid models in the research of age-related neurodegenerative 

diseases is that their developmental nature lacks the aging-specific phenotypes (Simpson et al., 

2021). Since aging is the major risk factor in PD, we aimed to model this aspect in midbrain-

striatum assembloids. To achieve this, we leveraged the overexpression of Progerin for 

introducing aging characteristics to our model. Similar approach has been previously described, 

where transient Progerin overexpression in iPSC derived dopaminergic neurons resulted in 

aging and neurodegeneration phenotypes (Miller et al., 2013). In our approach for Progerin 

overexpression, we used iPSCs carrying a Progerin transgene under the control of the Tet-On 

system (Gabassi et al., In Preparation), where doxycycline supplementation is essential for the 

inducible expression. Our optimised concentration of doxycycline for Progerin overexpression 

can be safely used in our system, as it does not affect the viability and metabolic activity in 

assembloids, and it does not introduce major changes in their transcriptome profile. Progerin 

overexpression was achieved in approximately half of the cells in doxycycline treated 

assembloids carrying the Progerin transgene, creating a mosaic Progerin-overexpressing model. 

In this mosaic model, we found that Progerin-overexpressing cells acquire aging characteristics 

compared to the non-Progerin-expressing cells. Some of these characteristics are the increased 

levels of DNA double strand breaks marked with the double positive H2AX-53BP1 nucleus foci 

(Shibata & Jeggo, 2020). Moreover, Progerin-overexpressing cells and neurons had 

significantly higher levels of p21CIP1, p53 and p16INK4A.  The upregulation of these three proteins 

has been shown to be associated with cellular senescence and aging (Kumari & Jat, 2021; 

Wagner & Wagner, 2022).  

To assess how Progerin-overexpressing cells affect the whole assembloid model we performed 

transcriptomic analysis with bulk RNA sequencing. Clustering of the data based on their 

transcriptomic similarity and the differential gene expression revealed a distinct transcriptomic 

profile for assembloids with Progerin overexpression. To investigate whether there are aging-
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related transcriptomic differences we performed a benchmarking analysis with the use of human 

brain post-mortem transcriptomic data from aged individuals (Berchtold et al., 2008; González-

Velasco et al., 2020). An aging-related transcriptomic profile was observed in Progerin-

overexpressing assembloids, with the identification of aging-related genes with a common 

expression pattern between assembloids and human brain post-mortem data. Noteworthy, 

Progerin assembloids DEG showed PNOC downregulation and GMPR upregulation, that were 

found to correlate best with the biological age of the human brain post-mortem data (Velasco et 

al., 2020). Significantly upregulated genes found in Progerin assembloids have also been 

associated with aging and neurodegeneration. Specifically, higher expression of CHI3L1 has 

been linked to aging and neurodegeneration (Moreno-Rodriguez et al., 2020; Sanfilippo et al., 

2019), COL21A1 upregulation has been correlated with Alzheimer’s disease (AD) (Kong et al., 

2009) and IER3 gene has been implicated in cellular stress response and it is upregulated in 

inflammatory conditions (Arlt & Schäfer, 2011). From the significant downregulated genes, 

PNOC and VIP are associated with inhibitory neurotransmission in GABAergic neurons and are 

both significantly downregulated in human aged brains (Loerch et al., 2008). SST and CRH 

downregulation has been found in aging brain but also in AD genetic signature (Berchtold et al., 

2013; Loerch et al., 2008; Peng et al., 2021). Similarly, downregulation of NRGN expression 

correlates with higher density of amyloid plaques in post mortem brains of AD patients (Sun et 

al., 2021). GRM4 which encodes for the Glutamate Metabotropic Receptor 4 has also been found 

to be reduced in the prelimbic of aged rats (Hernandez et al., 2018). KCNAB1 and GABRA4 

have a positive co-expression with BDNF which shows gradual downregulation in aging human 

prefrontal cortex (Oh et al., 2016). Additionally, DRD1 and DRD2 DA receptors’ 

downregulation correlates with brain aging (Lubec et al., 2021). Both receptors are crucial for 

DA signalling in the striatum, and their reduced expression can be linked to motor and cognitive 

abnormalities (Hemby et al., 2003). DLX6 encodes an important transcription factor for the 

regulation of GABAergic neurons (Lombares et al., 2019) and therefore its downregulation 

could be associated with aging. NETO1 is essential for the regulation of the connectivity of 

glutamatergic neurons (Orav et al., 2017; Straub et al., 2011) and its downregulation could cause 

dysfunction in synaptic circuits. Reduction of COBL has be linked with reduced dendrite 

arborisation (Ahuja et al., 2007). Lastly, downregulation of CHCHD2 could be associated with 

the aging brain and development of PD, as studies have shown that mutations in this gene are 
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tied to dysfunctional mitochondria (Kee et al., 2021; Meng et al., 2017), while at the same time 

reduction of CHCHD2 mRNA levels has been found in erythrocytes of PD patients (Liu et al., 

2021). The aging phenotype observed in the transcriptomic profile of the Progerin-

overexpressing assembloids was further validated by the significant reduction of the LAMINB1 

protein levels and the significant increase in senescence-activated β-galactosidase positive 

areas. Both these phenotypes have been considered hallmarks of aging and senescence (Dodig 

et al., 2019; Matias et al., 2022; Miller et al., 2013). 

Many of the genes mentioned previously are not only related to aging but also to 

neurodegenerative diseases such as AD and PD, highlighting the interconnected relationship 

between aging and neurodegeneration. Synaptic dysfunction in the aging brain is one of the 

major promoters of neurodegeneration (Azam et al., 2021; Buss et al., 2021; Talyansky & 

Brinkman, 2021). Dysregulation of synaptic and DA neurotransmission pathways revealed in 

the transcriptomic data of Progerin-overexpressing assembloids, was further validated by the 

downregulation of the post-synaptic protein Gephyrin, an important scaffolding protein that 

regulates the organisation of post-synapses in striatal GABAergic neurons (Choii & Ko, 2015), 

and the pre-synaptic proteins VAMP2 and Synaptotagmin1. VAMP2 regulates the fusion of 

synaptic vesicles and neurotransmitter release through the SNARE complex (Yan et al., 2022) 

and Synaptotagmin1 is an essential Ca2+ sensor for the fast release of DA (Banerjee et al., 2020, 

2022). In parallel, catecholamine measurements showed significantly lower catecholamine 

levels in the striatum of the Progerin-overexpressing assembloids, indicating dysregulation of 

DA release in the aged-induced model, a PD-relevant phenotype (Jiang et al., 2019). These 

results reveal a defective synaptic and DA release system in Progerin-overexpressing 

assembloids. 

Moreover, low TH protein levels in Progerin-overexpressing assembloids could be linked to 

dysregulated DA synthesis system and the presence of vulnerable dopaminergic neurons. TH is 

the key enzyme of DA synthesis (Daubner et al., 2011). Lower TH protein levels have been 

previously observed in surviving dopaminergic neurons of PD patients, indicating their 

vulnerability to the disease (Kastner et al., 1993). Moreover, loss of TH activity followed by TH 

protein decline has been linked to DA deficiency in PD (Tabrez et al., 2012). Additionally, 

quantification of the fragmentation index of the TH+ neurites revealed that dopaminergic 

neurons in the age-induced assembloids are more fragmented, demonstrating a degeneration 
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phenotype prior to their neuronal death (Lin et al., 2016). The axonal fragmented phenotype has 

been previously described in iPSC-derived PD neuronal models (Kouroupi et al., 2017). These 

results support that our age-induced assembloids display an early PD-relevant 

neurodegeneration phenotype, with dysregulation in the DA synthesis and release systems 

indicative of axonal degeneration preceding the eventual loss of dopaminergic neurons’ soma, 

in retrograde fashion as typically observed in PD (Cheng et al., 2011; Chu et al., 2012; L. H. Li 

et al., 2009; Miwa et al., 2005). 

The here presented age-induced midbrain-striatum assembloid model offers new possibilities 

for PD research. Given the crucial role of aging in PD development, it is imperative to diligently 

consider its influence when studying the disease's phenotypes through in vitro models. By 

incorporating aging characteristics in cellular models derived from PD patient cell lines, we can 

more accurately recapitulate the disease state of patients and unveil cellular dysfunctionalities 

that remain unnoticed in the current developmental models. Studies with cell lines sourced from 

PD patients in the future will provide further insights into the model’s robustness and its 

potential applications in personalised medicine.   
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Figure Legends 

Figure 1: Generation of midbrain-striatum assembloid model with identity specificity. A. 

Schematic representation of the assembloid model generation. B. Representative confocal image 

of a 70 μm assembloid section immunostained with Hoechst, FOXA2 visible in the MO side 

and CTIP2 visible in the StrO side of the assembloid. GFP fluorescence is intrinsic in the 

midbrain part of the assembloids. C. Representative confocal image of a 70 μm assembloid 

section immunostained with Hoechst and ASCL1 visible in the StrO side of the assembloid. 

GFP fluorescence is intrinsic in the MO part of the assembloids. D. Representative confocal 

image of a 70 μm assembloid section immunostained with Hoechst and CORIN visible in the 

MO side of the assembloid. GFP fluorescence is intrinsic in the midbrain part of the 

assembloids. E. Representative confocal image of a 70 μm assembloid section immunostained 

with Hoechst and TH visible in the MO side of the assembloid. GFP fluorescence is intrinsic in 

the midbrain part of the assembloids. F. Representative confocal image of a 70 μm assembloid 

section immunostained with Hoechst and DARPP32 visible in the StrO side of the assembloid. 

GFP fluorescence is intrinsic in the midbrain part of the assembloids. G. Representative 

brightfield image of an assembloid in a well of the 48-well MEA plate. Plots showing the 

quantification of the Number of Spikes, Inter-spike Interval in seconds and the Burst Frequency 

in Hz between assembloids generated from two independent human WT cell lines. The data in 

the plots represent recordings of individual assembloids for the culture periods D32 to D43, 

from 3-4 batches. Batch correction was applied by normalising each value to the mean of the 

values for each batch. Outliers were calculated in GraphPad Prism using the ROUT method Q 

1%. Two-sided Wilcoxon test was performed in R 4.2.2. 

 

Figure 2: Single nuclei RNA sequencing analysis in the assembloid model. A. UMAP 

embedding of the different cellular clusters in assembloids. B. Percentage of the cellular 

composition in the assembloid model. C. Unsupervised hierarchical clustering of cell clusters, 

using the average expression with Z-score normalisation of the top 500 most variable genes. D. 

Spearman’s correlation between the different cell types in assembloids.  E. Enriched pathways 

identified by Metacore using the DEGs between assembloid and MO, and between assembloid 

and StrO, after integration of the three datasets with the Seurat workflow. F. Plot showing the 

number of genes that were identified in the enrichment of the “Developmental Neurogenesis 
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and Axonal guidance” pathway in both comparisons Assembloid vs MO and Assembloid vs 

StrO. G. Barplot showing the upregulation of neuronal maturity related genes in both DEG lists, 

of Assembloid vs MO and Assembloid vs StrO.  

 

Figure 3: Midbrain-Striatum assembloids develop nigrostriatal pathway connectivity. A. 

Representative microscopic images of a whole assembloid (4X objective) and of ROI, observed 

with fluorescence microscopy (25X objective). The assembloid was immunostained with 

Hoechst and TH. The ROI (right panel) shows the GFP+/TH+ neuron’s soma in the MO-GFP 

side of the assembloid with TH+ projection towards the striatum side in the different planes 

along the Z stack (Z.190-280). White arrowheads show the progression of the TH+ projection 

in images from the different planes. 3D reconstruction of the neuron across the planes shows 

the complete TH+ neuronal projection. B. Bar pot showing the electrochemical measurements 

in tissue in StrOs and in the StrO side of the assembloid model at D30. Welch’s t-test was 

performed, StOs n=8, StrOs in assembloid n=9, where n is the average measurements in one 

organoid or assembloid, for three batches, generated from the same line (390, see 

Supplementary Table 1). Error bars represent mean ± SD. Data were plotted in GraphPad Prism 

9.0.0. *p<0.05, **p<0.01, ***p<0.001. C. Schematic representation of the Rabies 

monosynaptic tracing experiments in midbrain-striatum assembloids. D. Representative 

confocal image of 70 μm assembloid section showing the GFP and RFP positive cells from the 

LV-GP-TVA-GFP and RBV-ΔG-EnvA-RFP infections respectively. The GFP signal in the 

StrO side of the assembloid is coming from the LV-GP-TVA-GFP infection, while GFP 

fluorescence in the MO side of the assembloid is cell intrinsic. White arrowheads indicate the 

RFP positive signal in the MO side, and the RFP/GFP positive signal in the StrO side of the 

assembloid. E. Representative confocal images of 70 μm assembloids sections showing the MO 

sides of the assembloids with GFP and RFP positive cells from the cell intrinsic GFP expression 

and RBV-ΔG-EnvA-RFP infections respectively and immunostained with Hoechst and TH. 

Zoomed in regions (indicated by the white squares) show the TH+/RFP+ colocalization in the 

midbrain side of the assembloids. 

 

Figure 4: Optimisation of the Progerin-overexpression in the assembloid model. A. 

Schematic representation of the assembloid model generation using the Progerin cell line for the 
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inducible overexpression of Progerin after doxycycline supplementation. B. FACs data showing 

the % of the GFP positive signal measured in live cells of dissociated assembloids, treated with 

different doxycycline concentrations (Progerin_0_Dox = Untreated, Progerin_1_Dox = 1 ng/μl, 

Progerin_2_Dox = 2 ng/μl, Progerin_4_Dox = 4 ng/μl). One-way ANOVA, with Tukey’s 

multiple comparison test was performed in R 4.2.2. For all conditions n = 3 with each point 

representing the average of two technical replicates per batch for 3 batches. *p<0.05, **p<0.01, 

***p<0.001. C. Western blot for Progerin protein levels in assembloids treated with the different 

doxycycline concentrations. One-way ANOVA, with Tukey’s multiple comparison test was 

performed in R 4.2.2. Error bars represent mean ± SD. For all conditions n =3 with each point 

representing 3-4 polled assembloids per batch, for 4 batches. *p<0.05, **p<0.01, ***p<0.001. 

Batch correction was applied by normalising each value to the mean of the values for each batch. 

Outliers were calculated in GraphPad Prism using the ROUT method Q 1%. 

 

Figure 5: Progerin-overexpressing cells with aging characteristics in the assembloid 

model. A. Immunofluorescence staining quantification of the H2AX and 53BP1 positive 

nuclear foci voxels normalised to the total nucleus voxels in 70 μm Progerin-overexpressing 

assembloid sections from D30 and D60 cultures.  For D30 data, Welch’s t-test was performed 

with n = 9 for both conditions where each point represents one section per assembloid per batch 

for 3 batches. For D60 data two-sided Wilcoxon test was performed with n = 12 for both 

conditions where each point represents one section per assembloid per batch for 4 batches. 

*p<0.05, **p<0.01, ***p<0.001. B. Immunofluorescence staining quantification of the P16 

voxels normalised to the total nucleus voxels, and P16 and MAP2 double positive voxels 

normalised to the total MAP2 voxels in 70 μm Progerin-overexpressing assembloid sections 

from D60 cultures. Two-sided Wilcoxon test for both plots was performed, with n = 11 where 

each point represents one section per assembloid per batch for 4 batches. *p<0.05, **p<0.01, 

***p<0.001. C. Immunofluorescence staining quantification of the P21 voxels normalised to 

the total nucleus voxels, and P21 and MAP2 double positive voxels normalised to the total 

MAP2 voxels in 70 μm Progerin-overexpressing assembloid sections from D60 cultures. 

Welch’s t-test and two-sided Wilcoxon test was performed respectively, with n = 12 for both 

conditions where each point represents one section per assembloid per batch for 4 batches. 

*p<0.05, **p<0.01, ***p<0.001. D. Immunofluorescence staining quantification of the P53 
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voxels normalised to the total nucleus voxels, and P53 and MAP2 double positive voxels 

normalised to the total MAP2 voxels in 70 μm Progerin-overexpressing assembloid sections 

from D60 cultures. Welch’s t-test and two-sided Wilcoxon test was performed respectively, with 

n = 12 for both conditions where each point represents one section per assembloid per batch for 

4 batches. *p<0.05, **p<0.01, ***p<0.001. In all plots batch correction was applied by 

normalising each value to the mean of the values for each batch. Outlier removal was performed 

based on the Inter-Quartile Range (IQR) proximity rule. Data were plotted in R 4.2.2. 

 

Figure 6: Evident aging phenotype in the Progerin-overexpressing assembloid model. A. 

PCA plot of the two first principal components on the gene expression value (FPKM) of all 

samples. Each sample represents data from 4 pooled assembloids from one batch. B. Plot 

showing the log2 fold change of significant differentially expressed genes between Progerin-

overexpressing assembloids (PROG_DOX) and control (WT_UNTR, WT_DOX, 

PROG_UNTR) samples. This list of genes was extracted after the comparison of the assembloid 

data with post mortem human brain data (Berchtold et al., 2008; González-Velasco et al., 2020). 

C. Western blot showing the protein levels of LAMINB1 normalised to H3 housekeeping 

protein and batch corrected by normalising to the mean of the values for each batch. Outliers 

were calculated in GraphPad Prism using the ROUT method Q 1%. One-way ANOVA, with 

Tukey’s multiple comparison test was performed. For all conditions n = 4 with each point 

representing 3-4 pooled assembloids per batch, for 4 batches. Error bars represent mean ± SD. 

Data were plotted in GraphPad Prism 9.0.0. *p<0.05, **p<0.01, ***p<0.001. D. β-galactosidase 

staining for all the different assembloid conditions. Positive β-galactosidase areas were 

measured with ImageJ and normalised to the area of the section in each image and batch 

corrected by normalising to the mean of the values for each batch. Kruskal-Wallis test with 

Benjamini-Hochberg correction and Dunn’s multiple comparison test was performed. For all 

conditions n = 6 with each point representing one section per assembloid, per batch, for 3 

batches. *p<0.05, **p<0.01, ***p<0.001. Batch correction was applied by normalising each 

value to the mean of the values for each batch. Outlier removal was performed based on the 

Inter-Quartile Range (IQR) proximity rule. Data were plotted in R 4.2.2. 
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Figure 7: Early neurodegeneration phenotypes in Progerin-overexpressing assembloids. 

A. Bar blot showing the electrochemical measurements in the StrO side of assembloids from the 

different conditions at D60. One-way ANOVA with Tukey’s multiple comparison test was 

performed. For all conditions n = the mean of measurements from 5 different positions in 3-4 

assembloids per batch for 3 batches (WT_Untreated n = 11, WT_DOX n = 10, 

Progerin_Untreated n = 11, Progerin_DOX n = 9). Error bars represent mean ± SD. B. KEGG 

and GO pathway enrichment analysis of the DEGs between PROG-DOX and PROG_UNTR 

samples. C. Western blot for the protein levels of VAMP2 normalised to β-Actin. D. Western 

blot for the protein levels of Synaptotagmin1 (SYN) normalised to β-Actin. E. Western blot for 

the protein levels of Gephyrin normalised to β-Actin. F. Western blot for the protein levels of 

TH normalised to β-Actin. G. Representative confocal image of the MO side of a 70 μm 

Progerin-overexpressing assembloid section with TH and Hoechst immunostaining. The white 

square indicates the zoomed in region showing a representative image of a fragmented TH+ 

neurite. H. Plot showing the TH fragmentation index as quantified by our neuronal skeleton 

quantification approach with MATLAB (Bolognin et al., 2019). Welch’s t-test was performed 

with n = 8 for each condition, where each point represents the average of 3-5 sections per 

assembloid per batch, for 4 batches. In all plots batch correction was applied by normalising 

each value to the mean of the values for each batch. *p<0.05, **p<0.01, ***p<0.001. For C-F 

plots, Welch’s t-test was performed in each plot with n = 7 for each condition, where each point 

represents 3-4 pooled assembloid per batch, for 7 batches. Outliers were calculated in GraphPad 

Prism 9.0.0 using the ROUT method Q 1%. Error bars represent mean ± SD. For plot H, data 

were plotted in R 4.2.2 and outlier removal was performed based on the Inter-Quartile Range 

(IQR) proximity rule. 
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Supplementary Figure Legends 

Supplementary Figure 1: Characterisation of iPSC and NESC lines with 

immunofluorescence staining. iPSCs and NESCs were immunostained for the detection of 

pluripotent and neuroepithelial stem cell markers respectively. A. iPSCs of the 200 cell line 

were immunostained for SSEA-4, NANOG, OCT4 and Hoechst. B. iPSCs of the 201 cell line 

were immunostained for SSEA-4, OCT4, NANOG, TRA1-60 and Hoechst. C. iPSCs of the 389 

and 390 cell lines were immunostained for SSEA-4, OCT4 and Hoechst. D. iPSCs of the 389 

and 390 cell lines were immunostained for NANOG, TRA1-60 and Hoechst. E. NESCs of the 

201 and 200 cell lines were immunostained for PAX6, NESTIN and Hoechst. These lines were 

previously genetically engineered for the intrinsic expression of GFP. F. NESCs of the 201 and 

200 cell lines were immunostained for SOX1, SOX2 and Hoechst. These lines were previously 

genetically engineered for the intrinsic expression of GFP. G. NESCs of the 389 and 390 cell 

lines were immunostained for PAX6, SOX2, NESTIN and Hoechst.  

 

Supplementary Figure 2: Different conditions used for the generation of striatum 

organoids. A-D. Schematic representation of the different steps in the differentiation process of 

StrOs generation in the condition C4 (A), in the condition C3 (B), in the condition RA (C) and 

in the condition SR (D).  

 

Supplementary Figure 3: Striatum organoids characterisation. A. qPCR plots showing the 

relative expression of progenitor markers specific to the LGE and striatum brain regions. For 

FOXG1, ASCL1, GSX2 and CTIP2, Kruskal-Wallis test with Benjamini-Hochberg correction 

and Dunn’s multiple comparison test was performed. For FOXP1 and FOXP2, one-way 

ANOVA, with Tukey’s multiple comparison test was performed. B. qPCR plots showing the 

relative expression of progenitor markers specific to the MGE region of the brain. For NKX2.1, 

Kruskal-Wallis test with Benjamini-Hochberg correction and Dunn’s multiple comparison test 

was performed. For OTX2, one-way ANOVA, with Tukey’s multiple comparison test was 

performed. C. qPCR plots showing the relative expression of striatum specific markers. For 

DARPP32, one-way ANOVA, with Tukey’s multiple comparison test was performed. For 

DRD1 and DRD2, Kruskal-Wallis test with Benjamini-Hochberg correction and Dunn’s 

multiple comparison test was performed. D. Western blot showing the protein levels of 
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DARPP32 in the different conditions of StrOs. One-way ANOVA, with Tukey’s multiple 

comparison test was performed. E. Western blot showing the protein levels of DRD1 in the 

different conditions of StrOs. One-way ANOVA, with Tukey’s multiple comparison test was 

performed. F. Western blot showing the protein levels of DRD2 in the different conditions of 

StrOs. One-way ANOVA, with Tukey’s multiple comparison test was performed. G. Western 

blot showing the protein levels of GAD65 in the different conditions of StrOs. One-way 

ANOVA, with Tukey’s multiple comparison test was performed. For all plots, n = 3-5, where 

each point is one sample of pooled 6-8 pooled organoids, from 3-5 batches. *p<0.05, **p<0.01, 

***p<0.001. qPCR data were normalised to ACTINB expression and fold change to the C4_D35 

condition was calculated. For the western blots, data were normalised to β-Actin levels and 

batch correction was applied by normalising each value to the mean of the values for each batch. 

Error bars represent mean ± SD. In all plots, outliers were calculated in GraphPad Prism using 

the ROUT method Q 1%. Data were plotted in GraphPad Prism 9.0.0. 

 

Supplementary Figure 4: Co-culture media optimisation for the assembloid model. A. 

Schematic representation of the protocol used for the generation of assembloids. B. Table 

showing the different media that were tested for the optimisation of the co-culture condition. C. 

Immunostaining of MO 70 μm sections for the expression of TH, cultured for 20 days in the 

different co-culture conditions. Images were acquired with the Yokogawa high content imaging 

microscope. Kruskal-Wallis test with Benjamini-Hochberg correction and Dunn’s multiple 

comparison test was performed. N = 6, where each point represents the average of 2 sections 

per organoids per batch, for 3 batches. Batch correction was applied by normalising each value 

to the mean of the values for each batch.  *p<0.05, **p<0.01, ***p<0.001, ****p<0.001. Outlier 

removal was performed based on the Inter-Quartile Range (IQR) proximity rule. Data were 

plotted in R 4.2.2. 

 

Supplementary Figure 5: Immunostaining for TH in assembloids cultured in the different 

co-culture conditions. 70 μm assembloid sections cultured for 20 and 35 days in the different 

co-culture and StrO conditions, were immunostained with TH and Hoechst for the quantification 

of the TH positive cells. Images were acquired with the Yokogawa high content imaging 

microscope. Kruskal-Wallis test with Benjamini-Hochberg correction and Dunn’s multiple 
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comparison test was performed. N = 6-9, where each point represents one section, per 

assembloid, per batch, for 3 batches. In all plots batch correction was applied by normalising 

each value to the mean of the values for each batch. *p<0.05, **p<0.01, ***p<0.001. Outlier 

removal was performed based on the Inter-Quartile Range (IQR) proximity rule. Data were 

plotted in R 4.2.2. 

 

Supplementary Figure 6: Immunostaining for DARPP32 in assembloids cultured in the 

different co-culture conditions. 70 μm assembloid sections cultured for 20 and 35 days in the 

different co-culture and StrO conditions, were immunostained with DARPP32 and Hoechst for 

the quantification of the DARPP32 positive cells. Images were acquired with the Yokogawa 

high content imaging microscope. Kruskal-Wallis test with Benjamini-Hochberg correction and 

Dunn’s multiple comparison test was performed. N = 6-9, where each point represents one 

section, per assembloid, per batch, for 3 batches. In all plots batch correction was applied by 

normalising each value to the mean of the values for each batch. *p<0.05, **p<0.01, 

***p<0.001. Outlier removal was performed based on the Inter-Quartile Range (IQR) proximity 

rule. Data were plotted in R 4.2.2. 

 

Supplementary Figure 7: Markers expression in the different clusters of assembloids, 

identified by single nuclei RNA sequencing analysis. A-I. Dot plots showing the expression 

of markers specific to dopaminergic neurons (DANs) (A-B), mature neurons (C), GABAergic 

neurons (D), medium spiny neurons (MSNs) (E-F), LGE progenitors (G), radial glia cells 

(RGCs) (H) and glia progenitors (I).  

 

Supplementary Figure 8: Single nuclei RNA sequencing analysis of midbrain organoids. 

A. UMAP embedding of the different cellular clusters in MOs. B. Percentage of the cellular 

composition in MOs. C. Unsupervised hierarchical clustering of cell clusters, using the average 

expression with Z-score normalisation of the top 500 most variable genes. D. Spearman’s 

correlation between the different cell types in MOs.  E-J. Dot plots showing the expression of 

markers specific to dopaminergic neurons (E-F), GABAergic neurons (G), mature neurons (H), 

oligodendrocyte precursor cells (OPCs) (I) and radial glia cells (RGCs) (J). 
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Supplementary Figure 9: Single nuclei RNA sequencing analysis of striatum organoids. A. 

UMAP embedding of the different cellular clusters in StrOs. B. Percentage of the cellular 

composition in StrOs. C. Unsupervised hierarchical clustering of cell clusters, using the average 

expression with Z-score normalisation of the top 500 most variable genes. D. Spearman’s 

correlation between the different cell types in StrOs. E-K. Dot plots showing the expression of 

markers specific to mature neurons (E), Telencephalic progenitors (F), MSNs progenitors (G), 

dopaminergic neurons (H), GABAergic neurons and MSNs (I-J) and GABAergic interneurons 

(K). 

 

Supplementary Figure 10: Single nuclei RNA sequencing integration analysis. A. UMAP 

embedding of the integrated object, showing the predefined cellular identities in each model. B. 

Spearman’s correlation between the different cell types. C. Expression of genes related to 

cellular and oxidative stress response in assembloids compared to MOs and StrOs. Dots 

represent single cells. Two-sided Wilcoxon test was performed between assembloids-MOs and 

assembloids-StrOs. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Data were plotted in R 

4.2.2. 

 

Supplementary Figure 11: Nigrostriatal connectivity in the assembloid model. A. 

Representative confocal images of MO and StrO 70 μm sections immunostained for TH, MAP2 

and Hoechst. B. Representative light sheet microscopic image (12X objective) of a whole 

assembloid and a ROI. The assembloid was immunostained with Hoechst and TH. The ROI 

shows the GFP+/TH+ neuron’s soma in the MO-GFP side of the assembloid with TH+ 

projections towards the striatum side in the different planes (Z.236-280) along the Z stack. White 

arrowheads show the progression of the TH+ projection in images from the different planes. C. 

Representative light sheet microscopic image of a whole assembloid (4X objective) and the ROI 

(25X objective), in light sheet fluorescence microscopy. The assembloid was immunostained 

with Hoechst and TH. The ROI shows the GFP+/TH+ neuron’s soma in the MO-GFP side of 

the assembloid with TH+ projections towards the striatum side in the different planes along the 

Z stack (Z.660-755). White arrowheads show the progression of the TH+ projection in images 

from the different planes. 3D reconstruction of the neuron across the planes shows the complete 

TH+ neuronal projection. D. Schematic representation of the electrochemical measurement set 
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up in assembloids. E. Barplot showing the electrochemical measurements of catecholamines in 

tissue approximate to the MO and StrO sides of the assembloid model. Welch’s t-test was 

performed. N = 8, where each point represents the average of the 3 technical electrochemical 

measurements in the MO and StrO side respectively, in each assembloid, for 2 batches. 

Background measurement was not subtracted in these measurements. Data were plotted in 

GraphPad Prism 9.0.0. *p<0.05, **p<0.01, ***p<0.001. Error bars represent mean ± SD. F. Bar 

plot showing the electrochemical measurements of catecholamines in StrOs cultured in their 

normal conditions and StrOs cultured in pre-used media in MOs culture. Welch’s t-test was 

performed. N = 3-8, where each point represents the average measurement value with the 

background subtracted (PBS measurements) of each organoid per batch, for 3 batches. Data 

were plotted in GraphPad Prism 9.0.0. *p<0.05, **p<0.01, ***p<0.001. Error bars represent 

mean ± SD. G. Representative confocal images of a 70 μm assembloid section showing the GFP 

and RFP positive cells from the LV-GP-TVA-GFP and RBV-ΔG-EnvA-RFP infections 

respectively and immunostained with Hoechst and TH. Close up images indicated by the white 

square, show the colocalization of Rabies and TH signal in the MO side of the assembloid.  

 

Supplementary Figure 12: Toxicity assessment of doxycycline. A. Boxplot showing the 

quantification of the LDH luminescence signal normalised to the average area of assembloids. 

One-way ANOVA, with Tukey’s multiple comparison test was performed. N = 3, where each 

point represents the average of 3 technical replicates per batch, for 3 batches. Statistics show the 

pairwise comparisons of interest between the treatments in the same condition (Progerin or WT) 

and between the conditions with the same treatment. B. Boxplot showing the quantification of 

the ATP luminescence signal normalised to the average area of assembloids. One-way ANOVA, 

with Tukey’s multiple comparison test was performed. N = 3, where each point represents the 

average of two technical replicates per batch, for 3 batches. *p<0.05, **p<0.01, ***p<0.001. 

Data were plotted in R 4.2.2. 

 

Supplementary Figure 13: Differential expression gene profile in aged and young 

assembloids. A. Heatmap showing the hierarchical clustering of samples with similar 

expression patterns, after Z-score homogenisation of the expression data. B. Histogram showing 

the number of differential genes (up-regulated and down-regulated) for each comparison. 
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Supplementary Figure 14: Expression of genes relevant to the synaptic pathways in GO 

and KEGG enrichment analysis. Fold change expression of genes in Progerin-overexpressing 

assembloids (PROG_DOX) versus non-Progerin-expressing assembloids (PROG_UNTR), 

responsible for the enrichment of Dopaminergic Synapse KEGG pathway (A), Neuron to neuron 

synapses GO pathway (B), Neurotransmitter secretion GO pathway (C), Postsynapses GO 

pathway (D) and Presynapses GO pathway (E).  
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Supplementary Table 1: Cell lines used in the study. 

 

 

 

 

 

 

 

 

Lab 

identifier 
Name Sex 

Age 

of 

sampling 

Source 
Reference 

Name 
Karyotype 

201 WT 1 F - GIBCO  A13777 Normal 

200 WT 2 F 83 Reinhardt et al., 

2013 

 K7.1 Chr1-mosaic gain 

q21.2 

Chr1- gain q25.3 

389 WT M 6 Promocell NHDF  Chr20q - gain 

390 Progerin M 6 Innsbruck, Prof. 

Frank Edenhover 

NHDF 

progerin 

Chr20q - gain 



Supplementary Table 2: Primary and secondary antibodies used in Western blots. 

Antibody Source Ref.no. RRID Species Dilution 

β-Actin Cell Signaling 3700S AB_2242334 Mouse 1:20000 

LAMINB1 Abcam ab16048 AB_443298 Rabbit 1:500 

LMNA Sigma L1293 AB_532254 Rabbit 1:500 

DRD1 Abcam ab216644 AB_2941932 Rabbit 1:300 

DRD2 Abcam ab85367 AB_10674739 Rabbit 1:300 

Histone H3 Millipore 05-1341 AB_1977240 Mouse 1:20000 

TUJ1 BioLegend 801201 AB_2313773 Mouse 1:20000 

TAU Abcam ab80579 AB_1603723 Mouse 1:1000 

Synaptotagmin1 Synaptic Systems 105011 AB_2619761 Mouse 1:200 

VAMP2 Abcam ab215721 AB_2923382 Rabbit 1:1000 

TH Abcam ab112 AB_297840 Rabbit 1:600 

DARPP32 Abcam ab40801 AB_731843 Rabbit 1:400 

GAD65 R&D systems AF2247 AB_2108039 Goat 1:1000 

ECL anti-goat Santa Cruz sc-2020 AB_631728 Donkey 1:1000 

Anti-rabbit H+L 

800 
Cell Signaling 5151 AB_10697505 Goat 1:10000 

Anti-mouse H+L 

680 
Cell Signaling 5470 AB_10696895 Goat 1:10000 



Supplementary Table 3: Primary and secondary antibodies used in immunofluorescence stainings. 

Antibody Source Cat.no. RRID Species Dilution 

NESTIN BD Bioscience 611659 AB_399177 Mouse 1:600 

PAX6 Biolegend 901302 AB_2749901 Rabbit 1:300 

FOXA2 Santa Cruz sc-101060 AB_1124660 Mouse 1:100 

MASH1/ASCL1 BD Bioscience 556604 AB_396479 Mouse 1:200 

CORIN R&D systems MAB2209 AB_2082224 Rat 1:200 

TRA-1-60 Millipore MAB4360 AB_2119183 Mouse 1:50 

SSEA-4 Millipore MAB4304 AB_177629 Mouse 1:50 

NANOG Millipore AB5731 AB_2267042 Rabbit 1:200 

OCT4 Abcam ab19857 AB_445175 Rabbit 1:400 

CTIP2 Abcam ab18465 AB_2064130 Rat 1:300 

TH Abcam ab112 AB_297840 Rabbit 1:600 

MAP2 Abcam ab92434 AB_2138147 Chicken 1:1000 

SOX1 R&D systems AF3369 AB_2239879 Goat 1:100 

SOX2 Abcam ab97959 AB_2341193 Rabbit 1:200 

SOX2 R&D Systems AF2018 AB_355110 Goat 1:200 

DARPP32 Abcam ab40801 AB_731843 Rabbit 1:400 

P21 Waf1/Cip1 Cell Signaling 2946 AB_2260325 Mouse 1:200 

P16INK4a Abcam ab108349 AB_10858268 Rabbit 1:200 

P53 
Thermo Fisher 

Scientific 
MA5-12557 AB_10989883 Mouse 1:200 



H2AX Millipore 05-636-I AB_2755003 Mouse 1:200 

53BP1 Novus NB100-304 AB_10003037 Rabbit 1:200 

Anti-mouse 488 Invitrogen A21202 AB_141607 Donkey 1:1000 

Anti-mouse 568 Invitrogen A10037 AB_2534013 Donkey 1:1000 

Anti-goat 657 Invitrogen A21447 AB_2535864 Donkey 1:1000 

Anti-rabbit 647 Invitrogen A31573 AB_2536183 Donkey 1:1000 

Anti-chicken 568 Invitrogen A11041 AB_2534098 Goat 1:1000 

Anti-chicken 647 Invitrogen A21449 AB_2535866 Goat 1:1000 

Anti-mouse 488 Invitrogen A11029 AB_2534088 Goat 1:1000 

Anti-mouse 568 Invitrogen A11031 AB_144696 Goat 1:1000 

Anti-mouse 647 Invitrogen A21236 AB_2535805 Goat 1:1000 

Anti-rabbit 568 Invitrogen A11036 AB_10563566 Goat 1:1000 

Anti-rabbit 647 Invitrogen A21244 AB_2535812 Goat 1:1000 



Supplementary Table 4: Primers used in qPCRs for the striatum organoids characterization. 

 

Gene Forward Primer Reverse Primer 

DARPP32 CCTGAAGGTCATCAGGCAGT GGTCTTCCACTTGGTCCTCA 

DRD1 AGGGACATGTCTTTGGCTTCAG GGGAACAGTGTTAGCACCTGTT 

DRD2 CTGAGGGCTCCACTAAAGGAG CATTCTTCTCTGGTTTGGCG 

CTIP2 ATCCTCAGCCCCTTTTGTTT GCCGTTGTTCCTGAATTGTT 

ASCL1 GTCCTGTCGCCCACCATCTC CCCTCCCAACGCCACTGAC 

FOXG1 TGTTGACTCAGAACTCGCTGG CTGCTCTGCGAAGTCATTGAC 

FOXP1 GCAGTTACAGCAGCAGCACCTCC CAGCCTGGCCACTTGCATACACC 

FOXP2 AATGTGGGAGCCATACGAAG GCCTGCCTTATGAGAGTTGC 

OTX2 TCAACTTGCCCGAGTCGAGG CAATGGTCGGGACTGAGGTG 

NKX1.2 CGCATCCAATCTCAAGGAAT TGTGCCCAGAGTGAAGTTTG 

GSX2 ATGTCGCGCTCCTTCTATGTC ATGCCAAGCGGGATGAAGAAA 

ACTINB TCAAGATCATTGCTCCTCCTGAG ACATCTGCTGGAAGGTGGACA 



Supplementary Table 5: Genes related to cellular and oxidative stress. 

Genes Role in Cellular/Oxidative stress References 

PGK1 (Phosphoglycerate 

Kinase 1) 

A protein kinase responsible for governing mitochondrial 

activity and cell stress-triggered autophagy. Downregulation has 

been linked to oxidative stress inhibition. 

(Bhaduri et al., 2020; 

Xu et al., 2022) 

ARCN1 (Archain 1) Involvement in ER stress response. (Bhaduri et al., 2020; 

Izumi et al., 2016) 

GORASP2 (Golgi 

Reassembly Stacking 

Protein 2) 

Involvement in ER stress response. (Bhaduri et al., 2020; 

Zhang & Wang, 2018) 

TFAM (Transcription 

Factor A, Mitochondrial) 

Stress response induced by mitochondria dysfunction. (Hunt et al., 2019) 

HMGB1 (High Mobility 

Group Box 1) 

Cytokine with a role in initiating neuroinflammation. (Paudel et al., 2020) 

HMGN1 (High Mobility 

Group Nucleosome 

Binding Domain 1) 

Chromatin architectural protein. Can contribute to 

neuroinflammation. 

(Farley et al., 2022; 

Furusawa & Cherukuri, 

2010) 

SAP130 (Sin3A 

Associated Protein 130) 

It is increased in neuroinflammation.  (Y. Wang et al., 2019) 

CALR (Calreticulin) ER Ca2+ binding protein. Is activated by environmental stress. (Chen et al., 2023; 

Michalak, 2023) 

PPIA (Peptidylprolyl 

Isomerase A) 

It has a role as molecular chaperone. Increased levels in ALS. (Lauranzano et al., 

2015) 

FN1 (Fibronectin 1) Extracellular matrix glycoprotein. Increased expression in 

cellular stress response.  

(Dhanani et al., 2017) 

IL33 (Interleukin 33) Cytokine with a role in neuroinflammation.  (Sun et al., 2021; 

Zharichenko & Njoku, 

2020) 

HSPA5 (Heat Shock 

Protein Family A (Hsp70) 

Member 5) 

Upregulated under ER stress for the clearing of misfolded 

proteins.  

(Nowakowska et al., 

2020) 

LGALS1 (Galectin 1) Highly expressed during neuroinflammation.  (Aalinkeel & Mahajan, 

2016; J. Wang et al., 

2015) 

GSTP1 (Glutathione 

S−Tranferase) 

Increased levels have been associated with cancer and 

neurodegenerative diseases.  

(Allocati et al., 2018) 

MGST3 (microsomal 

Glutathione 

S−Tranferase) 

Possible role in neuroinflammation, with the production of 

LCT4 for the biosynthesis of proinflammatory LTs. 

(Fetissov et al., 2002) 

PRDX1 (Peroxiredoxin 1) An antioxidant enzyme that protects the brain against oxidative 

stress. Increased levels have been found in AD patients. 

(Kim et al., 2022; 

Szeliga, 2020) 

ATM (ATM 

Serine/Threonine Kinase) 

It is activated by oxidative stress and is important for the repair 

of DNA damage. 

(Berger et al., 2017; 

Kozlov et al., 2016) 

PRDX5 (Peroxiredoxin 5) Antioxidant enzyme, protecting cells against oxidative stress 

(similar to PRDX1). 

(Tavleeva et al., 2022; 

Yuan et al., 2004) 

SOD1 (Superoxide 

Dismutase 1) 

It is oxidative stress dependent and is upregulated during brain 

inflammation.  

(Dell’Orco et al., 2021; 

Dimayuga et al., 2007) 

GPX4 (Glutathione 

Peroxidase 4) 

It is overexpressed during ferroptosis and neuroinflammation. (Fang et al., 2023) 
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Conclusions and Perspectives 

 

The research presented in this Thesis is focused on the development and use of advanced 3D 

brain organoid and assembloid models for PD research. In contrast to the classical 2D cultures, 

DANs in MOs interact with other neurons and glia cells, creating a microenvironment that is 

physiologically relevant. The physiological resemblance of MOs with the human embryonic 

midbrain is supported by the results of Manuscript I, with the identification of shared cellular 

composition and the high correlation of their mutual genetic expression signature. Additionally, 

we illustrated the potential of MOs in PD modelling. The genetic signature of MOs derived from 

a cell line carrying the PD-relevant mutation LRRK2 p.Gly2019Ser illustrates dysregulated 

pathways known to be affected in PD. In parallel, our analysis validates the developmental 

defect of MUT MOs, that was also previously described in PD models carrying the LRRK2 

p.Gly2019Ser mutation (Smits et al., 2019; Walter et al., 2021). This study also highlights that 

the integration of the LRRK2 p.Gly2019Ser mutation into the healthy genetic background of the 

donor line can induce significant alterations in the MO's genetic expression profile, relevant to 

PD pathophysiology even from an early developmental stage, underlying the impact of a single 

mutation in the development of the pathology.  

Regardless of the thorough quality control of our samples and data during the scRNAseq 

experiment and analysis, the use of only one pair of mutant and control lines in our study, 

renders it potentially susceptible to certain technical constraints. In scRNAseq experiments, the 

procedure followed to obtain a pure population of single cells can lead to significant loss of 

sample and induce a stress-related transcriptomic profile in the purified cells. Additionally, the 

transcripts obtained from each cell are significantly less than the whole transcriptome, limiting 

the accurate representation of the biological processes and possible dysregulations (X. Li & 

Wang, 2021). Similar studies involving MOs generated from a larger cohort of patient and 

CRISPR/Cas9-engineered cell lines would be necessary to further validate our findings. 

Additionally, since LRRK2 p.Gly2019Ser mutation is considered one of the most penetrant 

mutations in PD, it would be interesting to incorporate cell lines that carry similar (such as GBA-

N370S) or different levels of penetrance (Tran et al., 2020) and evaluate the common and 

distinct transcriptomic changes in each case. These studies could help identify more specific 

dysregulated processes that might currently be masked due to technical limitations and shed 

light on general, mutation-independent transcriptomic changes that are causative of PD. 
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Despite the great potential of MOs in PD research, there are still some aspects of the disease 

that cannot be addressed. In the case of PD, neuroinflammation caused by the chronic 

activation of microglia is detrimental for the survival of neurons and contributes to accelerated 

neurodegeneration phenotypes. Due to the neuroectodermal origin of MOs, microglia cells that 

are derived from the mesoderm cannot be developed innately in the model. In Manuscript II, 

we show the successful integration of microglia into MOs and their contribution to MOs’ 

homeostasis, with the removal of dead cells and remodelling of the synaptic network. Although 

healthy microglia in MOs have an amoeboid morphology, indicative of reactivity (Torres-Platas 

et al., 2014), our analysis showed no significant signs of microgliosis driven neuronal damage 

in our model. In this case, microglia activation is likely a result of the high number of dead cells 

in the centre of the organoid, where nutrients and oxygen are scarce. In this regard, more 

efforts are needed to reduce the stress levels in 3D in vitro models. Better perfusion of oxygen 

and nutrients in the centre of organoids is a necessary step towards the optimisation of the 

model, for achieving microglia physiological morphology closer to the healthy CNS 

environment. This optimisation is essential for the utility of MO-MGL model in PD-relevant 

neuroinflammation studies, as the microglia morphological differences between healthy and 

neurodegenerative states is a crucial phenotype for assessing neuroinflammation. Some ways 

to achieve this optimisation are either with the use of a microfluidic system, where organoids 

are cultured in chips with the controlled perfusion of fresh media and oxygen (Saorin et al., 

2023), or with the vascularization of organoids (Rademakers et al., 2019), an important 

physiological system that is not present in the current brain organoid models.  

Depending on the research question, we should use the adequate model that holds the 

necessary physiological characteristics and complexity needed to address the hypothesis. In 

Manuscript III, we present the generation of a midbrain-striatum assembloid model, that can 

recapitulate the nigrostriatal pathway connectivity. This manuscript is a first attempt to generate 

an in vitro human iPSC-derived 3D model of the nigrostriatal pathway, particularly important in 

PD research, as the reasons that drive the degeneration of dopaminergic terminals in the 

striatum are understudied. Nigrostriatal pathway connectivity is demonstrated in our 

assembloid model by the release of catecholamines from the midbrain into the striatum and the 

formation of active synapses between the midbrain and striatum compartments. However, 

future studies could yield valuable insights into enhancing our understanding of the model's 

synaptic organization. Specifically, a deeper characterization could be achieved by exploring 

the visual colocalization of pre and postsynaptic markers between dopaminergic and striatal 

neurons, using fluorescent and electron microscopy. Additionally, connectivity could be further 
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addressed with electrophysiological approaches such as MEA and patch clamp. In our lab, we 

have been working on a patch clamp approach where we can stimulate one side of the 

assembloid (e.g. in the midbrain organoid) and record the activity on the other side (e.g. in the 

striatum organoid). Moreover, using MEA and micro-devices, we can place the midbrain and 

striatum organoids in specific positions and record the electrophysiological activity occurring 

between the two organoids. With these experiments we could further assess the effect of the 

interregional connectivity in the neuronal firing capacity. Finally, optogenetics coupled with 

calcium imaging is another approach that could be used to evaluate the formation of active 

neuronal circuits between the two organoids in the assembloid model. This method has been 

successfully used by Miura and colleagues, in the cortico-striatal assembloid model (Miura et 

al., 2020). 

Another important characteristic of the assembloid model that hasn’t been addressed, is the 

directionality of the neuronal projections. While with simple immunofluorescence staining we 

were able to identify the formation of dopaminergic projections from the MO (TH-positive axons) 

towards the StrO in the assembloid, the possible formation of striatal medium spiny neuronal 

projections towards the MOs has not been examined. The main marker (DARPP32) used to 

identify the MSNs population in StrOs, could not be used to visualise their axons, as it is mainly 

visible in the soma and dendrites of these neurons. More elaborate methods, such as viral 

labelling of MSNs and DANs in the assembloid, would be a targeted approach to visually 

inspect the developing neuronal projections. Similar approach was followed by Miura and 

colleagues (Miura et al., 2020), were they used viral labelling to investigate the neuronal 

projections between striatum and cortical organoids in their cortico-striatum assembloid model. 

However, this method does also come with limitations, as the generation of a viral vector 

containing gene expression elements, such as reporters and enhancers, for its targeted 

expression in specific cell types can be laborious and with low selective expression efficiency.   

In line with the further model optimisation, one limitation that needs to be considered is the 

random cellular migration between the region-specific organoids in the assembloid model. 

Although in our assembloid model the two organoids retain in a high extend their identity and 

regional specificity and integrity, we could notice some migration of GFP-positive midbrain cells 

into the striatum and specifically around the surface of the organoid. This was mostly visible 

when assembloids were embedded into geltrex, as cells tend to migrate from the organoid core 

part towards the empty space covered by geltrex. Geltrex is similar to Matrigel, they are both 

derived from the secretions of Engelbreth–Holm–Swarm mouse sarcoma cells and they are 

enriched with extracellular matrix proteins (Gargotti et al., 2018). Although geltrex can provide 
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the organoid culture with chemical cues important for cellular differentiation, adhesion, and 

spatial organisation, it is still not clear how geltrex or matrigel affects the development of 

organoids (Raz et al., 2005). Therefore, it is possible that geltrex contributes to the random 

migration observed in our model. Alternatives of geltrex, such as synthetic hydrogels could be 

specifically engineered to provide chemical cues needed for the arrangement of organoids 

towards the target tissue (S. Kim et al., 2022; Z. Li et al., 2022). In our case, using a synthetic 

hydrogel that will provide the mechanical properties and extracellular matrix elements needed 

for the organisation of the cells towards the nigrostriatal pathway arrangement, could assist the 

physiological organisation in our assembloid model. However, the generation of such hydrogels 

require exact knowledge of the extracellular matrix features and signalling pathways, necessary 

for the development and regional organisation of the cells involved in the nigrostriatal pathway 

connectivity.        

Aging is the major risk factor for developing PD and our in vitro models cannot fully recapitulate 

the dysregulated processes that occur during aging. Here, the induction of aged characteristics 

in our midbrain-striatum assembloid model with the overexpression of progerin, reveals 

synaptic dysregulation and early neurodegeneration phenotypes, relevant to PD. This is a very 

important step into the generation of iPSC-derived brain 3D models with aged characteristics. 

However, these results should be taken with caution and more studies are needed to evaluate 

the relevance with the normal human brain aging. In our study we performed a benchmarking 

analysis comparing human brain post-mortem RNA sequencing data with data from the aged 

assembloids. Although we were able to observe a common aged-relevant expression profile, 

this comparison cannot recapitulate accurately the aged profile in our model, as the post-

mortem tissue was not specific to striatum and midbrain brain regions. Studies have shown that 

aging can affect differently each brain region (Berchtold et al., 2008; González-Velasco et al., 

2020; Raz et al., 2005). Therefore, direct comparison of midbrain-striatum human post-mortem 

tissue with the progerin-overexpressing aged midbrain-striatum assembloids would be 

instrumental in examining the degree of physiological aging in our region-specific in vitro model.  

In our study we also show that p21CIP1, p53 and p16INK4A are increased in neurons that 

overexpress progerin. As discussed in 1.2 section, neuronal senescence has been shown by 

several studies in in vitro neuronal cultures and animal models. It is possible that increased 

DNA damage, an aging-related stress stimuli, can lead to senescent-like phenotypes in 

neurons (Jurk et al., 2012). However, the exact mechanism by which p21CIP1, p53 and p16INK4A 

are involved in neuronal senescence still needs to be explored. Progerin-overexpressing 

assembloids could contribute to studies on cellular and neuronal senescence. Although here 
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we show the presence of some key aging-senescent associated markers, further investigation 

on the presence of aging hallmarks such as mitochondrial and lysosomal dysfunction, and 

inflammation, would be beneficial for the further characterisation of aging and senescence in 

the model. Additionally, the use of this model to investigate aging and senescence not only on 

neurons but also on astrocytes and stem cells, would be essential to understand whether 

specific cell types are more vulnerable to aging stimuli in the brain and how this affects their 

neighbouring cells. It is also important to point out that due to the unavailability of more progerin 

cell lines, our results are based on one cell line. Subsequent investigations with the use of more 

progerin engineered lines would be advantageous to further validate the consistency of the 

aged phenotypes in our model. 

Finally, for further enhancing the complexity and physiological relevance of our model, 

microglia integration in midbrain-striatum assembloids has already been achieved in our lab 

(data not shown here). More specifically, we have optimized the co-culture conditions of 

assembloids with macrophage precursors, and similar with the MO-MGL model, we have 

achieved the successful differentiation of microglia in the assembloid model. Future studies 

using this model will enable deciphering the role of neuroinflammation on the nigrostriatal 

pathway dopaminergic axons degeneration.   

Without disregarding the limitations and needs for further improvement, in vitro models carry 

considerable prospects in advancing the development of novel therapeutic strategies aimed at 

addressing both the early and late stages of neurodegeneration. Here we show how brain 

organoid and assembloid models can evolve from the standard region-specific organoids to 

even more complex and physiological relevant structures, with better identity specificity of 

cellular populations and phenotypes of neuronal maturation. Following the assembloid 

generation strategies we can efficiently combine not only different organoids of 

neuroectodermal origin but also cell types originated from different germ layers, such as 

microglia. We show that the presence of microglia in MOs creates a more homeostatic 

environment with increased neuronal excitation and reduced expression of stress-related 

genes. On the same line, midbrain-striatum assembloids seem to also promote neuronal 

maturity with the increased expression of relevant genes. In parallel, midbrain-striatum 

assembloids can recreate neuronal circuits of the nigrostriatal pathway, rendering them an 

invaluable tool in PD studies where nigrostriatal connectivity is crucially affected. Finally, the 

ability to induce aging characteristics in these models paves the way towards studies that can 

assess the evolvement of observed developmental defects into an aged microenvironment, 
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allowing the observation of biological alterations that might contribute to onset and progression 

of PD.  

Overall, enhancing the complexity of in vitro brain models improves their physiological 

relevance to the human brain conditions. This is particularly important as it is not only necessary 

for considering all the different factors contributing to PD development but also for their efficacy 

in advancing drug discoveries and therapeutic strategies for PD. 
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