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RESUMO 

 

O cerebelo humano apresenta diversas funções em todos os organismos 

vertebrados, estando envolvido sobretudo na coordenação motora. Muitas doenças 

neurodegenerativas apresentam uma disfunção do cerebelo como marca neuropatológica 

e perda de coordenação motora como um dos principais sintomas, como é o caso das 

ataxias cerebelosas. Tudo o que se sabe atualmente sobre ataxias é baseado em estudos 

com modelos animais ou realizados em tecidos humanos recolhidos pós-morte, os quais 

não refletem as características de uma doença humana. Desta forma, é extremamente 

necessário o desenvolvimento de novos modelos de doença que consigam mimetizar o seu 

fenótipo. As células estaminais pluripotentes induzidas representam uma ferramenta 

valiosa para modelar diferentes doenças humanas in vitro. Neste trabalho, o principal 

objetivo foi gerar novas condições para diferenciar neurónios cerebelares a partir de células 

estaminais pluripotentes induzidas, que possam ser usados como modelos para as ataxias. 

Na primeira abordagem, estabelecemos um novo método para gerar neurónios cerebelares 

usando condições definidas, sem recorrer a co-culturas com outros tipos celulares. 

Adicionalmente, a manipulação de diferentes vias de sinalização foi estudada de forma a 

aumentar a eficiência do protocolo para gerar um maior número de progenitores 

cerebelares GABAérgicos bem como maior número de células de Purkinje funcionais. 

Despois da criação de uma nova metodologia para gerar neurónios cerebelares em 

condições definidas, foi feita uma translação do protocolo de forma a produzir grandes 

quantidades de células necessárias para investigação de novos possíveis fármacos bem 

como testes toxicológicos. Neste novo sistema dinâmico, conseguimos gerar agregados 

homogéneos de células estaminais pluripotentes que diferenciaram eficientemente em 

progenitores cerebelares e mais tarde maturaram em neurónios cerebelares funcionais.  
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É esperado que o presente trabalho possa contribuir para o desenvolvimento de 

novos modelos para as ataxias, de forma a facilitar o desenvolvimento de novas terapias 

bem como o estudo de mecanismos que possam estar especificamente envolvidos na 

manifestação do fenótipo, associados com o aparecimento e progresso da neuropatologia.  

 

Palavras-chave: Cerebelo, ataxia, células estaminais pluripotentes induzidas, 

diferenciação cerebelar, células de Purkinje. 
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ABSTRACT 

 

The cerebellum plays a critical role in all vertebrates, and many neurological disorders 

such as ataxias are associated with cerebellar dysfunction. A major limitation in cerebellar 

research has been the lack of adequate disease models. Human induced pluripotent stem 

cells (iPSCs) have great potential for disease modeling and provide a valuable source for 

regenerative approaches. Therefore, the main objective of this thesis was to create new 

approaches for modeling cerebellar ataxias using iPSC technology. Firstly, a highly 

reproducible methodology for generating cerebellar neurons under chemically defined and 

feeder-free culture conditions was established. Besides that, the manipulation of different 

signaling pathways was performed in order to achieve a higher number of GABAergic 

progenitors and functional Purkinje cells, which are important cerebellar neurons involved in 

cerebellar dysfunction. After the establishment of a new protocol for cerebellar 

differentiation, scalable generation of human iPSC-derived organoids using the novel PBS 

0.1 (100 mL) Vertical-Wheel single-use bioreactors was implemented. In this system, human 

iPSC-derived organoids were able to adopt cerebellar identity and mature into different 

cerebellar neurons and to survive for up to 3 months, without feeder layers.  

The presented work sets the foundation for developing new models for cerebellar 

ataxias, facilitating drug screening and the study of specific pathways involved in disease 

development and progression. 

 

 

Keywords: Cerebellum, ataxias, human induced pluripotent stem cells, cerebellar 

differentiation, Purkinje cells   
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I.1 RESEARCH SUBJECT AND AIM  
 

The cerebellum plays a critical role in the maintenance of balance and posture, 

coordination of voluntary movements and motor learning (Glickstein, 1993; McLachlan and 

Wilson, 2017; Schmahmann, 1997; Wassarman et al., 1997). Thus, a dysfunction of the 

cerebellum leads to cerebellar ataxia, a disorder characterized by severe impairment in 

motor coordination, for which no effective treatment is available (Klockgether, 2011). Most 

of the current knowledge about ataxias is based on postmortem studies and animal models 

that do not fully recapitulate the features of human disease (Manto and Marmolino, 2009a; 

Tiscornia et al., 2011). The development of new disease models is therefore an important 

unmet medical need. 

The emergence of human induced pluripotent stem cells (iPSCs) holds great promise 

for regenerative medicine and disease modeling, since they can be differentiated into most 

cell lineages of the human body (Takahashi et al., 2007). Recently, the differentiation of 

human iPSCs into cerebellar organoids was reported, in which spatial patterning and 

morphogenesis of cerebellar development was recapitulated, generating polarized 

structures reminiscent of the first trimester cerebellum (Muguruma et al., 2015). Further 

maturation to functional cerebellar neurons, including Purkinje cells and Granule cells, was 

achieved by co-culture with human fetal cerebellar slices  (Wang et al., 2015b) or mouse 

granule cells (Muguruma et al., 2015). As reported protocols for cerebellar differentiation 

involve the co-culturing systems and some variability associated with feeder cell source was 

reported (Wang et al., 2015b), the first aim of this thesis is to create a highly reproductive 

approach for generating cerebellar neurons under chemically defined and feeder-free 

culture conditions. Besides that, the described efficiency of Purkinje cell differentiation and 

further maturation is still very low. Thus, by manipulating different signaling pathways that 
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are be involved in Purkinje cell generation and functionalization, a higher number of 

GABAergic progenitors and further functional Purkinje cells can be reached.  

In fact, the ability to produce cerebellar organoids opens up new avenues for 

regenerative medicine for disorders of the cerebellum. It can be used as model to study 

disease mechanisms, leading to the discovery of novel therapeutic targets, and patient-

derived cerebellar organoids could be used to predict personalized response to drug 

treatment. Thus, our last aim is to develop the culture conditions to scale-up the production 

of size-controlled cerebellar organoids in bioreactors. Not only a greater number of 

organoids can be generated, but also the 3D maturation of the cerebellar neurons can be 

explored.  Thus, this project aims to generate innovative in vitro models for studying and 

potentially reversing cerebellar dysfunction.  
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I.2 CEREBELLUM 
 

Cerebellum is one of the most structurally conserved and elaborated region of the 

central nervous system (CNS), located in the posterior cranial fossa (Weaver, 2005). The 

involvement of this brain structure in motor functions is already well established, comprising 

the maintenance of balance and posture and the coordination of voluntary movements 

(Glickstein, 1993; Ito, 1984; Schmahmann, 1997). More recently, cerebellum has been also 

associated to non-motor functions, including auditory processing tasks (McLachlan and 

Wilson, 2017), reward expectation (Wagner et al., 2017) and other forms of emotional 

processing (Adamaszek et al., 2017). It contains significantly higher number of neurons than 

the cerebral cortex, even when cortical mass is larger and cerebellum only represents 

approximately 10% of the brain volume (Herculano-Houzel, 2010). Cerebellum is 

characterized by a well-defined structure, divided into two hemispheres with a midline vermis 

and it is organized into 3 different lobes that are divided into 10 lobules (Figure 1.1-A) 

(Marzban et al., 2015).  

Cerebellum is formed by different sets of neurons, including inhibitory gamma-butyric 

acid (GABAergic) and excitatory Glutamatergic neurons, anatomically arranged into the 

cerebellar cortex that surrounds the white matter and the cerebellar nuclei. The cerebellar 

cortex is composed by different cell layers containing several types of neurons with an 

organized arrangement. This includes the Purkinje cell layer, containing a monolayer of the 

Purkinje cell bodies, Bergmann glial cells and a lower number of Candelabrum cells; 

between the innermost dense layer of Granule cells and Interneurons (Golgi cells, Unipolar 

Brush cells, and Lugaro cells), constituting the Granular layer; and the outermost layer with 

the inhibitory Interneurons (Stellate cells and Basket cells), which is the Molecular layer 

(Figure I.1-B). On the other hand, cerebellar nuclei are constituted by three major different 

neuronal types: large glutamatergic projection neurons, mid-sized GABAergic inhibitory 
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projection neurons and small GABAergic interneurons (Hoshino, 2012; Marzban et al., 2015; 

White and Sillitoe, 2013). 

 

 

Figure I.1. Cerebellar structure. A) Superficial view of the cerebellum. The structure of mammalian cerebellum 

is characterized by the presence of two hemispheres with a midline vermis (Adapted from Butts et al., 2014). B) 

Structure of the cerebellar cortex. Sagittal and transversal view of the organization of the cerebellar cortex, with 

three different layers: Molecular, Purkinje cell and Granular layer (Adapted from Kandel et al., 2000). 

 

 

Cerebellar development 
 

During human embryogenesis, the generation of the CNS involves several crucial 

steps. It starts at an early embryonic stage, the third gestational week, and its development 

continues in the post-natal stage, up to and beyond late adolescence (Stiles and Jernigan, 

2010).  The neural induction, which is the earliest step of the neural development, occurs 

mainly by the inhibition of BMP (bone morphogenetic protein)/Nodal signaling and gives rise 

to the division of the ectoderm (Harland, 2000; Weinstein and Hemmati-Brivanlou, 1999). 

As a consequence, three different regions are formed: neural ectoderm or neural plate that 

originates the CNS; non-neuronal ectoderm, which will form the epidermis; and a region 

between neural and non-neural ectoderm, where the most part will convert to the neural 

crest (Gammill and Bronner-Fraser, 2003; Sadler, 2005). Once formed, the neural plate 
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borders elevate, neural tissue folds and forms the neural tube. When the formation of the 

neural tube is completed, a single layer of neural progenitor cells is exhibited that delineates 

the hollow center of the neural tube (Colas and Schoenwolf, 2001; Gammill and Bronner-

Fraser, 2003; Martínez et al., 2012). The regional patterning of neural progenitor cells starts 

in the most rostral identity, the “primitive identity” (Levine and Brivanlou, 2007; Stern, 2001; 

Suzuki and Vanderhaeghen, 2015; Wilson and Houart, 2004). Later, this primitive identity 

can be converted to more caudal fates by the action of some morphogens, including retinoic 

acid (RA), WNT (protein wingless) and FGF (fibroblast growth factor)  (Imaizumi et al., 2015; 

Irioka et al., 2005; Kirkeby et al., 2012). Consequently, four different regions are created 

along the rostral-caudal (R-C) axis of the neural tube: forebrain (prosencephalon), midbrain 

(mesencephalon), hindbrain (rhombencephalon) and spinal cord (Figure I.2). In addition to 

R-C axis, dorsal-ventral (D-V) direction is also determined by different concentration of 

morphogens provided by different organizing centers. For instance, while sonic hedgehog 

(SHH) is produced at the ventral side of the neural tube (Chiang et al., 1996; Martínez et al., 

2012), at the opposite side BMPs and WNTs constitute dorsal signals (Basler et al., 1993; 

Dickinson et al., 1995; Ulloa and Martí, 2010) (Figure I.2). Thus, neural tube can be 

organized into different zones along the D-V axis: roof plate (dorsal-most), alar plate (dorsal), 

basal plate (ventral) and floor plate (ventral-most) (Eiraku and Sasai, 2012; Figure I.2). 

Subsequently, different types of neural progenitors are formed with capacity to originate 

specific types of neurons and glial cells. 
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Figure I.2. Regional patterning of neural tube. Rostral-caudal (R-C) and dorsal-ventral (D-V) axis are 

determined by the action of various morphogens from different organizing centers. FP, floor plate; MHB, 

midbrain-hindbrain boundary (Adapted from Suzuki and Vanderhaeghen, 2015). 

 

During early development, when the neural tube is being regionalized, the hindbrain 

or rhombencephalon is presented as a segmental structure, containing eleven different 

rhombomeres (Andreu et al., 2014; Morales and Hatten, 2006). The cerebellum primordium, 

called “cerebellar anlage”, is originated from one of the hindbrain segments, the 

rhombomere 1 – r1 (Zervas et al., 2004), which comprises the most anterior zone of the 

hindbrain caudally to the mid-hindbrain boundary (MHB), the isthmic organizer (IsO) (Butts 

et al., 2014). This boundary appears to be maintained by the differential expression of 

transcription factors OTX2 and GBX2, which are important for the development of 

forebrain/midbrain and anterior hindbrain respectively (Broccoli et al., 1999; Millet et al., 

1999; Wassarman et al., 1997; Wurst et al., 2001). Therefore, the molecular limits of the IsO 

are delineating the rostral expression of OTX2 and caudal expression of GBX2 (Figure 1.3-

A). The organizing activity of the IsO is essentially mediated by the secretion of FGF8, which 

is strongly expressed in the MHB and its confined localization is induced by the interaction 

of different transcription factors (Chizhikov and Millen, 2013; Crossley and Martin, 1995; 
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Heikinheimo et al., 1994; Joyner et al., 2000; Wurst et al., 2001) (Figure I.3-A). For instance, 

Lim homeobox 1b (LMX1b) appears to be important for FGF8 expression, while OTX2 

induces the expression of LMX1b and consequently the repression of FGF8, LMX1b will 

trigger the expression of WNT1, which is able to stimulate neighboring cells to produce FGF8 

(Adams et al., 2000; Guo et al., 2007; Matsunaga et al., 2002; Figure I.3-B). In contrast, 

GBX2 represses LMX1b (Chizhikov and Millen, 2013). As FGF8 also triggers the expression 

of WNT1, its maximum expression is present in FGF8+ zone and decreases towards 

midbrain neuroepithelium, defining the rostral domain of MHB. In addition to WNT1, FGF8 

also mediates the expression of the homeodomain transcription factors of engrailed family 

EN1/2 that, like WNT1, have the maximum expression levels near to FGF8+ domain showing 

decreasing gradients towards hindbrain neuroepithelium (Andreu et al., 2014; Danielian and 

McMahon, 1996; Garda et al., 2001; Joyner, 1996; Martinez et al., 2013; Figure I.3-B). The 

organizing action of IsO plays an important role in the formation of the cerebellum, because 

it regulates expression of different transcription factors involved in r1 patterning (Irving and 

Mason, 2000). While OTX2 defines the rostral limit of the cerebellar territory, the caudal limit 

of the cerebellum is determined by the expression of HOX genes, particularly HOXA2, in the 

hindbrain region, also in response to FGF8 signaling from MHB (Gavalas et al., 1997; Irving 

and Mason, 2000). 
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Figure I.3. Specification of cerebellar territory. A) Distribution of the gene expression gradients within mouse 

neural tube at E11.5. Interactions between the expression gradients define the boundaries between the forebrain 

(FB), midbrain (MB) and hindbrain (HB). Red dotted arrows indicate the FGF8 expression gradients. CH, 

cerebellar hemisphere; CV, cerebellar vermis (Watson et al., 2015). B)  Molecular interactions of the major genes 

that coordinate the patterning of the midbrain/hindbrain region and cerebellar anlage specification. 

 

After cerebellar territory formation, the cerebellar anlage is divided into two germinal 

centers that originate all cerebellar neurons, the ventricular zone (VZ) and the rhombic lip 

(RL) (Marzban et al., 2015; White and Sillitoe, 2013). The VZ is characterized by the 

expression of pancreas specific transcription factor 1a (PTF1a) and gives rise to all 

GABAergic neurons seen in the adult cerebellum (Hoshino et al., 2005). In contrast, the RL 

is a source of all cerebellar glutamatergic neurons and is essentially composed by atonal 

homolog 1 (ATOH1, also known as MATH1)-expressing progenitors (MacHold and Fishell, 

2005; Wang et al., 2005). During development, cerebellar regionalization is achieved by the 

radial and tangential migration of post-mitotic neurons from the different germinal zones that 

will contribute to the final shape and size of the cerebellum (Andreu et al., 2014; Butts et al., 

2014). The appearance of a temporary layer containing ATOH1+ proliferative progenitors 

derived from RL, at the surface of the developing cerebellum (Ben-Arie et al., 1996, 1997), 

the external germinal layer (EGL), is a key feature in the cerebellar development (White and 

Sillitoe, 2013). Already at a postnatal stage, the EGL-derived granule cells differentiate and 
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migrate radially from the molecular layer across Purkinje cell layer to the final destination, 

the granular cell layer. When granule cell migration is completed the final stage of 

cerebellum foliation is observed (Marzban et al., 2015; White and Sillitoe, 2013). Thus, the 

cerebellar specification starts early in the human embryonic development, at 6 weeks with 

the emergence of cerebellar anlage, and its final cytoarchitecture is only achieved in a 

postnatal stage (Cho et al., 2011; Millen et al., 1994). 

 

GABAergic and Glutamatergic neurons of cerebellum 
 

In the CNS, the neurotransmission is essentially based on excitatory and inhibitory 

outputs from Glutamate-releasing neurons (Glutamatergic neurons) and gamma-

aminobutyric acid (GABA)-releasing neurons (GABAergic neurons), respectively. Both 

neurotransmitters are released from the synaptic terminals to activate postsynaptic 

ionotropic receptors, generating excitatory or inhibitory postsynaptic potentials. While GABA 

is synthesized in the GABAergic nerve terminal by the enzyme glutamate decarboxylase 

(GAD) and is accumulated into synaptic vesicles by the vesicular inhibitory amino acid 

transporter (VGAT) in the GABAergic neurons, for the glutamate there are no unique 

synthetic enzyme and it is accumulated into the synaptic vesicles of glutamatergic neurons 

by different specialized transporters (VGLUT1, 2 and 3) (Foster and Kemp, 2006).   

As already mentioned above, the cerebellum is composed by two major subtypes of 

neurons, GABAergic and glutamatergic. While cerebellar cortex is mostly composed by 

GABAergic neuronal subtypes, containing six GABAergic (Purkinje cells, Golgi, Lugaro, 

Stellate, Basket and Candelabrum) and only two glutamatergic subtypes (Granule cells and 

unipolar brush cells), the deep cerebellar nuclei (DCN) contain GABAergic interneurons and 

both GABAergic and glutamatergic projection neurons (Andreu et al., 2014; Wang and 

Zoghbi, 2001).  
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GABAergic neurons can be divided into two different subtypes: GABAergic projection 

neurons (Purkinje cells and nuclei-olivary neurons) and interneurons (Leto and Rossi, 2012). 

Both cell types arise from PTF1+ VZ, however the projection GABAergic neurons are 

originated from progenitors that are specified within the ventricular germinal layer, while the 

interneurons arise from a single PAX2+ proliferative progenitor population that is generated 

in the VZ but later populates the prospective white matter (PWM) (Carletti and Rossi, 2007; 

Leto and Rossi, 2012; Maricich and Herrup, 1999; Zhang and Goldman, 1996; Figure I.4). 

Purkinje cells are the first to be specified, acquiring their positional information at or shortly 

after their differentiation in the VZ (Dastjerdi et al., 2012; Hoshino, 2012). Afterward, post-

mitotic Purkinje cells migrate from VZ to a sub-ventricular zone, characterized by the 

stronger expression of LHX1/LHX5 and CORL2 (Leto et al., 2016). On the other hand, within 

the PWM, PAX2+ progenitors continue to divide and mature acquiring their final phenotypic 

choice, before migrating from the white matter to reach their final location (Leto et al., 2012). 

In this manner different cerebellar interneurons are generated including Golgi, Lugaro, 

Basket and stellate cells and DCN interneurons. The phenotype of distinct GABAergic 

interneurons is defined by their expression of different specific markers: PAX2 and 

neurogranin for Golgi neurons, parvalbumin for the molecular layer interneurons (Stellate 

cells and Basket cells), and NeuN and calretinin for DCN interneurons (Bastianelli, 2003; 

Leto et al., 2012; Singec et al., 2003).  The GABAergic Purkinje cells are the most salient 

cells of the cerebellar cortex and constitute the sole output of cerebellar cortical processing 

(Ruigrok et al., 2014). Their characteristic morphology is exhibited by a very large cell body 

and an elaborated dendritic tree (Goodlett and Mittleman, 2016). The expression of Purkinje 

cell markers is temporally dynamic, while some are selectively expressed in the embryonic 

stage, some expressed by Purkinje cells in adult, and in all cells or selectively expressed by 

Purkinje cell subsets (Dastjerdi et al., 2012; White and Sillitoe, 2013). Noteworthy, Calbindin 

is uniformly expressed by all Purkinje cells in adult (Whitney et al., 2008), as well as L7/PCP2 
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(Oberdick et al., 1990; Ozol et al., 1999), which is widely expressed in the stripes of Purkinje 

cells. In addition, IP3R and GRID2 are also specific markers for the stripes of adult Purkinje 

cells (Furutama et al., 2010; Yawata et al., 2006). On the other hand, neurogranin is 

expressed in a Purkinje cell cluster during embryogenesis but disappears in the adult 

(Larouche et al., 2006). Other marker that is expressed during cerebellar development is 

KIRREL2, also known as NEPH3, which is a GABAergic progenitor marker, being a direct 

downstream target of PTF1a that is involved in Purkinje cell fate specification (Mizuhara et 

al., 2010). 

 

Figure I.4. Specification of cerebellar GABAergic neurons. All GABAergic neurons are originated from PTF1-

a-positive progenitors in the VZ. Projection neurons are generated from precursors that proliferate and become 

specified within the VZ, whereas interneurons derive from a population originated from VZ, but afterwards 

migrate and become specified in the PWM. ML, molecular layer; PCL, Purkinje cell layer; IGL, internal granular 

layer; PWM, prospective white matter; DCN, deep cerebellar nuclei (Leto et al., 2012). 

 

Glutamatergic neurons are originated from RL, including Granule cells, unipolar brush 

cells and large DCN projection neurons. The first cerebellar glutamatergic subtype that 
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leaves the RL consists of progenitors of DNC projection neurons, which migrate to subpial 

position (Fink et al., 2006; Hoshino, 2012). In contrast, unipolar brush cells and granule cells 

leave the RL at middle to late stage of embryonic development (Consalez and Hawkes, 

2013; Hoshino, 2012; Leto et al., 2012). The postmitotic DNC projection neurons express a 

characteristic set of transcription factors, such as TBR1, IXR3, MEIS2, LHX2 and LHX9 

(Fink et al., 2006; Morales and Hatten, 2006). In contrast, TBR2 is strongly expressed in the 

unipolar brush cells (Englund, 2006). The Granule cells represent the majority of neurons in 

the entire brain, being the smallest and the most densely packed neuronal type (Goodlett 

and Mittleman, 2016; Wagner et al., 2017). The signals from this important cerebellar 

glutamatergic subtype appear to be critical for the final maturation stages of Purkinje cells, 

when extensive dendritic arbors and synapses are being developed (Baptista et al., 1994; 

Rakic and Sidman, 1973). Therefore, Purkinje cells and Granule cells seem to be the most 

important inhibitory and excitatory neurons present in the human cerebellum. 

 

I.3 CEREBELLAR ATAXIAS 
 

The dysfunction of the cerebellum is translated into ataxia, a symptom detected in 

different neurodegenerative disorders consisting in motor dysfunction, balance problems, 

and limb movement and gait abnormalities. Thus, cerebellar ataxias comprise a 

phenotypically and genotypically heterogeneous group of disorders.  

Given their heterogeneity, cerebellar ataxias can be further subdivided into sporadic, 

acquired and inherited (Anheim et al., 2012; Manto and Marmolino, 2009b). The sporadic 

ataxias usually present adult-onset progressive ataxia, in which does not exist an obvious 

familial background and both non-genetic and genetic causes should be considered 

(Klockgether, 2010). On the other hand, in acquired ataxias the genetic basis is still unclear 

and the causes are variable including stroke, immune disorders, toxicity, infectious diseases, 
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and metabolic causes (Manto and Marmolino, 2009b; Nachbauer et al., 2015).  Inherited 

ataxias comprise the autosomal recessive and dominant cerebellar ataxias. Recessive 

ataxias are multisystem disorders that are manifested mostly in children and young adults 

and are usually associated with loss of protein function (Anheim et al., 2012; Taroni and 

DiDonato, 2004). In contract, autosomal dominant ataxias, usually known as spinocerebellar 

ataxias (SCA), typically have a late-onset (usually between 30 and 50 years of age), 

involving a progressive neurodegeneration with a fatal stage (Carlson et al., 2009; Dueñas 

et al., 2006; Schöls et al., 2004). 

No cure is currently available for this group of severe disorders. Symptomatic 

treatments have been applied, but since cerebellar ataxias are very heterogeneous, 

universal treatment does not exist (Jones et al., 2014; Marmolino and Manto, 2010).  For 

restoring the cerebellar function, different approaches have been used, such as the anti-

ataxic medications using neuromodulators, motor rehabilitation therapy and non-invasive 

cerebellar stimulation (Benussi et al., 2015; Grimaldi et al., 2014). Even though patients 

showed some motor improvements using these treatments, the majority of those were 

applied only for the cases of infarction, metabolic/toxic and immune-mediated diseases and 

some cerebellar malformations (Mitoma and Manto, 2016). In contrast, for degenerative 

cerebellar ataxias, therapies are still missing, since the treatments used until now provide 

few benefits. Furthermore, most of presently used therapies are only able to promote the 

recovery at the early stages of cerebellar atrophy (Mitoma and Manto, 2016).  Therefore, 

efforts to better understand the mechanisms involved in the neuropathology of the cerebellar 

ataxias should be done in order to design new potential therapies and create effective 

treatments with proven efficacy. 
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Disease model systems for cerebellar ataxias 
 

The different model systems used until now played important role in providing 

information about the function of the cerebellum, the pathogenesis of cerebellar disorders 

and also by giving some cues about therapies for cerebellar dysfunction.  In fact, most of 

the current knowledge on neuronal phenotypes associated to neurogenerative disorders is 

based on primary cultures, animal models and immortalized cell lines (Tiscornia et al., 2011). 

The access to live brain tissue is very limited and usually unavailable in amounts appropriate 

for research. The reliability of readouts from post mortem tissues is highly variable 

depending on the post mortem interval (J Siney et al., 2018), making disease progression 

and development difficult to understand. 

To study cerebellar ataxias, a high number of animal models, including genetically 

engineered animals and those with spontaneous mutations, are used routinely in many 

laboratories (Manto and Marmolino, 2009a). The golden standard in cerebellar ataxias 

modeling are mouse models with massive Purkinje cell degeneration leading to histological 

defects and behavioral alterations (Cendelin et al., 2014; Grüsser-Cornehls and Bäurle, 

2001). Despite the fact that models of cerebellar degenerative disorders have shown some 

similarities with human disease, the observed differences have greatly limited their research 

applications (Cendelin et al., 2014). Indeed, many candidate drugs that showed promising 

results and significant effects in animal models failed to promote relevant positive effects in 

clinical trials (Bart van der Worp et al., 2010; Hackam and Redelmeier, 2006; Pound, 2004). 

The interspecies differences, human brain complexity (Clowry et al., 2010; Oberheim et al., 

2006) and disease-specific phenotypes make it difficult to accurately simulate human 

neurodegenerative diseases in animal models (Bart van der Worp et al., 2010).  

In addition to human post mortem tissues and animal models, immortalized cell lines 

are also used to model cerebellar ataxias (Nascimento-Ferreira et al., 2011; Ziv et al., 1989). 
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Immortalized human cell lines are usually used for high-throughput drug screening because 

they are easy to grow and maintain with low associated costs, and they represent a 

homogeneous population with reproducible results. However, they do not reflect accurately 

normal physiological conditions (Durnaoglu et al., 2011; Ebert and Svendsen, 2010). 

Now, alternative models have been developed based on the recent advances in stem 

cell research. First, human neural stem cell (NSCs), isolated in the 1990’s for the first time 

(Eriksson et al., 1998; Kukekov et al., 1999) have been applied to provide a more realistic 

model of human disorders (Jakel et al., 2004). However, since these cells need to be isolated 

from human tissues, they are very difficult to isolate and the available amounts are not 

sufficient (Jakel et al., 2004). Although improvements in NSCs culture and expansion have 

been done (Skogh et al., 2001), NSCs expansion is still very limited and their capacity for 

unlimited self-renewal and plasticity remains unclear (Sterneckert et al., 2014). As an 

alternative, human pluripotent stem cells (PSCs) provide a new human cell source that has 

demonstrated great potential for disease modeling, drug screening and toxicology, since 

they have unlimited in vitro expansion potential and differentiation capacity (Kropp et al., 

2017; Yamamoto et al., 2018).  

  

 

I.4 HUMAN INDUCED PLURIPOTENT STEM CELLS AS A SOURCE FOR MODELING 

NEURODEGENERATIVE DISORDERS 
 

The concept of “stem cells” was first introduced some time ago (Till et al., 1964),  and 

is now defined as a population of undifferentiated cells characterized by their ability to self-

renew and to differentiate giving rise to specialized cell types (De Los Angeles et al., 2015; 

Weissman, 2000). As different stem cells vary in their ability to differentiate into different cell 

types, they can be categorized by their differentiation potential in: totipotent, pluripotent and 

multipotent stem cells. Therefore, totipotent stem cells have the ability to generate an entire 
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organism (all embryonic and extra-embryonic cell types) and only zygote and early 

blastomeres are included in this classification. Pluripotent stem cells (PSCs) can originate 

cells from the three germ layers: ectoderm, endoderm and mesoderm. Lastly, multipotent 

stem cells, such as neural or hematopoietic stem cells, present a more restricted 

differentiation capacity, being already committed to give rise to cells of a limited spectrum of 

lineages (Durnaoglu et al., 2011; De Los Angeles et al., 2015).  

Human PSCs have great potential for modeling human diseases and development, 

due to their ability to differentiate into most if not all embryonic and adult cell lineages. 

Moreover, they can, in theory, be indefinitely expanded maintaining an undifferentiated state 

(Kropp et al., 2017). In 1981, Gail Martin in parallel to Evans and Kaufman isolated and 

cultured PSCs for the first time, the mouse embryonic stem cells (ESCs) (Evans and 

Kaufman, 1981; Martin, 1981). Only in 1998, the first human ESCs were isolated from the 

inner cell mass (ICM) of the in vitro produced human blastocysts and were expanded in vitro 

(Thomson, 1998). The reported isolation and expansion of human ESCs opened the 

possibility to perform new in vitro studies for understanding normal human embryogenesis, 

disease-associated developmental abnormalities, for drug screenings and regenerative 

medicine (Gearhart, 1998).  

Until twelve years ago, human disease-specific PSCs used for disease modeling were 

obtained from human ESCs by genetic modification of already existing ESCs or by isolation 

of human ESCs from embryos carrying monogenic disease-associated mutations detectable 

via pre-implantation genetic diagnosis (PGD) (Colman and Dreesen, 2009; Maury et al., 

2012). Genetically modified human ESCs were reported for the first time in 2004 (Urbach et 

al., 2004). However, the methods used for generating these modifications showed low 

efficiency of gene targeting. By using PGD embryos, only in few studies the disease-

associated phenotypes have been recapitulated (Maury et al., 2012). Besides that, only in 

2007, Eiges et al. were able to demonstrate novel early developmental information using 



19 
 

disease-derived human ESCs obtained from PGD embryos. Therefore, some barriers 

should be overcome in human ESC-derived disease modeling, including the limited number 

of diseases captured by PGD, inefficient methods for generating modified human ESC lines, 

ethical issues regarding the use of embryos and lack of consistency of human ESC-derived 

models. 

 

 

Induced Pluripotent stem cells (iPSCs) 
 

The development of human induced pluripotent stem cell (iPSC) technology has 

greatly improved the prospects for disease modeling and regenerative medicine. Takahashi 

and Yamanaka were the first to demonstrate the possibility to reprogram somatic cells into 

embryonic state-like cells by introducing a cocktail of four transcription factors (Octamer-

binding transcription factor 4, OCT4;  Sex determining region Y-box 2, SOX2; Krüppel-like 

factor 4, KLF4; and  v-myc avian myeolocytomatosis viral oncogene homolog; c-MYC) in 

mouse fibroblasts (Takahashi and Yamanaka, 2006). Building on their earlier report, the 

reprogramming was then applied to human cells (Takahashi et al., 2007; Yu et al., 2007).  

Takahashi and Yamanaka introduced exactly the same cocktail in human fibroblast 

(Takahashi et al., 2007). Simultaneously, Yu et al. also reported the generation of human 

iPSCs from fibroblasts, but replacing the oncogene c-MYC by a post-transcriptional 

regulator, lin-28 homolog A (LIN28) (Yu et al., 2007). In both studies, the generated human 

iPSCs showed similar proprieties to human ESCs, having the same morphology and 

proliferation capacity when cultured in vitro. Besides that, both cell types shared the same 

transcriptional and epigenetic features (Takahashi et al., 2007; Yu et al., 2007). 

Many critical issues involved in the process of generation of iPSCs influence the 

efficiency of the reprogramming and the quality of the obtained cells, including: the somatic 

cell type used for the reprogramming, the factors used to induce the pluripotency features 
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as well as the technology used to deliver these factors (Brouwer et al., 2016; Durnaoglu et 

al., 2011). For that reason, efforts to improve efficiency and quality of human iPSCs have 

been made in the last years. In addition to fibroblasts, other somatic cell sources have been 

reported (Singh et al., 2015). According to the cell type used for reprogramming, differences 

in efficiencies (Aasen et al., 2008), as well as in the tendency to form teratomas (Miura et 

al., 2009), were observed. Furthermore, alterations in the cocktail of the reprogramming 

factors have been also performed (Brouwer et al., 2016; Singh et al., 2015). The main 

objective is to successfully reprogram the cells in the absence of oncogenic potential. 

Therefore, new reprogramming factors that do not present tumorigenicity have been used, 

including small molecules (Huangfu et al., 2008; Lee et al., 2012) and microRNAs (Judson 

et al., 2009; Marson et al., 2008) that enhance the reprogramming efficiency and replace 

the potentially oncogenic reprograming factors used initially, particularly  c-MYC. Lastly, 

different methodologies has been used for delivering the reprograming factors, including 

integrative viral vector systems and non-integrating methods (Brouwer et al., 2016; Singh et 

al., 2015). Although many methods have been used that avoid the random integration into 

the genome of reprogramed cells as seen in the integrative methods (Zhou and Zeng, 2013), 

integrating viral vectors is still mostly used because of higher reprogramming efficiencies 

(Bellin et al., 2012). In conclusion, there are crucial points that should be considered in the 

reprogramming process to have high efficiencies with a minimal risks associated.  

Although the exact mechanism involved in the reprogramming process of iPSCs 

generation is still unclear, valuable iPSC contributions to uncover the pathological 

mechanisms associated with disease manifestation and to potential disease treatment are 

well-recognized. Cell-based therapies, drug discovery and screening, toxicological studies, 

and disease and human developmental modeling are the most encouraging applications of 

iPSC technology (Figure I.5). 
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Figure I.5. Applications of iPSC technology. Induced pluripotent stem cells (iPSCs) can be generated by 

reprogramming from adult somatic cells derived from patients. In vitro differentiation of patient-derived iPSCs 

can provide a valuable tool for disease modeling (a), drug screening and discovery (b) and toxicity tests (c; Bellin 

et al., 2012). 

 

For the first time in 2008, Park and colleagues generated disease-derived iPSCs from 

patients that suffered from a variety of genetic diseases giving the opportunity to recapitulate 

both healthy and disease-associated human tissue formation in vitro (Park et al., 2008). In 

fact, this ability to generate human iPSCs from patient-derived somatic cells provides the 

most relevant cell source for drug screening and human disease study by reproducing the 

patient’s background. 

 
 

Human iPSCs for modeling cerebellar ataxias 
 

The knowledge about neural differentiation and regional specification has provided a 

base for establishment of different protocols for directing PSC differentiation to specific 

cortical, striatal, midbrain, spinal cord neurons and glia (Aubry et al., 2008; Gunhanlar et al., 
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2018; Hu and Zhang, 2009; Junghyun Jo et al., 2016; Rodrigues et al., 2017). Consequently, 

the application of these new approaches to model neurogenerative disorders has been 

improved. However, for cerebellar disorders, only few studies have reported the use of 

patient-derived iPSCs to study cerebellar dysfunction (Lukovic et al., 2017). Moreover, the 

majority of studies have generated non-cerebellar neurons (Bird et al., 2014; Koch et al., 

2011a; Nayler et al., 2012) as well as others disease-associated cell types (Hick et al., 2013; 

Igoillo-Esteve et al., 2015; Liu et al., 2011a), and only three reports have described protocols 

to generate cerebellar neurons from patient-derived iPSCs (Ishida et al., 2016; Morino et al., 

2015; Nayler et al., 2017). 

In 2010, Ku and others were the first to report a possible molecular explanation for 

repeated nucleotide expansion in Friedreich ataxia (FRDA), which is an autosomal recessive 

ataxia associated with cardiomyopathy (Delatycki et al., 2000) usually caused by an 

expansion of a GAA trinucleotide repeat in the first intron of the frataxin (FXN) gene (Lodi et 

al., 1999), based on alterations in FRDA-derived iPSCs (Ku et al., 2010). Neural 

differentiation of patient-derived iPSCs was not performed in this study. Afterwards, in 

addition to FRDA, iPSC-derived cerebellar ataxia modeling was implemented for SCAs and 

ataxia-telangiectasia (A-T), which is a autosomal recessive disorder characterized by 

prominent loss of cerebellar Purkinje cells caused by homozygous or compound  

heterozygous mutations in the  ataxia-telangiectasia mutated (ATM) gene (Herrup et al., 

2014).  

In iPSC-derived FRDA models, relevant disease-associated phenotypes were 

detected in different cell types, including neural progenitors, neurons, cardiomyocytes and 

β-cells (Bird et al., 2014; Du et al., 2012; Eigentler et al., 2013; Hick et al., 2013; Igoillo-

Esteve et al., 2015; Lee et al., 2014; Liu et al., 2011b; Shan et al., 2014; Soragni et al., 

2014). The mitochondrial dysfunction and the reduction of FXN mRNA and protein levels 

were detected in most of the studies (Eigentler et al., 2013; Hick et al., 2013; Igoillo-Esteve 
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et al., 2015; Lee et al., 2014). In addition to these important findings unveiling pathological 

mechanisms of FRDA, approaches for reverting the disease phenotype were also explored 

in iPSC-derived models (Igoillo-Esteve et al., 2015; Soragni et al., 2014). Soragni and 

colleagues reported the use of FRDA iPSC-derived neurons to determine the efficacy of a 

modulator of FXN gene expression and chromatin histone modifications that were further 

used in phase I clinical trial (Soragni et al., 2014). Positive effects were observed in FRDA 

patients with increased FXN mRNA levels (Soragni et al., 2014).  

For A-T, the first report of patient-derived iPSCs was published in 2012, in which 

observed low efficiency of reprogramming was attributed to characteristic chromosomal 

instability caused by ATM mutation(s) (Nayler et al., 2012). Later, the hypersensitivity to X-

ray irradiation in A-T iPSCs was confirmed by Fukawatase and others. However, while 

chromosomal instability was also detected in parental cells, iPSCs derived from A-T patients 

did not exhibit the same deregulation (Fukawatase et al., 2014). Even with a reduced 

reprogramming efficiency, A-T iPSCs were efficiently differentiated into neural progenitors 

(Lee et al., 2013) and neurons (Carlessi et al., 2014; Nayler et al., 2012, 2017), showing 

defects in DNA damage responses and alterations in the synaptic and neuronal maturation 

markers. Only in 2017, A-T iPSCs were for the first time differentiated into cerebellar neurons 

(Nayler et al., 2017). The authors showed that patient-derived cerebellar neurons exhibit 

disrupted gene regulatory networks associated with synaptic vesicle dynamics and oxidative 

stress (Nayler et al., 2017). This study revealed important molecular insights about the early 

cerebellar pathogenesis of A-T, however the most significant cerebellar cell type involved in 

the neuropathological manifestation of A-T, the Purkinje cells, was not generated and 

evaluated.  

Until now, all studies for SCA modeling using iPSCs were focused on polyglutamine 

SCAs, including SCA 2, 3, 6 and 7 (Ishida et al., 2016; Koch et al., 2011b; Luo et al., 2012; 

Xia et al., 2012), which are associated with the expansion of a CAG repeat in the respective 
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causative gene. Morino et al. were pioneers in successfully differentiating SCA patient-

derived iPSCs into Purkinje cells (Morino et al., 2015). However, disease phenotype was 

not determined and no significant differences in Purkinje cell morphology was observed 

between control and disease-derived cells (Morino et al., 2015). Recently, the most 

interesting and enthusiastic study described derivation of Purkinje cells to examine disease 

phenotype (Ishida et al., 2016). Additionally to contributing for understanding disease 

pathology, the generated iPSC-derived disease model for SCA6 was also used for 

investigating new promising drugs for rescuing the neuropathology.  

Despite cerebellar cells, mainly Purkinje cells, exhibit high developmental complexity,   

and the generation of functional cerebellar neurons from iPSCs is still very difficult, recent 

and encouraging progress in this field has been made. Therefore, it is possible that in the 

near future the use of iPSC-derived models will help to understand the molecular and cellular 

mechanisms underlying human cerebellar degeneration more precisely and thus provide 

valuable cues for prevention and treatment of cerebellar dysfunction.   

 

Cerebellar differentiation from PSCs 
 

In the last years, advances in our understanding of cerebellar development and 

differentiation have fostered generation of techniques for obtaining different types of 

cerebellar neurons from PSCs. Sue and colleagues reported for the first time the generation 

of Granule and Purkinje cells from mouse embryonic stem cells (ESCs) (Su et al., 2006). 

Following neural induction, neural progenitors were treated with BMP4/WNT3a leading to 

the generation of ATOH1+ cerebellar granular progenitors, achieved by the caudalization 

and dorsalization effect of WNT3a and BMP4. After cell sorting, ATOH1+ progenitors were 

efficiently differentiated into Granule cells (PAX6+) by co-culturing with mouse embryonic 

EGL precursors. In addition to Granule cells, Purkinje cells (Calbindin+ and L7+) were also 
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obtained at a lower percentage (1-3% of total differentiated neurons) using the same 

methodology, but replacing WNT3a by FGF8 (Su et al., 2006). Salero et al. applied the same 

approach to differentiate mouse ESC into cerebellar granule cells by using FGF8 and RA 

(“cerebellar organizers” that promote mid-hindbrain commitment), followed by WNTS, 

BMP7, GDF7, and BMP6 (signals that induce dorsal cerebellar neuroepithelium), SHH and 

JAG1 (ligands promoting proliferation of granular progenitors), and medium conditioned by 

cerebellar glial cells (Salero and Hatten, 2007). Among a vast number of cells expressing 

granular markers obtained in this study, cells with staining for Purkinje cell and Bergman cell 

markers were also found. However, the conditions for the differentiation of these cell types 

were not optimized.   

In 2010, the protocol was reproduced in human ESCs using different inductive signals 

that induce early cerebellar patterning followed by the application of various factors, which 

promoted the differentiation into different cerebellar cells, including granule neurons, 

Purkinje cells, interneurons and glial cells (Erceg et al., 2010). The efficiency of Purkinje cell 

differentiation was significantly higher than in mouse ESC-based protocols, achieving about 

11% of cells expressing L7 marker (Erceg et al., 2010). Although functional 

electrophysiological activity in the mixture of the generated cells was demonstrated, only 

few cells exhibited staining for L7 and their morphology was not similar to that of Purkinje 

cell. 

In order to improve Purkinje cell differentiation efficiency, Tao and colleagues 

proposed the use of a co-culture system for increasing the survival and maturation of mouse 

Purkinje cells. In fact, the number of surviving Purkinje cells was significantly increased (two-

fold to nine-fold) when the co-culture with whole postnatal cerebellum-derived cells was 

used (Tao et al., 2010). Although a correct morphology of Purkinje cells was observed in 

both co-cultured and feeder-free conditions, the maturation was incomplete or abnormal 

when cells were cultured without feeder cells or even when cultured with neonatal cerebellar 
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feeders. Only the co-culture system using postnatal cerebellum was capable of achieving 

the morphology and synaptogenesis of mature Purkinje cells (Tao et al., 2010).  The 

reported variability in the efficiency to obtain mature Purkinje cells using different feeder cells 

sources was demonstrated later by Wang et al. (Wang et al., 2015b). These authors showed 

the generation of mature functional Purkinje cells from human iPSCs, by sorting KIRREL2+ 

GABAergic progenitors and further use of feeder layers to promote maturation. However, by 

using different sources of feeder cells the observed results were significantly different. 

Feeder-free and co-culturing with rat granular progenitors completely failed to achieve 

maturation. In contrast, by using rat cerebellar slices, the obtained cells showed a correct 

morphology but without appropriated membrane features, since no action potential and 

spontaneous post-synaptic currents were detected. Only the co-cultured cells with human 

fetal cerebellar slices showed right morphological proprieties and were 

electrophysiologically functional Purkinje neurons (Wang et al., 2015b). Therefore, it is still 

unclear which is the most permissive feeder cell source to provide the correct environment 

for the generation of functional Purkinje cells.  

Muguruma and coworkers showed for the first time the possibility of using both mouse 

and human ESCs for in vitro recreation of the organized structure as seen during cerebellar 

ontogenesis by using a strategy that can mimic the initial cerebellar development associated 

with the specification of isthmic organizer (Muguruma, 2018; Muguruma et al., 2010, 2015). 

The initial neural commitment is achieved in floating aggregates by using a transforming 

growth factor β (TGFβ) inhibitor, which prevents mesenchymal differentiation and induces 

neuroectodermal commitment. Furthermore, by using FGF2 and insulin, which act as 

moderate caudalizing factors, the authors promoted an up-regulation of FGF8 and WNT1 

expression, leading to an efficient generation of mid-hindbrain progenitors (EN2+ and 

GBX2+). After 35 days in culture, about 28% of the generated cells expressed KIRREL2. For 

Purkinje cell differentiation and maturation, KIRREL2+ cells were separated by cell sorting 



27 
 

and afterwards co-cultured with mouse RL-derived granule cells. In fact, an efficient Purkinje 

cell maturation was shown, demonstrated by elaborated morphology and functional 

proprieties, and other types of cerebellar neurons were also obtained, including Golgi cells 

and interneurons (Muguruma et al., 2015). The same approach was applied for Granule 

cells generation, and, in contract to mouse ESCs (Muguruma et al., 2010), human ESCs did 

not need the BMP4-inducing effect for granular progenitor generation (Muguruma et al., 

2015). Further maturation of migratory granule cell progenitors (PSA-NCAM+ cells purified 

by FACS) was promoted from day 42 by co-culturing with mouse RL-derived granule cells 

(Muguruma et al., 2015). 

Besides using FGF2 and insulin treatment together with co-culturing to generate 

different cerebellar neurons, the authors were capable of promoting the self-organization of 

cerebellar neuroepithelium derived from human ESCs. The sequential addition of FGF19 

and SDF1 to the floating aggregates promoted not only the self-formation of mid-hindbrain 

structures with apico-basal polarity, but also the further re-organization into larger cerebellar 

neuroepithelium composed by three different cell layers. These layers included an apical 

layer occupied by SOX2+/KIRREL2+/PFT1+ cells, similar to cerebellar VZ, an intermediate 

layer with Purkinje cell progenitors (OLIG2+, LHX5+, CORL2+  and GAD+) and a basal layer 

similar to RL zone, containing ATOH1+/BARLH1+ cells (Muguruma et al., 2015).  

Further optimizations were performed more recently to simplify the generation of early 

neuroepithelium and the maturation of Purkinje cells (Holmes and Heine, 2017; Watson et 

al., 2018). However, these improvements were not significant, since the generated 

neuroepithelium did not show an organized structure (Holmes and Heine, 2017). Besides 

that, the maturation of Purkinje cells was once again achieved by co-culturing with mouse 

cerebellar cells and was not assessed for functionality by electrophysiology (Watson et al., 

2018). 
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Thus, the most efficient method for the generation of functional Purkinje cells reported 

until now involves the co-culture with feeder cells, which is debatable method that introduces 

significant variability between experiments, so future studies are required to create a new 

culture system with higher efficiency and reproducibility. To overcome these limitations 

distinct bioengineering approaches can be used to manipulate stem cell differentiation and 

direct in vitro morphogenesis. 

 

 

 

I.5 DESIGN PRINCIPLES FOR PLURIPOTENT STEM CELL-DERIVED ORGANOIDS 

ENGINEERING 

 
The application of the biomimicry concept, defined as the imitation of biological 

systems, to biomedical research has contributed to a significant innovation in regenerative 

medicine during the last years. This concept is usually associated with new approaches that 

aim to achieve the recapitulation of the natural form or function, natural processes or natural 

systems (Simunovic and Brivanlou, 2017; Zhang, 2012). In the bioengineering field, efforts 

have been made to mimic the natural forms and functions of the human body in vitro, from 

the molecular to the cellular level, in an attempt to recreate the highest complexity level, the 

organism.  

Recently, with the discovery of the ability of PSCs to coordinate various key signals 

and to recapitulate different structures as seen in vivo, including tissue- and mini organ-like 

structures, our knowledge about human development and morphogenesis in healthy and 

disease context has been greatly improved (Lancaster et al., 2012; Sasai, 2013). With the 

recapitulation of human organogenesis in vitro, the concept “organoid” emerged. In 1946, 

the “organoid” term was employed for the first time to define a tumor-derived mass isolated 

from a human tissue (Smith and Cochrane, 1946). Subsequently, all tissue masses resultant 



29 
 

from transplants were defined as “organoids” (Waddell, 1949; Yoshida et al., 1980) and the 

concept evolved to include cultures that were generated from dissociation and aggregation 

of animal- and tissue-derived cells (Elkasaby et al., 1991; Ridgeway et al., 1986; Schröter-

Kermani et al., 1991). With the recent advances in human PSC expansion culture and direct 

differentiation, the “organoid” definition followed the same evolution, nowadays referring to 

an in vitro 3D multicellular structure containing different cell types with self-organization, as 

seen in human tissues, typically derived from stem cells (Simunovic and Brivanlou, 2017). 

Frequently, organoids display spherical or irregular shapes in suspension, or are embedded 

in different types of matrices (Lou and Leung, 2018).  

The recreation of functional and structural mimicry within the organoid requires a 

minimal number of design components inspired on the original biological system. These 

include cellular and non-cellular parameters, such as cell type, microenvironmental and 

physical parameters, as well as the resulting internal and external interactions, like cell-cell, 

cell-matrix, and cell-microenvironment interactions (Yin et al., 2016). The ultimate goal is to 

reestablish some of the features of human tissues, particularly the presence of different cell 

types to recapitulate the multicellular heterogeneity, control the microenvironment to 

recreate a high level of organization, and promoting organoid maturation to achieve tissue 

functionality (Lou and Leung, 2018). Thus, the application of bioengineering strategies to 

manipulate cellular and non-cellular components may become a powerful tool to direct 3D 

human organoid morphogenesis.  

The remarkable progress in organoid generation has provided the possibility to use 

these novel platforms for understanding human development and complex processes 

involved in organogenesis. The use of organoids in drug screening and toxicological testing 

could also improve the safety and efficiency of drugs before reaching clinical trials, making 

the drug development process more cost-effective. Lastly, disease-derived organoids could 
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also offer a valuable platform to study the mechanisms involved in disease manifestation 

and to identify possible therapeutic targets.    

Here, we review distinct bioengineering approaches to direct the stem cell 

commitment and further self-organization of cells, recapitulating tissue morphogenesis in 

vitro.  First, the self-organization capacity of cells is explored based on cell-cell and cell-

matrix interaction. Afterwards, as self-organization is based on three different cell-

associated capacities, including self-assembly, self-patterning and self-morphogenesis, we 

highlight examples of bioengineering methodologies to control the initial state and the 

spatiotemporal positioning of cells, and lastly the growth and remodeling of multicellular 

aggregates to achieve complex structures. 

 

 

Self-organization in PSC-derived organoids 
 

The ability of human PSCs to produce highly organized structures that reproduce 

features similar to the embryo and adult tissues was first detected in the teratomas formed 

after the injection of human ESCs in immune-deficient mice (reviewed in Przyborski, 2005). 

The “self-organization” capacity involves three different categories, first the control of relative 

cell position, named “self-assembly”, second the spatiotemporal control of the cell stage, 

defined as “self-patterning”, and lastly the capacity to promote deformation, growth and 

remodeling, which is termed “self-morphogenesis” (Li et al., 2014). This intrinsic ability of 

organization is strongly dependent of physical and morphological proprieties of cells, the 

autologous and exogenous signals that they receive, and also the mechanical features of 

the system. 
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Cell-Cell adhesive interactions 

During embryogenesis, the cell-cell interactions play a critical role in the dynamic 

changes of cell sorting, arrangement and migration that originate different tissue 

morphologies. The adhesive forces between cells are crucial for the assembly and 

organization into a 3D structure. The most important and global mechanism of cell adhesive 

interactions is mediated by cadherins, which are Ca2+-dependent transmembrane proteins 

that facilitate homophilic cell-cell adhesion by their extracellular domains, whereas the 

intracellular domain interacts with their partner proteins, the catenins (Gumbiner, 1996). 

Following cell-cell adhesion, a protein complex is formed composed by the catenin 

polypeptide from α-, β- or γ-catenins (Marie et al., 2014). Subsequently, α-catenin mediates 

physical interaction to the actin cytoskeleton, demonstrating that cadherins can also guide 

cell cytoskeletal anchoring (Itoh et al., 1997; Rimm et al., 1995). Different cadherins are 

expressed in different tissues and the best-studied are the classical vertebrate cadherins, 

including N-cadherin, highly expressed in the neuronal tissue, and E-cadherin, mostly 

expressed in the epithelial cells (Takeichi, 1987). Non-classical cadherins can be found in 

other human tissues, for instance VE-cadherin, which is the vascular-endothelial cadherin, 

and R-cadherin, expressed in the retinal tissue (Gumbiner, 2005).  

During morphogenesis, different mechanisms involving cadherins appear to influence 

cell sorting and therefore alter the spatial organization of cells. The expression of different 

types of cadherins in different cell types promotes the selective recognition and connection 

of cells expressing the same type of cadherin leading to cell sorting and separation into 

different tissues (Friedlander et al., 1989; Price et al., 2002; Suzuki et al., 1997; Takeichi, 

1995). For instance, N-cadherin expression in neural cells allows the separation from 

epithelial cells that express E-cadherin (Gumbiner, 2005; Katsamba et al., 2009; Figure I.6-

A). In other cases, independently of cadherin type expression, cell sorting is also observed 
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based on differential levels of cadherin expression (Duguay et al., 2003; Friedlander et al., 

1989; Godt and Tepass, 1998). The epithelial–mesenchymal transition (EMT), the reverse 

of epithelization, is a strong example of self-assembly capacity of cells mediated by cadherin 

expression and regulation (Hay and Zuk, 1995; Figure I.6-B). This process is achieved by 

altering cell-cell contact and promoting cell migration. In particular, E-cadherin is down-

regulated during the transition to mesenchymal state, leading to decrease of cell-cell 

interactions (Cano et al., 2000; Moore et al., 2014). Simultaneously, an alteration on cellular 

signaling profiles and a re-modulation of cytoskeleton is observed, allowing cell migration 

(Lamouille et al., 2014). 

In addition, other physiological factors that interact with cadherin-mediated signaling 

can influence cell sorting independently of cadherins expression. During development, 

anterior-posterior axis is created leading to the formation of compartment boundaries. 

Although epithelial cells express high levels of E-cadherin, selective adhesion is observed 

creating different boundaries in response to Hedgehog (Hh) signaling (Dahmann and Basler, 

2000; Tepass et al., 2002) (Figure I.6-C). Activation of Hh expression in posterior cells 

conduces to diffusion of signals across the anterior-posterior boundary that determine the 

sorting of some anterior cells next to the boundary, which are not capable of receiving Hh 

and are sorted toward the posterior region (Tepass et al., 2002). Besides that, the dynamic 

regulation of cadherin adhesions may drive cell re-arrangements and migration. By breaking 

and reforming cadherin adhesive bonds, the convergent extension movements (Figure I.6-

D) contribute to tissue morphogenesis by changing local cellular arrangement with respect 

to neighboring cells (Gumbiner, 1992; Zhong et al., 1999). 
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Figure I.6. Involvement of cadherins in tissue morphogenesis. A) Cell sorting based on differential 

expression of cadherins. B) Epithelial–mesenchymal transition (EMT) and its reverse, the mesenchymal–

epithelial transition. C) Formation of boundaries between developmental compartments in a tissue. D) Cell 

rearrangements based on breaking and reforming of cadherin.  (Adapted from (Gumbiner, 2005). 

 

Besides the important function of cadherins during morphogenesis, it was already 

demonstrated their critical role in cell aggregate formation and further differentiation. By 

inhibition of E-cadherin mediated adhesion the agglomeration of ESCs in cell aggregates is 

prevented as well as their differentiation (Dang, 2004; Dasgupta et al., 2005; Fok and 

Zandstra, 2005). Hence, technologies to control stem cell differentiation by manipulating 

cell-cell interactions have been created (Alimperti and Andreadis, 2015). For example, 

surface engineering by immobilization of cadherins has been used to manipulate cadherin-

mediated signaling pathways and thus direct stem cell fate decisions (Alimperti and 

Andreadis, 2015; Beckstead et al., 2006). 
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Cell-Matrix interaction 
 

Not only cell-cell interactions provide important signals in the cell niche, but also other 

structural, physical, electrical, or biochemical signals present in the complex 

microenvironment during the embryonic development affect cell fate decisions (Gattazzo et 

al., 2014). The extracellular matrix (ECM) is an important component that gives the structural 

support to the cell niche and also contributes for mediating signaling for cell migration, 

retention and polarization (Peerani and Zandstra, 2010). The ECM is composed primarily by 

glycosaminoglycans and fibrous proteins that are secreted by the cells to generate their own 

physical scaffold (Bratt-Leal et al., 2009; Gattazzo et al., 2014). Cells interact with ECM 

molecules via integrins, which are cell adhesion receptors, regulating the cellular behavior 

(Legate et al., 2009).  

Integrins present a family of heterodimeric transmembrane glycoproteins where 

heterodimers are composed by non-covalently connected α and β subunits (Hynes, 2002; 

Tamkun et al., 1986). In vertebrates, 24 different heterodimers resulting from different 

assembly of 18 α subunits and 8 β subunits have been described (Barczyk et al., 2010). 

Based on their subunit composition, integrins can be assembled in different subgroups. 

Under certain conditions, each cell type exhibits a specific integrin signature, including 

subgroup and quantity of integrins. However, this is a dynamic process, and both 

developmental stage and microenvironmental conditions can change the integrin repertoire 

(Barczyk et al., 2010). While the extracellular domain of integrins interacts with components 

of ECM including fibronectin, laminin and collagens, the intracellular domain links to 

cytoskeletal and regulatory proteins, such as α-actinin, filamin, calreticulin and cytohesin 

(Darribére et al., 2000). It is also known that the same component of ECM interacts with 

different integrin receptors, and in the same way a specific integrin receptor may recognize 

different ECM components (Barczyk et al., 2010; Darribére et al., 2000).  
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The role of integrins during embryogenesis has been extensively studied and the data 

accumulated so far are already enough to place integrins as important players in fertilization, 

cell migration in gastrulation, adhesion in embryo implantation, and generation of different 

organ systems, like the nervous system (Darribére et al., 2000). Additionally, it was already 

shown that the composition of ECM is able to influence ESCs behavior in the development 

of 3D structures as well as their differentiation. For example, fibronectin was reported to 

strongly stimulate endothelial and vascular cell differentiation, while laminin promotes the 

generation of beating cardiomyocytes (Battista et al., 2005). The matrix that is most 

commonly used for PSCs differentiation and generation of different types of organoids is 

Matrigel, which is a gelatinous protein mixture extracted from Englebreth-Holm-Swarm 

mouse sarcoma cells (Kleinman and Martin, 2005; Orkin et al., 1977), prone to lot-to-lot 

variation (Picollet-D’hahan et al., 2017). There are few studies that try to address the exact 

mechanism by which Matrigel supports organoid development. Although the manipulation 

of integrin signaling to direct stem cell fate is still very difficult, some groups have been 

studying the involvement of specific integrins in PSCs differentiation, with a focus on 

identification of ECM components directly interacting with a specific integrin subgroup and 

promoting selective endoderm, mesoderm or ectoderm differentiation (Wang et al., 2015a).  

In addition to these chemical cues from the ECM, also mechanical and physical stimuli, 

like porosity and stiffness, exert their influence on cellular commitment (Evans et al., 2009). 

The matrix stiffness can be sensed by cells through mechanoreceptors that also include 

integrins, regulating cellular behavior (Humphrey et al., 2014). While intermediate substrate 

stiffness favors the endodermal lineage, softer subtracts originate ectodermal tissues 

(Zoldan et al., 2011). It was also demonstrated that mesodermal differentiation is very 

sensitive to mechanical proprieties of the ECM (Przybyla et al., 2016). While soft substrates 

enhance mesoderm commitment, stiff matrices induce only minimal mesoderm 

differentiation (Przybyla et al., 2016). In this latter study, authors showed that on a soft 
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substrate, human ESCs present β-catenin accumulation at cell-cell adhesions leading to 

enhanced WNT signaling and subsequent WNT-dependent mesoderm differentiation. In 

contrast, stiff materials promote the integrin-dependent β-catenin degradation and thus 

inhibit mesoderm commitment (Przybyla et al., 2016). Therefore, by playing with biochemical 

components of the ECM, as well as its mechanical and physical parameters, cell proliferation 

and differentiation can be manipulated in the 3D microenvironments. 

 

 

Breaking symmetry  

Symmetry breaking is a pivotal phenomenon in animal development that precedes 

pattern formation, allowing the generation of higher morphological and functional 

specialization. In vivo, symmetry is broken at the single cell level, where cellular cytoskeleton 

and membrane associated proteins are redistributed to create apico-basal polarity (Figure 

I.7). One example is while integrins accumulate at the basal side of the cell, a ring of actin 

filaments is formed at the apical side. The actin ring contraction can drive apical constriction 

leading to cell shape alteration and epithelial sheet bending (Pohl, 2015; Simunovic and 

Brivanlou, 2017; Spracklen and Peifer, 2015). In addition, symmetry breaking also occurs at 

the multicellular level, as seen in the early mouse embryo (Figure I.7). This morphological 

event called compaction process transforms the embryo from a loose cluster of spherical 

non-polarized cells into a tightly packed mass, in which cell-cell contacts are strengthened 

and cell polarization is achieved. Several mechanisms are involved in the compaction 

process: cell-cell adhesive interactions, involving the redistribution of E-cadherin; cortical 

tension, generated by actomyosin networks contractility determining the cell shape; and 

extension of long membrane protrusions (Simunovic and Brivanlou, 2017; White et al., 

2016). 
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Figure I.7. Symmetry breaking in vivo. Symmetry breaking at the level of a single cell (left) and multicellular 

level (right), involving a process of compaction (Adapted from Simunovic and Brivanlou, 2017). 

 

The precise molecular and physical features, as well as the precise timing in which 

symmetry breaking occurs is still poorly understood. Some events appear to be cell-

autonomous, depending on asymmetric gene expression in embryonic cells, and others 

caused by morphogen gradients. The latter can be modeled by reaction-diffusion 

mechanisms, where symmetry is broken by a homogeneous distribution of a morphogen 

(Simunovic and Brivanlou, 2017). In a reaction-diffusion model, the self-organization 

capacity of cells leads to symmetry breaking activated by a stochastic disturbance of the 

system without a requirement of a dominant ‘master factor’ (Wennekamp et al., 2013). 

Therefore, cell characteristics, including gene expression and cell polarity, and local 

interactions between cells, can by themselves be responsible for lineage establishment. 

Reported studies already demonstrated that a uniform aggregate of stem cells is capable to 

originate a high organization level, comparable to what is observed in native tissues 

(reviewed in Ishihara and Tanaka, 2018). Some organoid models with minimal but sufficient 

complexity are able to undergo spontaneous symmetry breaking in the absence of spatial 

cues (reviewed in Ishihara and Tanaka, 2018). In this case, a specific pattern is created 

including rostral-caudal polarization in cortical organoids (Takata et al., 2017), anterior-

posterior patterning in 3D gastruloids (Turner et al., 2017) and dorsal-ventral patterning in 

neural tube organoids (Ishihara et al., 2017; Meinhardt et al., 2014).  
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Therefore, symmetry breaking events can be attained in vitro by addition of a single 

morphogen, through a diffusion-reaction mechanism (Figure I.8-A), or by using more 

sophisticated bioengineering approaches to create symmetry breaking based on local 

morphogen delivery (Figure I.8-B). 

 

 

Figure I.8. Approaches for symmetry breaking in vitro. A) Breaking symmetry with a diffusion-reaction 

mechanism. B) Bioengineering approaches can be used to create morphogen gradient or to locally deliver a 

morphogen, inducing symmetry breaking. (Adapted from Simunovic and Brivanlou, 2017). 

 

 

Controlled assembly of PSCs 
 

The generation of organoids starts by promoting the assembly of PSC into a 3D 

structure. Similar to the human embryo, the earliest cell fate decision is based on the spatial 

orientation of cells (Mihajlović and Bruce, 2017). Therefore, methodologies to control cell 

arrangement during the initial organoid assembly can affect further morphogenesis 

induction. The assembly process can be achieved based on the self-assembly proprieties 

of cells in a scaffold-free tissue engineering approach and using different bioengineering 

strategies to direct and control the arrangement of cells. 
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Scaffold-free approaches 

The generation of organoids in a scaffold-free manner is based on the “self-

organization” propriety of stem cells, in which cells have the ability to assembly in a 3D 

structure. Different methodologies have been applied to form 3D aggregates of PSCs 

(Figure I.9), with the embryoid bodies (EBs) formation by the hanging drop method the first 

to be used for the production of homogeneous cell aggregates. This technique is based on 

gravity to force the cells to aggregate and consists on creating small drops of medium with 

cells suspended on a lid (Kurosawa et al., 2003) To overcome the manipulation limitations 

that could disturb the EBs, this technique was adapted to V-bottomed and round-bottomed 

multi-well plates, in which cells are forced to rapidly aggregate by applying a rotational force 

(Ng et al., 2005). However, this methodology does not avoid the individual manipulation of 

the cell aggregates. Therefore, different microwells fabricated by lithographic techniques 

have been used to simultaneously generate 100’s to 1000’s of cell aggregates by 

centrifugation, allowing the scaling up of the multi-well plate technique (Moeller et al., 2008; 

Mohr et al., 2006; Ungrin et al., 2008). In addition, microfluidic channels have also been 

used for continuous formation of cell aggregates, being a powerful tool for high-throughput 

applications (Torisawa et al., 2007). 
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Figure I.9. Methods for generating cell-derived 3D aggregates. A) Hanging drop technique. B) V-bottomed 

and round-bottomed multi-well plates. C) Microwell array from micro-patterned agarose wells. D) Microfluidic 

system (Adapted from Fennema et al., 2013). 

 

In these scaffold-free methodologies, the most important parameter to be controlled is 

the size of the generated aggregates. It was demonstrated that the size of the cell niche 

influences the differentiation trajectories because of its impact on the microenvironmental 

parameters, including spatial gradient of soluble molecules, and cell-cell and cell-matrix 

interactions (Bauwens et al., 2008; Bratt-Leal et al., 2009; Peerani et al., 2007).  Thus, since 

variations in cell number are translated to different aggregate sizes, controlling the cell 

aggregate size can influence the signaling pathways conducing to a more efficient 

commitment and differentiation.  In fact, different research groups have been optimizing the 

aggregate diameter to improve the mesoderm or neuroectodermal induction, achieving 

higher yields of neuronal and cardiac cells (Chen et al., 2015; Fonoudi et al., 2015; Miranda 

et al., 2015).  
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More recently, Xie and coworkers reported that not only the size of cell aggregates 

can influence the differentiation toward different lineages but also the self-assembly kinetics. 

The study showed that the aggregation kinetics altered the EB structure, particularly, slower 

kinetics originated EBs with higher porosity facilitating the exposure of cells to growth 

factors. Ultimately, faster aggregation appears to favor ectodermal commitment whereas 

slower aggregation promotes mesoendodermal differentiation (Xie et al., 2017). 

 

 

Scaffolds for imposing external and internal architecture 
 

Cellular organization within an engineering tissue involves the assembly of cells into 

a specific arrangement for mimicking the architecture of the native tissue. To mimic the in 

vivo physical and biochemical properties of the tissue microenvironment different matrices 

can be used, including those from natural sources or artificially synthesized. A specific 

architecture can be externally imposed by using different approaches to manipulate the 

tissue shape, like molds and scaffolds. As previously referred, micro-contact printing can 

provide different molds from different materials like agarose, polydimethylsiloxane or 

polyacrylamide, with minimal adhesive proprieties, only to force cells to aggregate and 

acquire a specific shape (Dahlmann et al., 2013; Youssef et al., 2011). Besides that, this 

technique can be used to introduce some functionalization by directly depositing some 

proteins or ECM components onto a partially polymerized subtract (Perl et al., 2009; Yin et 

al., 2016). Furthermore, the control of shape, size, space and organizational symmetry of 

nanometer-scale features in different biomaterials has been achieved by using different 

nanolithography strategies. Among different nanotopography approaches, the 

electrospinning allows the formation of nanofibrous substrates from natural or synthetic 

polymers, while electron-beam, selective etching and nanoimprinting have been used to 

create nanopits, nanopillars or nanochannels on various materials. By applying these 



42 
 

different approaches, the natural dimensions of basement-membrane fibers and pore sizes 

can be reached allowing to mimic the porosity of the natural ECM (Murphy et al., 2014). 

The scaffolds used for imposing the external shape and mimicking the natural ECM 

mostly have a fixed morphology. However, human development starts on a micro-scale and 

considerable morphologic changes have to occur to achieve the final morphogenesis 

(Gilbert, 2007). Therefore, it is very important to try to dynamically control the organoid 

morphology in order to reach a correct tissue-like organization. The application of different 

types of hydrogels has been able to improve the control of the 3D microscale morphology 

of organoids. Hydrogels are hydrophilic 3D polymeric networks with natural or synthetic 

origin that are insoluble due to the presence of chemical or physical crosslinks (Lutolf and 

Hubbell, 2005; Peppas et al., 2000; Van Vlierberghe et al., 2011). The internal structure of 

the hydrogel can be manipulated by using different techniques, including 3D printing and 

sacrificial molding, being possible to regulate the morphology of the generated structures 

(Marti-Figueroa and Ashton, 2017).  

In the last years, significant improvements have been made concerning mechanical 

performance and functionality in the 3D printing of hydrogels. There are different reported 

hydrogel composite 3D printing techniques that allow to fabricate complex and highly 

customizable scaffold structures, including nozzle based-, laser based- and inkjet based-3D 

printing systems (Jang et al., 2018). The nozzle based-3D printing is the most used 

approach, in which viscous liquids or melted polymers are forced and extruded out of a 

nozzle, syringe or orifice in order to sequentially build a 3D structure based on a pre-

designed path created by computer modeling (Jang et al., 2018). Recently, Hinton and 

colleagues reported an adaptable and cost-effective nozzle based-3D printing, termed 

freeform reversible embedding of suspended hydrogels (FRESH) that uses a thermo-

reversible support bath to enable deposition of hydrogels. Based on 3D imaging data from 

whole organs, FRESH is able to print scaffolds with complex internal and external 
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architectures, including 3D CAD model of the embryonic heart (Hinton et al., 2015), 

demonstrating a valuable applicability in organogenesis. In addition, the laser-based 3D 

printing systems are also capable of building 3D structures but in photo-treatable hydrogels 

under the deposition of laser energy, normally UV light, in specific designed patterns (Billiet 

et al., 2012). Finally, inkjet printing is a non-contact printing technique used to create ink 

droplets onto a material platform (Cui et al., 2012). Even though biological molecules and 

structures are fragile and sensitive, this approach appears to be appropriate to introduce 

biological modification onto generated scaffolds, since it was successfully used to transfer 

biomolecules like nucleic acids to solid supports (Goldmann and Gonzalez, 2000). 

Miller and others were the first to report the generation of cylindrical networks within 

different hydrogels by using 3D filament networks of carbohydrate glass as a sacrificial 

template (Miller et al., 2012). Therefore, they were able to pattern vascular networks into 3D 

tissue constructs by molding channels. Following this study, this sacrificial molding 

technique was also used by other groups to create internal cavities of micro- to macro-scale 

dimensions within a variety of hydrogel materials by applying different molds, including 

calcium alginate and poly-vinyl alcohol (PVOH) templates (Tocchio et al., 2015; Wang et al., 

2014). Briefly, the sacrificial molding technique is based on encapsulating a dissolvable or 

degradable material within a second hydrogel material. After the composite hydrogel 

formation, the internal sacrificial material is removed and a hydrogel with defined internal 

architecture is created (Marti-Figueroa and Ashton, 2017). This internal architecture 

manipulation in the hydrogels provides an important tool not only to create vascularized 

tissues but also for organoid encapsulation, in which the internal spaces allow the growth, 

deformation, and remodeling of the organoids to generate a defined morphology. 
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Bioengineering approaches to manipulate organoid assembly 

Several bioengineering approaches have been applied to guide cell assembly in order 

to achieve a desired cell arrangement and organoid shape.  In 2015, Todhunter et al. 

reported a DNA-programmed assembly of cells (DPAC), in which size, shape, composition 

and spatial heterogeneity is programmed, thereby recreating the multicellular organization 

of organoids (Todhunter et al., 2015). In DPAC, 2D DNA-patterned substrates are used to 

guide cellular organization by presenting complimentary lipid-modified oligonucleotides. 

After this programmed assembly, a DNase treatment is performed to release a well-

organized cell aggregate, followed by encapsulation within ECM gels (Todhunter et al., 

2015, 2016; Figure I.10). 

 

Figure I.10. DNA-programmed assembly of cells (DPAC). A) Multistep assembly based on different DNA 

spots and DNA-programmed connectivity. B) Cell incubation with lipid-modified oligonucleotides to remodel the 

cell surface with desired oligonucleotides. C) Assembly of cells using the complementarity of cell-surface 

oligonucleotides for DNA spots (Todhunter et al., 2015). 

 

As previously described for fabrication of scaffold structures, 3D printing techniques 

have been also applied to control cell assembly by the deposition of single or multiple 

combination of cells with different supportive matrices. This type of bioprintring methodology 

involves different approaches, like inkjet bioprinting, microextrusion systems and laser-

based direct-write techniques (Figure I.11), in which different actuation methods are applied 

(Garreta et al., 2017; Li et al., 2016). In inkjet bioprinting, two different actuation methods 

are used, piezoelectric and thermal, where by either acoustic waves or thermal forces, 
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respectively, liquid droplets are prepared (Cui et al., 2012; Garreta et al., 2017). While in the 

thermal approach a variable size of droplets is obtained, in piezoelectric technology regular 

and equal sizes are generated (Li et al., 2016; Nakamura et al., 2005; Saunders et al., 2008). 

This is a low-cost technology with high resolution and printing speed, however it has some 

limitations regarding the type of materials that can be printed (Garreta et al., 2017). Although 

some thermal and mechanical stress can be introduced to the cells, this technology was 

already successfully used in different mammalian cells with a viability above 85% (Saunders 

et al., 2008). On the other hand, the microextrusion technique is derived from modification 

of inkjet printers, which are pressure-assisted robotic apparatus that can extrude cell-laden 

hydrogels by pneumatic or mechanical dispensing onto a substrate (Mandrycky et al., 2016; 

Murphy and Atala, 2014). Human chondrocytes and osteogenic progenitors in combination 

with alginate hydrogel were already extruded by using a pneumatic syringe dispenser, 

demonstrating the ability to create 3D structures with high cell viability (Fedorovich et al., 

2012). 

 

Figure I.11. 3D bioprinting techniques. A) Thermal and piezoelectric inkjet bioprinting. B) Pressure-assisted 

bioprinting. C) Laser-associated bioprinting. (Li et al., 2016). 

 

Laser-based direct-writing technique is the most applied bioprinting technology. This 

technique uses a laser beam that is focused in a support layer underlying a cell containing 

matrix on the donor print ribbon, forcing its rapid volatilization and allowing the cell to be 
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transferred onto an adjacently localized receiving substrate (Schiele et al., 2010). High cell 

viabilities have been reported using this technique, due to low shear stress, and its high 

resolution allows single-cell deposition, yielding scaffold-free 3D cell constructs (Garreta et 

al., 2017). For cell-based applications, the most common laser-based techniques are 

biological laser processing (BioLP), matrix-assisted pulsed laser evaporation direct writing 

(MAPLE-DW), laser-induced forward transfer (LIFT), absorbing film-assisted laser-induced 

forward transfer (AFALIFT), and laser-guided direct writing (LG-DW) (Schiele et al., 2010). 

MAPLE-DW was successfully used to deposit patterns of different cell types onto and within 

Matrigel, demonstrating that spatial coherence can be achieved (Patz et al., 2006; Schiele 

et al., 2009). Furthermore, human osteosarcoma cells were printed by BioLP and transferred 

into Matrigel, producing a 3D cellular construct with 95% of cell viability (Barron et al., 2004). 

This method was later improved reaching 100% viable cells and single-cell resolution 

(Barron et al., 2005). Thus, a high control in cell assembly is reached, allowing to manipulate 

cellular arrangement and composition within an organoid with a defined 3D micro-scale 

morphology. 

 

Directed organoid patterning and morphogenesis  
 

The knowledge about the signaling pathways involved in pluripotency maintenance, 

as well as the generation of different germ layers has allowed the manipulation and control 

of PSC commitment to different lineages and further differentiation into specific cell types. 

For instance, neuroectoderm commitment is easily achieved by manipulating TGFβ 

signaling (Suzuki and Vanderhaeghen, 2015). The most efficient method for neural induction 

from hiPSCs is dual SMAD inhibition of BMP and Activin signaling, which are antagonized 

by Noggin and Lefty respectively (Chambers et al., 2009; Suzuki and Vanderhaeghen, 

2015). Other chemical antagonists have been used to promote BMP signaling inhibition, like 
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dorsomorphin and LDN-193189, blocking the commitment towards trophectoderm 

(Chambers et al., 2009; Sanvitale et al., 2013). For Nodal/Activin signaling inhibition, a 

chemical antagonist SB431542 is efficient to prevent the mesoendodermal differentiation by 

blocking the TGFβ signaling (Chambers et al., 2009; Laping et al., 2002; Figure I.12). 

Oppositely, the activation of dual SMAD regulators, as well as the WNT signaling, 

appears to be critical for the initial mesoendoderm commitment, giving rise to Brachyury+ 

and MIXL1+ cells (Lian et al., 2013; Murry and Keller, 2008). Following mesoendoderm 

induction, further differentiation towards mesoderm or endoderm lineages is associated with 

the expression levels of FOXA2 (Murry and Keller, 2008). While WNT activation generates 

cells with lower expression of FOXA2, activin leads to the development of a population with 

higher expression of FOXA2 (Gadue et al., 2006). Interestingly, BMP is not required for the 

mesoendoderm commitment, but alone is capable of inducing the development of a 

population with low expression of FOXA2 (Murry and Keller, 2008; Nostro et al., 2008). 

Therefore, based on the different levels of FOXA2, two different populations can be 

specified, the FLK-1+ mesoderm and FOXA2+ endoderm (Ema et al., 2006; Gouon-Evans 

et al., 2006; Tada, 2005; Figure I.12). In mesodermal differentiation, different cell types, 

including hematopoietic, vascular and cardiac cells, are originated from different 

subpopulations. While WNT, BMP and activin appear to be important for mesoderm 

specification and further generation of hematopoietic cells, the inhibition of WNT signaling 

is essential to promote cardiac differentiation (Lian et al., 2012; Murry and Keller, 2008; 

Trompouki et al., 2011). On the other hand, after the establishment of activin-induced 

definitive endoderm, various cell populations can arise, such as hepatocytes and pancreatic 

cells. BMP and WNT signaling pathways have an important role in the generation of the 

pancreatic lineage, while the specification of insulin-producing cells can be achieved by FGF 

signaling (Johannesson et al., 2009; Nostro et al., 2011). The combination of FGF and BMP4 

signaling is related with hepatic fate (Gouon-Evans et al., 2006). 
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Figure I.12. Lineage specification from PSCs. Neural induction is achieved by dual SMAD inhibition, whereas 

mesoendoderm differentiation is based on activation of dual SMAD regulators and WNT signaling. 

 

Based on the manipulation of the previously described signaling pathways, as well as 

on the “self-organization” capacity of stem cells, organoids from different lineages have been 

produced including brain, kidney, liver, pancreas, lung and gut (Dye et al., 2016; Kim et al., 

2016; Lancaster et al., 2012; Spence et al., 2010; Takasato et al., 2015; Takebe et al., 2014). 

Yoshiki Sasai and coworkers were the first to demonstrate the ability of PSCs to self-

organize in cortical tissue and recapitulate embryonic brain development (Eiraku et al., 

2008). Later, Lancaster et al. were able to direct human PSC differentiation into different 

cerebral cortex regions and apply this technique for disease modeling (Lancaster et al., 

2012). A variety of well-organized neuronal organoids was later reported, including 

forebrain, midbrain, hypothalamus and cerebellum-like structures (Junghyun Jo et al., 2016; 

Karzbrun et al., 2018; Muguruma et al., 2015; Qian et al., 2018). In addition to brain 

organoids, by directing PSCs towards the intermediate mesoderm, organoids that 

recapitulate the first trimester of human fetal kidney were also generated. These organoids 

present individual nephron-like structures segmented into distal and proximal tubules 
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surrounded by endothelia and renal interstitium, demonstrating a well-organized structure 

(Takasato et al., 2015). These are some examples of the ability to recapitulate human 

organogenesis in vitro from PSCs by the addition of only a few signaling cues. However, 

differences between native organ and PSC-derived organoids can be observed because 

either the microenvironment components may not be the most appropriate, or the signals 

are static in both space and time. Therefore, a higher spatiotemporal control is required to 

achieve closer similarity to native microenvironment. 

 

Bioengineering approach to spatiotemporal control of mechanical signals 
 

As previously demonstrated, the mechanical proprieties of cellular microenvironment 

highly influence the cell differentiation as well as cellular proliferation and apoptosis (Gilbert 

et al., 2010; Nelson et al., 2005; Przybyla et al., 2016). Additionally, such mechanical 

features are specific for different organs or, even within the same organ, different 

components present distinct mechanical proprieties, allowing the modulation of cellular 

behavior and promoting multicomponent organogenesis (Engler et al., 2006; Lopez et al., 

2011). Subsequently, for organoid generation, the spatial modulation of mechanical features 

is a critical issue that can be achieved by generating composite hydrogels. For instance, the 

functionalization of traditional hydrogels, such as Matrigel or collagen, with synthetic ECM 

analogs allows to manipulate the mechanical proprieties (Ehrbar et al., 2011; Gill et al., 

2012). The incorporation of adhesion peptides permits to manipulate mobility, since long 

peptide tethers lead to cell attachment and spreading, whereas short peptide tethers induce 

cell adhesion resistance, resulting in cell clustering (Kuhlman et al., 2007). Also the 

incorporation of peptide substrates that are susceptible to enzymatic cleavage can also 

modulate hydrogel degradation by cells and therefore promote cell migration (Raeber et al., 

2005). A modular design of silk protein-based porous scaffolds was also used to produce 
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combined hydrogels, recreating the six-layered architecture of the human cortex (Figure 

I.13-A). The reported approach consisted on adhesive-free assembly of concentric units to 

create the modular structures based on a jigsaw puzzle-like cutting process (Figure I.13-B). 

In this way, different layers were populated with distinct types of neurons and a functional 

3D cortical tissue construction was reached (Tang-Schomer et al., 2014). An alternative 

route to produce complex structures with composite hydrogels is a DNA-directed assembly 

of shape-controlled units (Figure I.13-C). This technique presents the same principle as 

previously described to cell assembly, consisting in enrichment of different blocks with circle 

DNA strand “glues”. Based on the complementarity of each DNA block, a programmable 

assembly of complex macroscale structures can be achieved (Qi et al., 2013). 

 

 

Figure I.13. Engineering hydrogels with spatial control. A) Human cerebral cortex composition: white matter 

and cortex, presenting a six-layered structure (Tang-Schomer et al., 2014). B) Design of adhesive-free assembly 

of concentric layers to mimic brain cortical tissue (Tang-Schomer et al., 2014). C) Assembly of different hydrogel 

cubes based on the complementarity between face-specific DNA glue modifications (Qi et al., 2013). 

 

In addition to the reported technologies that allow the spatial modulation of mechanical 

features, further temporal guidance is possible to be generated by light-mediated patterning. 
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The formation of photodegradable hydrogels by incorporating photolabile moieties within the 

network backbone of an hydrogel, like poly(ethylene glycol), makes the manipulation of the 

physical features of the ECM possible by using light of different wavelengths. Then, upon 

light exposure, the local network crosslink density decreases and the hydrogel is cleaved, 

resulting in changes in physical proprieties, including stiffness, water content, diffusivity, or 

complete erosion, even in the presence of cells (Kloxin et al., 2009). In contrast to this local 

softening, the presence of a photoinitiator originates additional crosslinking after the 

exposure to ultraviolet light and providing local stiffening (Guvendiren and Burdick, 2012).   

In addition to light-patterning, other approaches have been applied for tuning stiffness 

of hydrogels by using a combination of a pH-sensitive poly(2-(diisopropylamino)ethyl 

methacrylate) (PDPA) and biocompatible poly(2 (methacryloyloxy)ethyl phosphorylcholine) 

(PMPC) (Yoshikawa et al., 2011). With the careful adjustment of the pH the hydrogel film 

elasticity could be reversibly modulated allowing for the stiffening or softening of the 

material, and for the temporal dynamic manipulation of cell adhesion/detachment 

(Yoshikawa et al., 2011). This reversibly tunable stiffness can also be reached in cell-laden 

hydrogels based on supramolecular “host–guest” interactions. In this reported method, the 

stiffness is manipulated by non-covalent and reversible host–guest interactions between 

pendant “host” motifs, which are present in the primary hydrogel network and soluble 

polymers. Thus, when these soluble polymers are added, additional physical crosslinks are 

formed resulting in increased hydrogel crosslinking density and elastic modulus (Shih and 

Lin, 2016). Hydrogels can also be dynamically stiffened by using enzymatic reactions, in 

which a peptide linker with additional amino acids residues that are susceptible to a specific 

enzyme catalyzation is created. After enzyme exposure, specific dimer formation is achieved 

leading to additional crosslinks and final stiffening of the cell-laden hydrogel (Liu et al., 2017).  

Therefore, based on these techniques, a spatiotemporal patterning of the mechanical 

features is straightforwardly reached. And by manipulating the matrix stiffness, the growth 
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of neighboring tissues and consequently the mechanical confinement as seen in vivo could 

be mimicked in the organoid microenvironment (Gjorevski et al., 2014). 

 

 

Bioengineering approaches to spatiotemporal control of morphogens diffusion 

 
Morphogens are molecules that are able to coordinate organ growth and patterning, 

establishing a graded concentration distribution and eliciting distinct cellular responses in a 

dose-dependent manner. They can be either cytoplasmatic proteins, able to promote a 

diffusion gradient within the cell, or secreted signaling molecules (Christian, 2012). The 

gradient of these signaling molecules appears to direct tissue patterns during 

embryogenesis (Crick, 1970; Wolpert, 1969). The formation of specific structures can be 

induced by the signaling gradients from the neighboring cells leading to differential 

expression, tissue patterning and morphogenesis (Muller et al., 2013). In vitro, various 

morphogens, including small molecules, growth factors and hormones, have been used to 

regulate cell fate within the organoids. Furthermore, with advances in the bioengineering 

field, the spatiotemporal control of the morphogen gradients within the organoid seems to 

be possible for instructing the correct morphogenesis. 

As already mentioned above, light-mediated patterning approaches present also a 

promising application to control morphogenic signals in both time and space. Biomolecules 

can be introduced within the hydrogel at a desired location, protected by a photodegradable 

moiety (DeForest and Anseth, 2012; Wylie et al., 2011). At the proper timing, light exposure 

leads to a specific photo-releasing of the biomolecule. Beyond the spatial and temporal 

delivery control, for a given light exposure, the amount of biomolecule that is released can 

be predicted (DeForest and Anseth, 2012).  Additionally, the use of microfluidic systems or 

micro/nanoparticles allows an efficient spatiotemporal control of morphogen gradients. 

Lithographic techniques can be used for the production of channels to create functional 
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microfluidic structures within hydrogels. Given the hydrodynamic properties of 

microchannels, following initial homogeneous distribution of biomolecules inside the 

channels, a concentration gradient is formed by adjusting the flow rate. The delivered 

biomolecules can be changed over time within the scaffold and the temporal modulation of 

these molecules can be achieved across the entire network in a spatially uniform manner. 

(Choi et al., 2007). These microfluidic devices were already successfully used to modulate 

neural tube patterning in vitro. Uzel et al. reported a microfluidic design to create orthogonal 

linear gradients in a 3D cell-embedded scaffold (Uzel et al., 2016). The authors used the 

reported device to generate gradients of RA and SAG, an agonist of SHH (Chen et al., 2002), 

across a 3D collagen hydrogel with mouse ESC-derived aggregates (Uzel et al., 2016; 

Figure 1.14-A). Since RA has a caudalizing effect on the neuroepithelium and SHH is 

secreted in the most ventral part of the neural tube (Dessaud et al., 2008; Maden, 2007), a 

combinatorial effect of these two morphogens specifies progenitor cells into caudal and 

ventral identities leading to subsequent formation of ventral spinal cord neurons (Uzel et al., 

2016). A similar approach was also used by Demers and coworkers. In addition to RA and 

SHH signaling, they introduced a BMP4 gradient in a microdevice capable to mimic the 

dorsal patterning of the neuroepithelium (Demers et al., 2016; Figure I.14-B). During neural 

differentiation, dorsal-ventral identity is achieved by opposite gradient delivery of SHH and 

BMP, whereas the orthogonal delivery of RA gradient allows the generation of rostral-caudal 

axis (Demers et al., 2016). These two different studies demonstrated the ability to generate 

temporally-controlled morphogen gradients that allow the spatial patterning in stem cell-

derived 3D structures. 
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Figure I.14. Induction of morphogen gradients within organoids. A) Orthogonal gradients of RA and SAG 

for generation of motor neurons, which can achieve a wide range of concentrations (Uzel et al., 2016). B) 

Schematic overview of the microfluidic reconstruction of the neural tube patterning (Demers et al., 2016). 

 

Thus, the use of microfluidics can provide a trans-organoid morphogen gradient, along 

with the immobilization of biomolecules in the biomaterial for spatial control (Marti-Figueroa 

and Ashton, 2017). In fact, direct integration of biomolecules into the scaffold allows to 

manipulate cell attachment, migration and fate, but when combined with a delivery vehicle, 

like micro/nanoparticles, the controlled release of biomolecules is possible, allowing the 

generation of spatial gradients (Van Rijt and Habibovic, 2017). Mahoney and Saltzman were 
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the first to assemble cells with controlled-release of polymeric microparticles to develop 

tissues with programmable synthetic extracellular microenvironments (Mahoney and 

Saltzman, 2001). This technology was later applied to promote the controlled release of 

morphogens within organoids (Carpenedo et al., 2009). Degradable PLGA microspheres, 

containing RA, were incorporated within ESC-derived aggregates to achieve a controlled 

morphogen presentation and cystic spheroids formation (Carpenedo et al., 2009). An 

efficient cell differentiation and morphogenesis by the generation of structures that resemble 

the early mouse embryos (E6.75), with an exterior of visceral endoderm enveloping an 

epiblast-like layer was demonstrated (Carpenedo et al., 2009). Moreover, the combination 

of microparticles that present different kinetic releases allows a controlled and sequential 

morphogen presentation, and therefore pre-determinate the time course of delivery and 

accomplish an efficient induction (Dang et al., 2016). These approaches represent a 

versatile tool to create morphogen gradients that provide an accurate spatiotemporal 

regulation, being capable of inducing the symmetry breaking necessary for correct organoid 

morphogenesis. 

 

Scaling up of organoids generation 
 

Other parameters, beyond biochemical signals and physical proprieties of ECM, 

should be considered for organoid generation, including sufficient nutrient and oxygen 

supply. The organoid size increases with the complexity of the generated structures and it 

can range from 200 µm to 4 mm (Li et al., 2014). However, larger organoids usually present 

diffusion limitations making it hard to mimic some developmental features (Van Winkle et 

al., 2012). Based on the physics of diffusion, cell density, and lower range of reported 

metabolic consumption rates for oxygen, cerebral organoids can achieve a maximal 

diameter of 1.4 mm without presenting central necrosis (McMurtrey, 2016). However, the 
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predicted diameter is based only on the low metabolic activity present in the organoids, since 

spontaneous neural activity is infrequent (McMurtrey, 2016). The use of a dynamic system, 

like a spinning bioreactor, is able to support organoid growth due to an efficient transport of 

nutrients and oxygen diffusion, allowing the maintenance of large-size organoids, with about 

4 mm, that efficiently recapitulate the cerebral structure (Lancaster et al., 2012). In fact, 

bioreactors have been largely applied to expand and differentiate PSCs toward mesoderm, 

endoderm and ectoderm lineage, but without a structural cellular arrangement within the 

stem cell-derived 3D aggregates (Kempf et al., 2016; Kropp et al., 2016; Miranda et al., 

2016; Rigamonti et al., 2016; Vosough et al., 2013). Moreover, the protocols for organoid 

generation using bioreactors typically involve initial commitment in static conditions, and 

further embedding of the organoids within a hydrogel, followed by transferring organoids to 

the bioreactor (Lancaster et al., 2012; Ovando-Roche et al., 2018; Przepiorski et al., 2018; 

Qian et al., 2016). This methodology limits the potential scale up and the application of 

organoid culture in high-throughput processes for drug discovery and toxicology studies. 

Recently, a new platform was reported that allows capsule production through 

electrospraying using a matrigel core, yielding robust capsules with microenvironmental 

support and organoid growth through the generation of an outer alginate shell that protects 

the cell-matrigel core (Lu et al., 2017). However, the generation of controlled size 

aggregates and further differentiation into well-organized organoids using bioreactors, in a 

continuous process, remains a challenge. Moreover, how the bioreactor design can affect 

the organization and morphogenesis of the organoid is still not understood. 
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I.6 THESIS OUTLINE 
 

The thesis organization shows an optimization of the conditions for the generation of 

cerebellar neurons in defined and reproducible conditions that can be used routinely. Based 

on the influence of feeder layers in the variability between different experiments, we 

attempted to create a new approach that allows to differentiate cerebellar neurons from 

human iPSCs without requiring co-culturing with other cell types. This technique was further 

optimized by promoting a more efficient differentiation into Purkinje cell progenitors and 

maturation of Purkinje neurons. Finally, the generation of large amounts of cerebellar 

organoids as well as functional cerebellar neurons in a 3D dynamic culture system using 

Single-Use Vertical-WheelTM bioreactors was accomplished. 

 

Chapter II: Generation of mature cerebellar neurons from human induced pluripotent 

stem cells under defined and feeder-free 

In this chapter, a novel strategy that uses a defined neuronal medium to generate 

distinct subtypes of cerebellar neurons, including Purkinje cells, granule cells, interneurons, 

and deep cerebellar nuclei projection neurons, was described. The generated cerebellar 

neurons were able to establish functional neuronal networks that were maintained for up to 

145 days in culture. Using this defined medium reported to mimic the microenvironment of 

the CNS, we successfully promoted the maturation of cerebellar progenitors into functional 

neurons, without the need for co-culturing.  
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Chapter III: Controlling the regional identity of human pluritpotent stem cell-derived 

cerebellar organoids 

This chapter reflects the optimizations of the previously reported protocol in order to 

increase the number of cerebellar GABArgic precursors and the efficiency of Purkinje cell 

maturation. Therefore, we attempted to control the regional identity of cerebellar organoids 

by manipulating SHH signaling to promote the ventral commitment of the cerebellar 

neuroepithelium. This new methodology promoted the generation of a dense layer of OLIG2+ 

cells, which is important for Purkinje cell specification during cerebellar development. In 

addition, 5-HT treatment during the maturation process appeared to have positive effect on 

Purkinje cell generation and maturation, since enhanced expression of Purkinje-specific 

markers, including L7 and GRID2, was detected.  

 

Chapter IV: Scalable generation of mature cerebellar neurons from human pluripotent 

stem cells using Single-Use Vertical-WheelTM bioreactors 

Lastly, we present a reproducible and scalable generation of neural organoids as well 

as functional neurons under chemical defined conditions by using the novel PBS 0.1 (100 

mL) Vertical-Wheel single-use bioreactors. In this system, the generated human iPSC-

derived organoids acquired an efficient mid-hindbrain patterning and further on cerebellar 

identity. The obtained cerebellar precursors were able to mature, in a 3D structure, into 

different functional cerebellar neurons and to survive for up to 3 months, without feeder 

layers. 
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II.1 ABSTRACT 
 

The cerebellum plays a critical role in all vertebrates, and many neurological disorders 

such as ataxias are associated with cerebellum dysfunction. A major limitation in cerebellar 

research has been the lack of adequate disease models. As an alternative to animal models, 

cerebellar neurons have been differentiated from human induced pluripotent stem cells 

(iPSCs). However, previous studies were able to produce only limited amounts of Purkinje 

cells. These cells are strongly involved with the development of cerebellar ataxias and are 

thus required for studying these diseases. Moreover, in vitro generation of Purkinje cells 

required co-culture systems, which may introduce unknown components to the system. Here 

we describe a novel 3D differentiation strategy that uses defined medium to generate 

Purkinje cells, granule cells, interneurons, and deep cerebellar nuclei projection neurons. 

The distinct types of cerebellar neurons self-formed and matured into functional cells that 

were maintained in cultures for up to 145 days. Using a defined basal medium optimized for 

neuronal cell culture, we successfully promoted the maturation of cerebellar precursors 

without the need for co-culturing. We anticipate that our findings can be translated into better 

models for the study of cerebellar dysfunctions, and represent a valuable advance towards 

the development of autologous replacement strategies for treating cerebellar degenerative 

diseases.  

 

Keywords: cerebellum, ataxia, Purkinje cells, feeder-free culture, human pluripotent stem 

cells  
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II.2 INTRODUCTION 
 

The cerebellum plays a critical role in maintaining balance and posture, coordination 

of voluntary movements, and motor learning in all vertebrates (for a recent review see 

McLachlan and Wilson, 2017). Emerging evidence indicates that this brain structure also 

plays a role in auditory processing tasks, reward expectation (Wagner et al., 2017), and 

other forms of emotional processing (Adamaszek et al., 2017). Therefore, it is not surprising 

that many neurological disorders are associated with abnormal changes in the cerebellum 

(Schöls et al., 2004; Taroni and DiDonato, 2004). This association has generated a great 

interest in the study of cerebellum development and function.  

A major limitation in cerebellar research has been the lack of adequate experimental 

models that could help identify essential molecular and cellular pathways and thus could be 

used to improve our understanding of cerebellum dysfunction. Indeed, much of the current 

knowledge about the mechanisms of cerebellar diseases has been based on human 

postmortem studies, which do not inform on disease development or progression. 

Alternatively, animal models and immortalized human cell lines have been used (Manto and 

Marmolino, 2009). While these models permit in-depth investigation, they do not fully reflect 

the physiology and metabolism of human tissues. Thus, there is a great need for better 

models for the study of the human cerebellum. 

The generation of cerebellar neurons using human induced pluripotent stem cells 

(iPSCs) aims to recapitulate early cerebellar development during human embryogenesis 

(Andreu et al., 2014; Butts et al., 2014; Leto et al., 2016). Pioneer studies worked on the 

formation of embryoid body-like structures derived from human or mouse embryonic stem 

cells that did differentiate into cerebellar-like cells (Erceg et al., 2010, 2012; Salero and 

Hatten, 2007; Su et al., 2006) but nevertheless showed only a small number of immature 

Purkinje cells. Considering that most cerebellar disorders, namely ataxias, are associated 
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with a loss of Purkinje cells, this technical limitation compromises the use of such embryoid 

bodies as a model for studying cerebellar biology and pathology.  

Recent studies have generated bona fide Purkinje cells from mouse embryonic stem 

cells (Muguruma et al., 2010), human pluripotent stem cells (Muguruma et al., 2015), or 

spinocerebellar ataxia patient-derived iPSCs (Ishida et al., 2016). However, the maturation 

into functional Purkinje neurons has been achieved by co-culturing cells with either 

cerebellar granule cell precursors isolated from mouse embryos (Ishida et al., 2016; 

Muguruma et al., 2015) or fetal cerebellar slices (Wang et al., 2015). Co-culture systems 

can be problematic because feeder cells add significant variability to the system, which may 

in turn affect its reproducibility and the experimental results (Akopian et al., 2010; Wang et 

al., 2015). Thus, establishing long-term culture systems that are able to support complete 

maturation of human cerebellar neurons in feeder-free conditions is highly needed.  

Here we present a novel differentiation strategy to generate distinct types of cerebellar 

cells that self-formed and matured into functional neurons in a defined medium. The 

possibility of efficiently generating cerebellar neurons from patient-derived iPSCs will 

facilitate drug screening and the study of specific pathways involved in disease development 

and progression.  
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II.3 METHODS  
 

Maintenance of human iPSCs 
 

We used two distinct human iPSC lines. A cell line, termed F002.1A.13, was derived 

from a healthy female donor using a standard protocol (Takahashi et al., 2007). Karyotyping 

of these cells revealed no abnormalities, and upon subcutaneous injection into immune-

deficient mice they induced the formation of tumoral masses reminiscent of teratomas 

(Hentze et al., 2009), thus confirming their in vivo differentiation potential (Figure II.1). 

Besides the F002.1A.13, the Gibco® Human Episomal iPSC line (iPSC6.2) was also used 

(Burridge et al., 2011).  Both human iPSCs were cultured on MatrigelTM (Corning)-coated 

plates with either Essential 8™ Medium (Life Technologies) or mTeSR™1 Medium 

(StemCell Technologies). Medium was changed daily. Cells were passaged every three to 

four days (when the colonies covered approximately 85% of the surface area of the culture 

dish) using 0.5mM EDTA dissociation buffer (Life Technologies). Two to three passages 

were performed before starting the differentiation process. 

 

Teratoma assay  
 

Animal experimentation at Instituto de Medicina Molecular was conducted strictly 

within the rules of the Portuguese official veterinary directorate, which complies with the 

European Guideline 86/609/EC concerning laboratory animal welfare, according to a 

protocol approved by the Institute’s Animal Ethics Committee. To assess capacity of the 

F002.1A.13 cells to form teratoma, cells were collected using 0.5 mM EDTA dissociation 

buffer and 2x106 cells, resuspended in mTeSR™1/Matrigel 1:1, were subcutaneously 

injected into the flanks of 8-week-old immunocompromised mice (NGS). Animals were 

sacrificed with anesthetic overdose and necropsy was performed. Subcutaneous tumor and 
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ipsilateral inguinal lymph node were harvested, fixed in 10% neutral-buffered formalin, 

embedded in paraffin, and 3μm sections were stained with hematoxylin and eosin. Tissue 

sections were examined by a pathologist blinded to experimental groups in a Leica DM2500 

microscope coupled to a Leica MC170 HD microscope camera. 

 

Karyotyping of human iPSCs 
 

F002.1A.13 cells were incubated with colcemid (10μg/ml; Life Technologies) for 4 

hours to arrest cells in metaphase. Next, cells were collected and incubated with hypotonic 

potassium chloride solution for 15 min at 37 °C. Finally, cells were resuspended and fixed 

in glacial acetic acid and methanol (1:3). Karyotype analysis was performed by Genomed 

SA (Lisbon, Portugal).  

 

Figure II.1. F002.1A.13 cell line characterization. A) Representative histological sections of teratomas stained 

with hematoxylin and eosin. Tumors contained cell types derived from the three embryonic germ layers, including 

ectodermal components corresponding to neuroepithelium with melanin pigment, retina-like pigmented 

structures, and neuroepithelium consisting of small hyperchromatic cells arranged in rosettes; mesodermal 
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components corresponding to adipocytes and cartilage; and endodermal components corresponding to columnar 

epithelium and mucin-producing cells. B) Karyotype performed by Giemsa Trypsin banding. C) Flow cytometry 

analysis for the indicated pluripotency markers on day zero of differentiation. 

 

3-D culture of cerebellar organoids 
 

To promote human iPSC aggregation in embryoid body-like floating structures, both 

cell lines used in this study were incubated with ROCK inhibitor (ROCKi, Y-27632, 10μM, 

StemCell Technologies) for 1 h at 37 ºC and then treated with accutase (Sigma) for 5 min at 

37ºC. After dissociation, cells were quickly re-aggregated using microwell plates 

(AggreWell™800, StemCell Technologies) according to the manufacturer’s instructions. 

Cells were plated at a density of 1.8 x 106 cells/well (6,000 cells/microwell) in 1.5 mL/well of 

mTeSR™1 supplemented with 10μM ROCKi.  Twenty-four hours later the entire medium 

was replaced and cells were maintained in mTeSR™1 without ROCKi for another 24 hours.  

The day on which the aggregate culture was started was defined as day 0. The basal 

differentiation medium used during days 2–21 was growth-factor-free chemically defined 

medium (gfCDM) (Muguruma et al., 2015), consisting of Isocove’s modified Dulbecco’s 

medium/Ham’s F-12 (Life Technologies) 1:1, chemically defined lipid concentrate (1% v/v, 

Life Technologies), monothioglycerol (450μM, Sigma), apo-transferrin (15μg/ml, Sigma), 

crystallization-purified BSA (5mg/ml, >99%, Sigma), and 50U/ml penicillin/50μg/ml 

streptomycin (PS, Life Technologies). The medium was also supplemented with insulin 

(7μg/ml, Sigma). 

Recombinant human basic FGF (FGF2, 50ng/ml, PeproTech) and SB431542 (SB, 

10μM, Sigma) were added to culture on day 2. The entire medium was replaced by gfCDM 

(supplemented with insulin, FGF2 and SB) on day 5. On day 7, the floating aggregates were 

transferred from microwell plates to ultra-low attachment 6-well plates (Costar, Corning) and 

cultured at a density of 1 × 106 cells/mL in 1.8 mL/well. Medium was replaced and 2/3 of the 
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initial amount of FGF2 and SB was added. Recombinant human FGF19 was added to 

culture on day 14, and the entire medium was replaced by gfCDM (supplemented with insulin 

and FGF19) on day 18. From day 21 onwards, the aggregates were cultured in Neurobasal 

medium (Life Technologies) supplemented with GlutaMax I (Life Technologies), N2 

supplement (Life Technologies), and PS. The entire medium was then replaced weekly. 

Recombinant human SDF1 (300ng/ml, PeproTech) was added to culture on day 28 (Figure 

II.4). 

 

Maturation of cerebellar neurons 
 

On day 35 of differentiation, aggregates were dissociated using accutase (Sigma) and 

re-plated on wells coated with poly-L-ornithine (15μg/mL, Sigma) and Laminin (20μg/mL, 

Sigma), at a seeding density between 20,000 – 200,000 cells/cm2. Both floating and re-

plated aggregates were cultured in BrainPhys™ Neuronal Medium (StemCell 

Technologies), supplemented with NeuroCult™ SM1 Neuronal Supplement (StemCell 

Technologies), N2 Supplement-A (StemCell Technologies), Recombinant Human Brain 

Derived Neurotrophic Factor (BDNF, PeproTech, 20ng/mL), Recombinant Human Glial-

Derived Neurotrophic Factor (GDNF, PeproTech, 20ng/mL), dibutyryl cAMP (1mM, Sigma), 

and ascorbic acid (200nM, Sigma). One-third of the total volume was replaced at every 2–3 

days.  

 

Organoid size analysis 
 

To monitor organoid sizes throughout time in culture, several images were acquired 

at different time-points using a Leica DMI 3000B microscope with a Nikon DXM 1200F digital 
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camera. The organoid diameter was calculated based on determined area using the 

Mathworks computer tool (MATLAB), as described (Miranda et al., 2015). 

 

Tissue preparation and Immunostaining 
 

Organoids were fixed in 4% paraformaldehyde (PFA, Sigma) for 20 min at 4 ºC 

followed by washing in Phosphate buffered saline (PBS, 0.1M) and overnight incubation in 

15% sucrose at 4 ºC. Organoids were embedded in 7.5% gelatin/15% sucrose and frozen 

in isopenthane at -80 ºC. Sections (approximately 12μm thick) were cut on a cryostat-

microtome (Leica CM3050S, Leica Microsystems), collected on Superfrost™ Microscope 

Slides (Thermo Scientific), and stored at -20 ºC. Sections were de-gelatinized for 45 min in 

PBS at 37 ºC before being submitted to immunohistochemistry.  

For immunostaining, sections and cells plated on coverslips were incubated in 0.1 M 

Glycine (Millipore) for 10 min at room temperature (RT), permeabilized with 0.1% Triton X-

100 (Sigma) for 10 min at RT, and blocked with 10% fetal goat serum (FGS, Life 

Technologies) in TBST (20mM Tris-HCl pH 8.0, 150mM NaCl, 0.05% Tween-20, Sigma) for 

30 min at RT.  Next, they were incubated overnight at 4 ºC with the primary antibodies (Table 

II.1) diluted in blocking solution. Secondary antibodies were added to sections for 30 min 

(goat anti-mouse or goat anti-rabbit IgG, Alexa Fluor®–488 or –546, 1:400 v/v dilution, 

Molecular Probes) at RT and nuclear counterstaining was performed using 4’,6-diamidino-

2-phenylindole (DAPI, 1.5µg/mL; Sigma). For phalloidin staining, cells were incubated with 

Alexa Fluor® 488 Phalloidin (1:40 in PBS, Life Technologies). After brief drying, sections 

and coverslips were mounted in Mowiol (Sigma). Fluorescence images were acquired with 

Zeiss LSM 710 or Zeiss LSM 880 Confocal Laser Point-Scanning Microscopes. 
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Table II-1. List of primary antibodies and dilutions used for immunostaining 

 

Antibody Company Host species Dilution 

BARHL1 Atlas rabbit 1:500 

CALBINDIN Swant rabbit 1:500 

CORL2 Atlas rabbit  1:100 

GAD65 BD Pharmingen mouse 1:100 

MAP2 Sigma mouse 1:1000 

N-CADHERIN 
BD 

Transduction 
mouse 1:1000 

NESTIN R&D mouse 1:400 

NEUROGRANIN Millipore rabbit 1:200 

PARVALBUMIN Sigma mouse 1:200 

PAX6 Covance rabbit 1:400 

SOX2 R&D mouse 1:200 

TBR1 Millipore rabbit 1:200 

TUJ1 Biolegend  mouse 1:1000 

V-GLUT1 Abcam rabbit 1:100 
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Quantitative real time (qRT)-PCR 
 

Total RNA was extracted at different time-points of differentiation using High Pure RNA 

Isolation Kit (Roche) and converted into complementary cDNA with Transcriptor High 

Fidelity cDNA Synthesis Kit (Roche). Taqman® Gene Expression Assays (20X, Applied 

Biosystems) were selected for NANOG (HS02387400-g1), OCT4 (HS00999634-sh), PAX6 

(HS00240871-m1), SOX1 (HS01057642-s1), EN2 (Hs00171321_m1), KIRREL2 

(Hs00375638_m1), and GAPDH (HS02758991-g1). ATOH1, BARHL1, FGF8, GAD65, 

GRID2, NESTIN, NEUROGRANIN, OLIG2, OTX2, PARVALBUMIN, PAX2, TBR1, and V-

GLUT1 were analyzed using SYBR® green chemistry (Table II.2). All PCR reactions were 

done in duplicate or triplicate, using the StepOneTM or ViiATM 7 RT-PCR Systems (Applied 

BioSystems). Reactions were normalized to the housekeeping gene GAPDH and results 

were analyzed with StepOneTM or QuantStudioTM RT-PCR Software. Relative expression 

values were used for ClustVis analysis, an in silico tool that clustered different conditions 

that have similar gene expression at different time points (Metsalu and Vilo, 2015). 

 

Table II-2. Primers used for qRT-PCR 

Gene Forward Reverse 

ATOH1 TGTTATCCCGTCGTTCAACAAC TGGGCGTTTGTAGCAGCTC 

BARHL1 GAGCGGCAGAAGTACCTGAG GTAGAAATAAGGCGACGGGAAC 

CALBINDIN AGTGGTTACCTGGAAGGAAAGG AGCAGGAAATTCTCTTCTGTGG 

CORL2 CCAGGTGTTAAAAGGAAACACA GCTCCCTTTTCATCTGATCCT 

FGF8 GAGCCTGGTGACGGATCAG CGTTGCTCTTGGCGATCAG 

GAD65 GTCTCCAGCTCGCATACACA CGAAAGACCAAAAGCCAGAG 

GRID2 AGCTCTTCCTCTCTTGGTTTCC GCCCCACGTTGCCTAGAAAT 

NESTIN GAAACAGCCATAGAGGGCAAA TGGTTTTCCAGAGTCTTCAGTGA 
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NEUROGRANIN TCAAAGTTCCCGAGGAGAGA CTAAAAGGGCACGGACTCAG 

OLIG2 GACAAGCTAGGAGGCAGTGG CGGCTCTGTCATTTGCTTCTTG 

OTX2 AGAGGACGACGTTCACTCG TCGGGCAAGTTGATTTTCAGT 

PARVALBUMIN TTCTCCCCAGATGCCAGAGA GAGATTGGGTGTTCAGGGCA 

PAX2 AACGACAGAACCCGACTATGT GAGCGAGGAATCCCCAGGA 

TBR1 CGTCTGCAGCGAATAAGTGC AATGTGGAGGCCGAGACTTG 

VGLUT1 TACACGGCTCCTTTTTCTGG CTGAGGGGATCAGCATGTTT 

 

 

Flow cytometry  
 

Eppendorf tubes were coated with 1% v/v bovine serum albumin (BSA; Life 

Technologies) solution in PBS for 15 min. Samples previously stored in 2%  PFA (Sigma) 

were centrifuged at 1000 rpm for 5 min and washed twice with PBS. For surface staining, 

cells were resuspended in primary antibody diluted in FACS buffer, at approximately 

500,000 cells per condition, and incubated for 30 min at RT. Afterwards, cells were washed 

with PBS and resuspended in FACS buffer and incubated with secondary antibodies for 

another 15 min, at room temperature. Finally, cells were washed twice with PBS and 

resuspended in PBS, for flow cytometry analysis (FACSCalibur, Becton Dickinson). For 

intracellular staining, cells were then resuspended in 3% normal goat serum (NGS, Sigma), 

at 0.5–1x106 cells per condition. The cell suspension was centrifuged once again at 1000 

rpm for 3 min. The cell membrane was then permeabilized using a solution 1:1 of 3% NGS 

and 1% saponin (Sigma) for 15 min, at RT. After washing three times with 1% NGS, cells 

were resuspended in primary antibody solution (in 3% NGS) and incubated for 1.5h at room 

temperature. Cells were then washed three times with 1% NGS, and incubated for 45 min 

in the dark with the secondary antibody (in 3% NGS). Finally, after another washing step, 

cells were resuspended in PBS and analyzed in the flow cytometer (Becton Dickinson). 
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Antibodies used for flow cytometry were: Tra-1-60-PE (Miltenyi Biotec, 1:50), SEEA-4-PE 

(Miltenyi Biotec, 1:10), SOX2 (Sigma, 1:150), OCT4 (Invitrogen, 1:300), NANOG (Millipore, 

1:300), and KIRREL2 (R&D Systems, 1:50). Secondary antibodies included goat anti-mouse 

and anti-rabbit IgG Alexa Fluor – 488 (Invitrogen, 1:300), and anti-mouse IgG-PE (1:300, 

Miltenyi Biotec), all used as negative control for their tested counterpart.  

 

Single cell calcium imaging 
 

For single cell calcium imaging, organoids were dissociated using accutase (Sigma) and 

re-plated on glass bottom microwell chambers previously coated with poly-D-lysine (MatTek) 

and Laminin (20μg/mL, Sigma), at a seeding density of 80 000 cells/cm2. At different time-

points of differentiation, dissociated cells were loaded with 5µM Fura-2 AM (Invitrogen) in 

Krebs solution (132mM NaCl, 4mM KCl, 1.4mM MgCl2, 2.5mM CaCl2, 6mM glucose, 10mM 

HEPES, pH 7.4) for 45 min at 37 ºC in an incubator with 5% CO2 and 95% atmospheric air. 

Dishes were washed in Krebs solution and then mounted on an inverted microscope with 

epifluorescence optics (Axiovert 135TV, Zeiss). Cells were continuously perfused with Krebs 

solution and stimulated by applying high-potassium Krebs solution (containing 10-100mM 

KCl, isosmotic substitution with NaCl), 2µM ionomycin, or 100µM histamine. Ratio images 

were obtained from image pairs acquired every 200ms by exciting the cells at 340nm and 

380nm. Excitation wavelengths were changed through a high-speed switcher (Lambda DG4, 

Sutter Instrument, Novato, CA, United States). The emission fluorescence was recorded at 

510nm by a cooled CDD camera (Photometrics CoolSNAP fx). Images were processed and 

analyzed using the software MetaFluor (Universal Imaging, West Chester, PA, United 

States). Regions of interest were defined manually. 
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Dendritic spine classification 
 

After phalloidin-staining, cell images were acquired using Zeiss LSM 880 Confocal Laser 

Point-Scanning Microscopes. Representative images were used to measure dendritic spine 

head width and neck length using ImageJ software.  

 

Patch-clamp recordings 
 

Whole-cell patch-clamp recordings were obtained from generated cerebellar neurons 

visualized with an upright microscope (Zeiss Axioskop 2FS) equipped with differential 

interference contrast optics using a Zeiss AxioCam MRm camera and an x40 IR-Achroplan 

objective. During recordings, cells were continuously superfused with artificial cerebrospinal 

fluid (aCSF) containing124mM NaCl, 3 mM KCl, 1.2 mM NaH2PO4, 25 mM NaHCO3, 2 mM 

CaCl2, 1 mM MgSO4, and 10 mM glucose, which was continuously gassed with 95%O2/5% 

CO2.  Recordings were performed at room temperature in current-clamp or voltage-clamp 

mode [holding potential (Vh) = −60 mV] with an Axopatch 200B (Axon Instruments) amplifier, 

as performed elsewhere (Felix-Oliveira et al., 2014). Synaptic currents and action potential 

activity were recorded using patch pipettes with 4 to 7 MΩ resistance filled with an internal 

solution containing 125 mM K-gluconate, 11 mM KCl, 0.1 mM CaCl2, 2 mM MgCl2, 1mM 

EGTA, 10 mM HEPES, 2mM MgATP, 0.3mM NaGTP, and 10mM phosphocreatine, pH 7.3, 

adjusted with 1 M NaOH, 280-290 mOsm. Acquired signals were filtered using an in-built, 

2-kHz, three-pole Bessel filter, and data were digitized at 5 kHz under control of the pCLAMP 

10 software program. The junction potential was not compensated for, and offset potentials 

were nulled before gigaseal formation. The resting membrane potential was measured 

immediately upon establishing whole-cell configuration. Spontaneous miniature 

postsynaptic currents were recorded in aCSF solution for 5 minutes. After this period, the 

sCSF solution was supplemented with 500nM TTX (tetrodotoxin, a voltage-dependent 
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sodium channel blocker), 5μM CNQX (6-cano-7-nitroquinoxaline-2, 3-dione, a glutamate 

AMPA receptor antagonist), and 50μM DL-APV (DL-(−)-2-amino-5-phosphonopentanoic 

acid, a glutamate NMDA receptor antagonist), for the specific recording of miniature 

inhibitory post-synaptic currents, mIPSCs (Rombo et al., 2016). To silence mIPSCs and 

confirm their GABAergic nature, 10μM bicuculline (a GABAA receptor antagonist) was used 

at the end of the recording. Analysis was performed off line using the spontaneous event 

detection parameters of the Synaptosoft Minianalysis software, the amplitude threshold for 

event detection being set at 3x the average root-mean-square noise. 

 

II.4 RESULTS 
 

Generation of controlled-size aggregates and size characterization of iPSC-
derived organoids  
 

The ability to recapitulate aspects of human developmental processes in vitro using 

hPSCs have been largely studied in the last few years (Ungrin et al., 2008). Mimicking the 

embryonic development in vitro requires that appropriate spatial, temporal and mechanical 

cues are provided to assure correct differentiation in functional hPSC-derived progenitors. 

For recapitulating some of the in vivo developmental cues, many differentiation protocols 

using hPSCs begin by promoting cell aggregation in 3D aggregates (Bauwens et al., 2008; 

Peerani et al., 2007). Thus, we first focused on establishing optimal initial conditions to 

obtain a homogeneous population of aggregates from different iPSC lines, which then could 

be differentiated into cerebellar organoids. Since aggregates size is a significant parameter 

influencing the differentiation towards specific cell lineages (Bratt-Leal et al., 2009), we 

controlled the initial cell number per aggregate by promoting the iPSC aggregation in 

microwell plates (Miranda et al., 2015). Size-controlled aggregates were obtained by plating 

6 000 cells per microwell, as shown in Figure II.2. 
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Figure II.2. Schematic representation of a controlled iPSC aggregation at day 0 using AggrewellTM800 

plates. Cells were seeded at concentration of 6 000 cells per microwell and aggregated by centrifugation. After 

24 hours, aggregates with homogeneous size were observed. Scale bar, 100 µm. Adapted from (Dahlmann et 

al., 2013). 

 

Aggregates exhibited homogeneous size and shape when they were maintained in 

the microwell plates until day 8 after initiating the differentiation. After being transferred from 

the microwells to low-attachment plates, organoids presented greater variability in both size 

and shape (Figure II.3-A). For evaluating the organoids size distribution along the 

differentiation protocol, an assessment of the organoids diameter was performed at different 

time points of culture. The culture displays an increase of aggregate diameter along time by 

using different iPSC lines (Figure II.3-B). The relative frequencies of measured diameters 

on day 8 presents well-defined distribution, becoming more heterogeneous along time, with 

widespread distribution on day 35. This means that, while at day 8 most aggregates have 

approximately the same diameter range, on day 35 several “subsets” of organoids can be 

identified, thus an increasing of organoids diameter variability during time in culture can be 

observed (Figure II.3-C).  
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Figure II.3. Generation of 3D organoids derived from human iPSCs. A) Bright field photomicrograph showing 

floating aggregates during cerebellar differentiation. Scale bar, 100 µm. B) The diameter of floating aggregates 

was estimated at the indicated time-points. C) Distribution of floating aggregate diameters was determined at 

the indicated time-points. 

 

Induction of cerebellar differentiation in human iPSCs-derived 3D organoids 
 

To generate cerebellar progenitors, human iPSCs were induced to spontaneously self-

assemble in suspension culture. Cells were cultured in chemically defined medium and 

fibroblast growth factor 2 (FGF2), insulin, transforming growth factor β-receptor blocker 

SB431542, fibroblast growth factor 19 (FGF19), and stromal cell-derived factor 1 (SDF1) 

were added sequentially, as previously described (Muguruma et al., 2015). On day 2, the 
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mTESR1 medium was replaced with gfCDM and then with neurobasal medium on day 21 

(Figure II.4). 

 

Figure II.4. Schematics illustrating the culture procedure to induce differentiation of iPSCs to cerebellar 

progenitors. F002.1A.13 and iPSC6.2 cells were induced to aggregate and develop into 3D organoids. On day 

2, fibroblast growth factor 2 (FGF2), insulin, and transforming growth factor β-receptor blocker SB431542 were 

added. Starting on day 14 until day 21, fibroblast growth factor 19 (FGF19) was added to the culture. Lastly, 

stromal cell-derived factor 1 (SDF1) was added on day 28 until day 35. After day 35, maturation of cerebellar 

progenitors was promoted by using BrainPhysTM supplemented with BDNF and GDNF. 

 

  

Schematics illustrating the culture procedure to induce differentiation of iPSCs to 

cerebellar progenitors. F002.1A.13 and iPSC6.2 cells were induced to aggregate and 

develop into 3D organoids. On day 2, fibroblast growth factor 2 (FGF2), insulin, and 

transforming growth factor β-receptor blocker SB431542 were added. Starting on day 14 

until day 21, fibroblast growth factor 19 (FGF19) was added to the culture. Lastly, stromal 

cell-derived factor 1 (SDF1) was added on day 28 until day 35. After day 35, maturation of 

cerebellar progenitors was promoted by using BrainPhysTM supplemented with BDNF and 

GDNF. 

As expected, on day zero of differentiation human iPSCs expressed the pluripotency 

and self-renewal genes OCT4 and NANOG (Figure II.5-A). By day 7, their mRNA levels 

were significantly reduced whereas by day 14 they were almost undetectable, indicating that 

cells were committed to differentiate. Starting on day 7 and going onwards until day 35, 
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organoids progressively expressed higher mRNA levels of the neural stem cell markers 

SOX1 and NESTIN (Figure II.5-B). Immunofluorescence analysis further revealed that most 

cells within the aggregates expressed NESTIN and detected small neural rosettes structures 

staining for PAX6 and SOX2 (Figure II.5-C). Besides that, cell expressing TUJ1 were 

detected on the organoid surface, basally to neural rosettes (Figure II.5-C). Altogether these 

results support the neural commitment of the iPSC-derived organoids.  

 

Figure II.5. Efficient neural induction in iPSC-derived organois. qRT-PCR analysis of NANOG and OCT4 

(A), SOX1 and NESTIN (B) mRNA levels relative to GAPDH levels at different time-points. For all graphics 

depicted, data were obtained from 5 independent differentiation experiments using F002.1A.13 cells. Student´s 

t-test (two-tailed) statistics, * p<0.05, ** p<0.01; error bars represent SEM. C) Immunofluorescence for NESTIN, 

PAX6, SOX2 and TUJ1 on day 14 of differentiation (scale bar, 50µm).    

 

As shown in Figure II.6, RNA levels of FGF8, a gene encoding a signaling protein 

required for early cerebellum development (Chi et al., 2003), is at its highest on day 7 of 

differentiation and then declines thereafter. Figure II.6 shows a significant increase in the 

mRNA levels of OTX2 (a homeobox gene required for cerebellum development and which 
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is inhibited by FGF8, Frantz et al., 1994; Larsen et al., 2010) on day 35. As expected, OTX2 

levels increase only after FGF8 mRNA has been significantly down-regulated (Figure II.6). 

On days 14 through 35, we also detected the expression of EN2 (Figure II.6), another 

homeobox gene required to generate a fully functional cerebellum (Zec et al., 1997). Having 

established that iPSCs-derived organoids were expressing critical genes required for early 

cerebellum morphogenesis, we next focused on detecting specific cerebellar progenitors. 

Starting on day 14 (and increasing onwards), we detected significantly higher levels of PAX6 

mRNA (Figure II.6), which is an essential transcription factor for the development of all 

cerebellar glutamatergic neurons (Yeung et al., 2016).  

 

Figure II.6. Efficient cerebellar commitment in iPSC-derived organoids. qRT-PCR analysis of FGF8, OTX2, 

EN2 and PAX6 mRNA levels relative to GAPDH levels at the indicated time-points. For all graphics depicted, 

data were obtained from 5 independent differentiation experiments using F002.1A.13 cells.  Student´s t-test (two-

tailed) statistics, * p<0.05, ** p<0.01, *** p<0.001; error bars represent SEM. 

 

As Figure II.7-A shows, the expression levels of KIRREL2, which is a cell adhesion 

molecule found on the surface of cerebellar GABAergic progenitors, including Purkinje cell 

precursors (Mizuhara et al., 2010), significantly and progressively increased starting on day 

14. The fact that KIRREL2 is found on the cell surface allowed us to do flow cytometry 

analysis. The results show that on day 35, 87% and 37% of cells in F002.1A.13 and iPSC6.2-

derived organoids corresponded to GABAergic progenitors (Figure II.7-B).  
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Figure II.7. Generation of GABAergic progenitors. A) qRT-PCR analysis of KIRREL2 mRNA levels relative 

to GAPDH levels at the indicated time-points. For all graphics depicted, data were obtained from 5 independent 

differentiation experiments using F002.1A.13 cells.  Student´s t-test (two-tailed) statistics, * p<0.05, ** p<0.01; 

error bars represent SEM. B) Flow cytometry analysis of KIRREL2+ cells on day 35. Estimates of the proportion 

of KIRREL2+ cells were based on 2 independent differentiation experiments. 

 

Cerebellar progenitors in 3D organoids self-organize into polarized 
neuroepithelium 
 

On day 21, organoids derived from both human iPSC lines displayed characteristic 

hollow structures with a radial organization (neural rosettes) reminiscent of the neural tube. 

These structures showed apical-basal polarity, with the apical side surrounded by a strong 

signal of N-cadherin (Figure II.8-A).  Furthermore, iPSC-derived organoids exhibited most 

of cells expressing NESTIN and PAX6, essential to further neuronal and cerebellar 

development (Lendahl et al., 1990; Yeung et al., 2016), and TUJ1 on the basal surface, 

staining new born immature neurons (Von Bohlen Und Halbach, 2007) (Figure II.8-A).   

Polarized neuroepithelial structures were more prominent on day 35, with proliferating 

cerebellar progenitors expressing PAX6 and SOX2 on the apical (luminal) side, confirmed 

by presence of cells in metaphase stage during the mitotic phase, and more mature post-

mitotic neurons on the basal side (Figure II.8-B). Cells located in the basal compartment 

expressed neuron-specific class III beta-tubulin TUJ1, early markers for granule, BARHL1, 
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and Purkinje cells, OLIG2 and CORL2, and the marker for maturing GABAergic neurons 

GAD65 (Figure II.8-B).  

 

Figure II.8. Cerebellar progenitors self-organize into neural-tube-like structures. A) Immunofluorescence 

on day 21 of differentiation (F002.1A.13 cells) for indicated proteins. Nuclei are stained with DAPI. Neural 

rosettes are delineated by white dashes.  B) Immunofluorescence of proteins (as indicated for each image) on 

day 35 of differentiation (F002.1A.13 cells). Different zones are delineated by white dashes. White arrowhead 

demonstrate a cell in metaphase present in the proliferating layer. Scale bars, 50µm.   
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High expression of specific markers for different types of cerebellar neurons was further 

detected by qRT-PCR analysis of organoids on day 35 (Figure II.9). These markers were: 

BARHL1, CORL2, OLIG2, GAD65, the transcription factors ATOH1 (required for the 

differentiation of cerebellar granule neurons), PAX2 (expressed in cerebellar interneurons), 

and TBR1 (expressed in deep cerebellar nuclei).  

 

 

Figure II.9. Efficient cerebellar differentiation. mRNA levels relative to GAPDH levels at the indicated time-

points. Data based on five independent differentiation experiments using F002.1A.13 cells.  Student´s t-test (two-

tailed) statistics, * p<0.05, ** p<0.01; error bars represent SEM.   

 

Cerebellar neurons undergo maturation in feeder-free culture 
 

To promote further maturation of cerebellar neurons, organoids were dissociated on 

day 35. Cells were then transferred to laminin-coated plates and cultured in serum-free 

BrainPhysTM medium (Bardy et al., 2015) supplemented with BDNF and GDNF. On day 56 

of differentiation (21 days after organoid dissociation and re-plating), cultures derived from 
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the iPSC6.2 cell line already contained a dense meshwork of neurons expressing either the 

GABAergic marker GAD65 or the glutamatergic marker VGLUT1 (Figure II.10-A). On day 

81, GAD65 and VGLUT1 RNA levels were both significantly increased (Figure II.10-B).  

Because the morphology of dendritic spines changes during neuronal maturation 

(Hering and Sheng, 2001; Risher et al., 2014), we measured spine head width and neck 

length as shown on representative images of our cultured neurons (Figure II.10-C). 

Dendritic spines were classified as follows: Filopodia (length > 2µm); Long thin (length < 

2µm); Thin (length < 1µm); Stubby (length/width ratio < 1µm); Mushroom (width > 0.6µm), 

and Branched (2 or more heads), as previously described (Risher et al., 2014). As shown in 

Figure 2.10-C, the relative proportion of more mature branched spines increased from day 

56 to day 81 of differentiation, indicating that neurons matured over time.   

 

 

Figure II.10. Maturation of GABAergic and glutamatergic neurons. A) Immunofluorescence for V-GLUT1 

and GAD65 in iPSC6.2-derived cultures on day 56 of differentiation (scale bars, 50µm). B) qRT-PCR analysis 

of GAD65 and V-GLUT mRNA levels relative to GAPDH at the indicated time-points. Data were obtained from 
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four independent differentiation experiments using F002.1A.13 cells. Student´s t-test (two-tailed) statistics, * 

p<0.05; error bars represent SEM. C) Representative images of dendritic spine morphologies. The two pie-charts 

depict the relative proportion of the different dendritic spine morphologies observed on days 56 and 81 of 

differentiation. 

 

Immunofluorescence analysis using an antibody to calbindin (CALB), a calcium-

binding protein highly expressed in Purkinje cells, revealed multiple cells with the 

characteristic long axon and highly arborized dendrites with numerous, well-developed 

spines (Figure II.11-A). These cells were consistently observed in cultures differentiated 

from both iPSC6.2 and F002.1A.13 cell lines on days 81 through 145 (Figure II.11-A). Other 

neurons did not stain for CALB but were recognized by anti-parvalbumin antibodies (Figure 

II.11-B, red staining), indicating that they were likely the precursors of GABAergic 

interneurons. Another group of morphologically distinct neurons had their nucleus stained 

for PAX6 (Figure II.11-C) and BARHL1 (Figure II.11-D) suggesting that they were granule 

cell precursors. Other neurons were positive for neurogranin (Figure II.11-E), which is a 

marker of either Golgi cells or unipolar brush cells, depending on the species (Singec et al., 

2004). Finally, anti-TBR1 antibodies identified precursors of deep cerebellar nuclei 

projection neurons (Figure II.11-F). 
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Figure II.11. Generation of distinct types of cerebellar neurons. Identification of distinct types of cerebellar 

neurons by immunofluorescence. Day of differentiation and the derived cell line are indicated at the top right of 

each image. A) Purkinje cells stained for calbindin (CALB) in the cytoplasm; nuclei stained by DAPI. B) 

GABAergic interneurons positive for parvalbumin (PVALB) and negative for calbindin; nuclei stained by DAPI. 
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Granule cells stained in the nucleus for PAX6 (C) or BARHL1 (D) and in the cytoplasm for MAP2. E) Golgi or 

unipolar brush cells positive for neurogranin (NRGN); nuclei stained by DAPI. F) Deep cerebellar nuclei 

projection neurons stained for TBR1 in the nucleus and TUJ1 in the cytoplasm. Scale bars, 50µm 

 

Analysis of mRNA levels corresponding to transcription factors PAX2, BARHL1, and 

TBR1 peaked on day 56 of differentiation and decreased thereafter, which is consistent with 

their temporally controlled expression during embryonic cerebellar development (Fink et al., 

2006; Joyner, 1996; Li, 2004). In contrast, the levels of mRNAs encoding hallmark proteins 

of differentiated neurons kept increasing until day 81 (Figure II.12). These proteins included 

the glutamate ionotropic receptor GRID2, the calcium-binding protein PVALB, and the 

calmodulin-binding protein NRGN.  

 

Figure II.12. Generation of distinct types of cerebellar neurons. qRT-PCR analysis of PAX2, BARHL1, TBR1, 

GRID2, PARVALBUMIN, and NEUROGRANIN mRNA levels relative to GAPDH at the indicated time-points. 

Data were obtained from four independent differentiation experiments using F002.1A.13 cells.  Student´s t-test 

(two-tailed) statistics, * p<0.05, ** p<0.01; error bars represent SEM.     
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In order to assess the functionality of the cerebellar neurons, we next performed single 

cell calcium imaging. Cells were pre-loaded with the calcium indicator fluorescent dye Fura-

2 that switches its excitation peak from 340nm to 380nm in response to calcium binding, 

allowing the concentration of intracellular calcium to be determined based on the ratio of 

fluorescence emission after sequential excitation at 340nm and 380nm (Grienberger and 

Konnerth, 2012). Cells were stimulated by exposure to KCl at different time-points. If cells 

were differentiated into excitable neurons, high KCl concentrations were expected to induce 

the opening of voltage sensitive calcium channels resulting in massive influx of calcium to 

the cytoplasm (Ambrósio et al., 2000; Macías et al., 2001). Elevations in cytosolic calcium 

concentration (visualized by increased fluorescence ratios) were indeed observed in cells 

cultured for 49 days (Figure II.13). These results confirm that excitable neurons formed in 

our human iPSC-derived cultures. 

 

Figure II.13. Single cell calcium imaging. Representative ratio images (A) and fluorescence ratio profiles (B) 

of individual F002.1A.13-derived neurons on day 49. Images were taken immediately after cells received the 

indicated stimulus. 
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In contrast to mature neurons, neuronal progenitors express functional histamine 

receptors (Agasse et al., 2008; Molina-Hernández and Velasco, 2008; Rodríguez-Martínez 

et al., 2012). KCl depolarization causes an increase in calcium concentration in neurons, 

whereas stimulation with histamine leads to an increase in calcium concentration in 

stem/progenitor cells (Agasse et al., 2008; Rodrigues et al., 2017). We therefore measured 

variations in intracellular free calcium concentration following 50mM KCl and 100µM 

histamine stimulation to discriminate between immature cells and functional neurons in our 

cultures (Figure II.14).  

 

Figure II.14. Single cell calcium imaging. Representative ratio images and fluorescence ratio profiles after 

histamine and KCl stimulation of iPCS6.2- and F002.1A.13-derived neurons. 

 

Histamine/KCl ratios were calculated using the corresponding peak values given by 

the normalized ratios of fluorescence at 340/380 nm. Mature neurons typically depict ratios 

below 0.8 whereas immature cells have ratios between 1 and 1.3 (Agasse et al., 2008; 
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Rodrigues et al., 2017). Quantification of the percentage of cells displaying a Histamine/KCl 

ratio below 0.8 showed that on day 42 of differentiation, the iPSC6.2-derived culture 

exhibited about 80% of mature neurons while the F002.1A.13-derived culture presented 

about 33% (Figure II.15). From day 50 of differentiation, a progress was observed in 

maturation of the F002.1A.13-derived culture, and by days 70–80 of culture most cells in 

either culture corresponded to mature neurons (Figure II.15). 

 

Figure II.15. Single cell calcium imaging. Percentage of cells displaying a Histamine/KCl ratio below 0.8 (red 

slices). 

 

Finally, we evaluated the electrophysiological properties of differentiated cells by using 

whole-cell path clamp recordings. Cells analyzed on days 56 through 118 presented typical 

neuronal fire action potentials upon a current injection and were also able to depolarize, 

repolarize and recover, responding to a second current injection (Figure II.16-A, B). Most 

cells analyzed were spiking and showed high amplitude action potential (indicative of 

expression of voltage-dependent Na+ channels) and reduced spike width (indicative of 

abundant K+ channels), as expected for mature neurons. Furthermore, spontaneous 

currents were recorded, which indicates the presence of synaptic connections (Figure II.16-

C). A subset of these currents remained in the presence of the sodium channel blocker TTX 

(indicative that they are independent of action potential generation) and of specific 

antagonists of ionotropic glutamate receptors, CNQX and DL-APV, suggestive of the 

existence of functional GABAergic synapses. Addition of the GABAA receptor antagonist 
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bicuculline completely abolished all activity (Figure II.16-C, D), confirming that the 

previously recorded miniature events indeed resulted from the spontaneous activity of 

GABAergic synapses. These data show that neurons in culture established functional 

connections, suggesting that a mature neuronal network had been created. 

 

Figure II.16. Patch-clamp recordings.  A-C) Whole-cell patch clamp recordings. A) Representative traces of 

firing responses evoked under current-clamp mode by injection of a 500ms current pulse (-25 to +275pA in 12.5- 

or 25pA increments) from an initial holding potential (Vh) of -70mV.  B) Firing responses to two independent 

current injections (10ms) separated by 80ms. C) Representative traces of spontaneous postsynaptic currents 

recorded without any treatment (an example of a miniature postsynaptic current is also shown in each case; see 

figure), after blocking voltage dependent sodium channels using TTX and ionotropic glutamate receptors with 

CNQX and DL-APV (middle), and GABAA receptors with bicuculline (right). Recordings in each row are from the 

same cell at the indicated days in culture. Scale bars correspond to 50pA and 2000ms. D) Frequency of 

spontaneous events recorded without any treatment (baseline) and after addition of the indicated blockers. Data 
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from three independent differentiation experiments using iPCS6.2-derived cells. Student´s t-test (two-tailed) 

statistics, * p<0.05, ** p<0.01; error bars represent SEM. 

 

3D Culture efficiently supports cerebellar maturation 
 

An efficient maturation of cerebellar neurons was achieved after cerebellar organoids 

re-plating at day 35. Nevertheless, 3D culture systems seem to better mimic the biological 

cues when compared to 2D systems (Laschke and Menger, 2017). Therefore, we 

maintained organoids until day 91 of differentiation and promoted the cerebellar maturation 

using BrainPhysTM medium supplemented with BDNF and GDNF, the same formulation 

used for re-plated cells. In this 3D culture system, an efficient generation of mature 

cerebellar neurons, including GABAergic (Purkinje cells) and glutamatergic (Granule cells) 

neurons, was observed. MAP2+ fibers was detected in mature neurons at days 81 and 91 

(Figure II.17-A). Furthermore, immunofluorescence analysis revealed the presence of 

CALB, suggesting the presence of Purkinje cells (Figure II.17-A). Granule cells were also 

identified in cerebellar organoids, by co-localization of PAX6/BARHL1 and MAP2 (Figure 

II.17-A).  On day 91, GAD65 and VGLUT1 mRNA levels, GABAergic and glutamatergic 

markers respectively, were both significantly increased (Figure II.17-B). In addition, a 

significantly higher expression of specific markers for different types of cerebellar neurons 

was further detected by qRT-PCR analysis of organoids on day 91 (Figure II.17-C). These 

markers were: PAX2, BARHL1, TBR1, GRID2, PARVALBUMIN, and NEUROGRANIN. 
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Figure II.17. Maturation of iPSC-derived cerebellar organoids. A) Immunofluorescence for CALB, MAP2, 

BARHL1 and PAX6 on days 81 and 91 of differentiation (F002.1A.13). qRT-PCR analysis of GAD65 and 

VGLUT1 (B), and PAX2, BARHL1, TBR1, GRID2, PARVALBUMIN and NEUROGRANIN (C) mRNA levels 

relative to GAPDH at the indicated time-points. Data were obtained from three independent differentiation 

experiments using F002.1A.13 cells.  Student´s t-test (two-tailed) statistics, * p<0.05, ** p<0.01; error bars 

represent SEM. 

 

We compared the maturation efficiency of re-plated cells and organoids by gene 

expression analysis for different cerebellar neurons markers. The difference in gene 

expression between re-plated cells and organoids is evident, with higher levels of mRNA for 

mature cerebellar genes in floating organoids at day 90, including GABAergic and 

glutamatergic types (Figure II.18-A). Principal Component Analysis (PCA), which is a 
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method that reduces the dimensionality of the data and retains most of its variation (Ringnér 

and Ringner, 2008), confirms a considerable difference between re-plated cells and floating 

cerebellar organoids (Figure II.18-B). The percentage of variance for all data is explained 

by PCs. As seen in the PCA, PC1 had the largest variance, explaining 98.6%, followed by 

3.2% captured by PC2 (Figure II.18-B). Furthermore, the 2D system (re-plated cells) groups 

closer to the initial stages of differentiation (day 0, iPSCs) for the selected mature genes 

(Figure II.18-B). These results suggest that 3D culture supports more efficiently the 

cerebellar organoids differentiation and further maturation in cerebellar neurons when 

compared with the 2D system.   

 

Figure II.18. 3D condition enables cerebellar neurons maturation. A) Temporal ClustVis analysis of qRT-

PCR gene expression after iPSC-derived organoids were matured in 2D (replated cells) and 3D (floating 

organoids) conditions. mRNA levels were relative to GAPDH at the indicated time-points and conditions. B) 

Principal Component Analysis (PCA) for relative gene expression of both culture systems. X and Y axis show 

PC1 and PC2 that explain 96.8% and 3.2% of the total variance, respectively. Data were obtained from three 

independent differentiation experiments using F002.1A.13 cells. 
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II.5 DISCUSSION 
 

Using a defined medium only and without the need for co-culturing, we successfully 

generated reproducible mature networks of cerebellar neurons with established functional 

connections. 

In our work, we controlled the size of 3D cell aggregates as previously described 

(Ungrin et al., 2008), leading to an efficient neuronal commitment (Bauwens et al., 2008; 

Miranda et al., 2015). Our procedure allows the production of hundreds of organoids per 

cm2, which is a significant increase over the 96-well plates used by most cerebellar 

differentiation protocols previously described (Bratt-Leal et al., 2009; Muguruma et al., 2015; 

Ungrin et al., 2008; Wang et al., 2015). Cells were cultured in chemically defined medium 

and we sequentially added FGF2, SB, FGF19, and SDF1 in order to promote a spontaneous 

formation of cerebellar plate neuroepithelium, which has been described as differentiating 

into a multilayered structure reminiscent of cerebellar ontogenesis in vivo (Ishida et al., 2016; 

Muguruma et al., 2015). 

The initial stage of cerebellar commitment in organoids was detected on day 7, when 

expression of FGF8 mRNA was at its highest but declined thereafter. This behavior 

observed in 3D cultures recapitulates the cerebellar ontogenesis in vivo (reviewed in 

Marzban et al., 2015). Indeed, previous studies have shown that at early embryonic stages 

FGF signaling is required to establish the cerebellar territory, however, its suppression 

afterwards is essential for cerebellar development (Butts et al., 2014; Suzuki-Hirano et al., 

2010). 

In our study, organoids also formed neural tube-like structures organized in layers with 

apico-basal polarity. Most important, compared to findings from a previous study (Muguruma 

et al., 2015), the organoids in our cultures exhibited an earlier neuronal maturation pattern. 

On day 35, we found cells positive for OLIG2, CORL2, BARHL1, TBR1, and GAD65. CORL2 
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is the earliest marker for Purkinje cells (Seto et al., 2014); it is specifically expressed in post-

mitotic Purkinje cell precursors shortly after exiting the cell cycle (Minaki et al., 2008) and it 

plays an essential role in Purkinje cell development (Nakatani et al., 2014; Wang et al., 

2011). OLIG2 is another marker for Purkinje cell progenitors that is involved with cell cycle 

exit and differentiation into post-mitotic neurons (Ju et al., 2016; Seto et al., 2014; 

Takebayashi et al., 2002). In contrast, BARHL1 is expressed in migrating granule cell 

progenitors (Bulfone et al., 2000), while TBR1 is expressed in migrating progenitors of deep 

cerebellar nuclei projection neurons (Fink et al., 2006). In vivo, the protein glutamic acid 

decarboxylase isoform 65 (GAD65), which is a rate-limiting GABA synthesizing enzyme, 

localizes primarily on presynaptic boutons (Esclapez et al., 1994). Because the onset of 

GAD65 expression in the cerebellum occurs after synaptogenesis (Greif et al., 1991), we 

conclude that an interconnected neuronal network has been formed in organoids by day 35.  

Our innovative strategy uses a defined basal medium optimized for neuronal cell 

culture (Bardy et al., 2015). Upon dissociation of organoids and re-plating on a laminin-

coated surface, we promoted the maturation of cerebellar precursors without the need for 

co-culturing. Remarkably, our cultures remained viable for up to 145 days. The presence of 

cells displaying a characteristic long axon and highly arborized dendrites, and which stained 

positive for calbindin, a calcium-binding protein highly expressed in Purkinje cells (Nag and 

Wadhwa, 1999; Whitney et al., 2008), strongly indicates that our cultures support the 

maturation of Purkinje cells. Other neurons had a distinctive morphology and were positive 

for PAX6 in the nucleus and for microtubule-associated protein 2 (MAP2) in the cytoplasm, 

suggesting that these were granule cells. Additional types of neurons in our cultures were 

either negative for calbindin while expressing parvalbumin, which suggests that they 

corresponded to GABAergic interneurons (Bastianelli, 2003), or showed a strong positive 

signal for neurogranin, which is highly expressed in Golgi cells in the mouse cerebellum and 

in unipolar brush cells in the monkey cerebellum (Singec et al., 2004). Furthermore, cells 
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with nuclei positive for the transcription factor TBR1 and elaborate cellular processes 

positive for the neuron-specific class III beta-tubulin TUJ1 (Lee et al., 1990), revealed the 

formation of deep cerebellar nuclei projection neurons in our cultures (Fink, 2006). 

Taken together, the data obtained with dendritic spine morphology analyses, calcium 

imaging, and electrophysiological evaluation strongly indicate that we have achieved an 

efficient maturation of cerebellar precursors in our cultures, both at the individual cell level 

and at the level of network connectivity. In particular, the presence of synaptic connections 

shows that a mature neuronal network has been generated. However, our cells did not reach 

the level of neuronal maturation equivalent to that occurring in post-natal human cerebellum. 

This is particularly evident for Purkinje cells, which in our cultures did not form the elaborated 

dendritic branches observed in vivo. Further studies should investigate which signaling 

molecules may be missing, and which are necessary, for our cells to fully recapitulate the 

entire maturation process similar to that occurring in the human cerebellum after birth.  

Here we show for the first time that is possible to generate different types of 

electrophysiologically functional cerebellar neurons in long-term cultures that are feeder-

free. Our findings represent an important contribution towards the development of 

autologous replacement strategies for the treatment of cerebellar degenerative diseases. 

Additionally, functional cerebellar neurons are an important cell source for drug screening 

and for the study of specific pathways involved with the development of cerebellar diseases 

such as ataxias, a group of disorders that affect many children and adults worldwide. 

However, 2D single cell systems do not mimic what occurs in vivo and a 3D approach 

can exhibit improved cell-cell contact and therefore enhanced intracellular functions 

(Laschke and Menger, 2017). In fact, we observed that our organoids present 

enhancements in cerebellar maturation when compared with our re-plated cells. Although 

an efficient cerebellum differentiation and further maturation is achieved in these 3D 

conditions, we found that in static conditions these cerebellar organoids tend to coalesce 
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forming large structures with mass transfer limitations that lead to the formation of necrotic 

zones if nutrients and oxygen are unable to reach the aggregate center. In the future, these 

limitations should be minimized by using a dynamic approach (Miranda et al., 2016; 

Rigamonti et al., 2016), with the possibility of scaling up the production of mature cerebellar 

neurons in 3D structures. 
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III.1 ABSTRACT 
 

The human cerebellum contains the majority of neurons in the central nervous system 

(CNS), being composed by diverse neuronal subtypes. Cerebellar diseases represent a 

heterogeneous group of disorders characterized by the dysfunction of the cerebellum, in 

which different types of cerebellar neurons can be affected. Notwithstanding the recent 

development of in vitro models for cerebellar ataxias employing human pluripotent stem cells 

(PSCs), specific cerebellar neuronal subtypes are still difficult to obtain. Purkinje cells, a 

GABAergic neuronal subtype present in the cerebellum, have been generated by co-

culturing, but only a limited number of cells can be obtained. Previously, we reported the 

generation of human PSC-derived Purkinje cells under defined and feeder-free conditions. 

However, the reported protocols showed a moderated dorsalization, with a limited amount 

of GABAergic progenitors. Therefore, we attempted to control the regional identity of 

cerebellar organoids, promoting the generation of ventral cerebellar neuroepithelium and 

thus increasing the number of GABAergic progenitors. This system successfully promoted 

the generation of a dense layer of OLIG2+cells, which is important for Purkinje cell 

differentiation. In addition, 5-HT treatment during the maturation process was able to 

enhance the expression of Purkinje-specific markers, including L7 and GRID2. 

 

Keywords: cerebellum, ventral region, GABAergic progenitors, Purkinje cells  
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III.2 INTRODUCTION 
 

Most of the current knowledge about human neurodegenerative disorders has been 

based on human postmortem tissues and animal models that do not allow to investigate 

disease progression and development, and do not reflect the physiological characteristics 

of human tissues (J Siney et al., 2018; Tiscornia et al., 2011). Modeling these complex 

diseases with human induced pluripotent stem cells (iPSCs), which can be reprogrammed 

from patient somatic cells (Park et al., 2008; Takahashi et al., 2007), has great potential to 

understand the pathological mechanisms, as well as to generate powerful insights about 

possible effective therapies. The application of iPSC technology was already reported to 

model different neurodegenerative disorders, including Alzheimer’s disease (Ochalek et al., 

2017; Yang et al., 2016), Parkinson’s disease (Imaizumi et al., 2012; Nguyen et al., 2011), 

Huntington’s disease (Lim et al., 2017; Liu et al., 2016), and autism (Andoh-Noda et al., 

2015; Fernandes et al., 2015). Based on diverse neuropathology manifestations, distinct 

areas of central nervous systems (CNS) and neuronal subtypes are affected in different 

neurodegenerative diseases. Efforts have been made to direct PSC differentiation to specific 

regions of the CNS, including cortical, striatal, midbrain and spinal cord neurons (Aubry et 

al., 2008; Gunhanlar et al., 2018; Hu and Zhang, 2009; Junghyun Jo et al., 2016). However, 

it has been difficult to establish a pathological mechanism using the specific disease-

associated neuronal subtype, since only few neuronal subtypes can be generated from 

iPSCs and direct induction for a specific subtype can originate a limited amount of neurons. 

Another limitation is variability between experiments and different cell lines, including 

differentiation efficiency and maturity (Imaizumi and Okano, 2014; Okano and Yamanaka, 

2014; Su et al., 2006; Wang et al., 2015). For unknown reasons, the dysfunction of 

cerebellum involves a prominent loss of Purkinje neurons, the most elaborate inhibitory 

GABAergic neuronal subtype of the cerebellar cortex (Taroni and DiDonato, 2004). The 
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generation of these cerebellar neurons from PSCs was already reported (Muguruma et al., 

2015; Su et al., 2006; Tao et al., 2010; Wang et al., 2015). However a low efficiency of 

functional Purkinje cell generation was achieved, which is expectable since the Purkinje cell 

number in the cerebellum is far less than that of other cerebellar neurons, <1/1000 (Keller 

and Heinrichs, 1975; Tomomura et al., 2001)  

Here, we attempted to address this problem by manipulating the regional identity of 

generated cerebellar neurons and supporting the Purkinje cell maturation. For this, sonic 

hedgehog (SHH) signaling (Chiang et al., 1996; Martínez et al., 2012) was modulated to 

control dorsal-ventral identity of cerebellar progenitors in order to increase the efficiency of 

ventral differentiation and the number of GABAergic progenitors. Furthermore, the role of 

serotonin (5-hydroxytryptoamine, 5-HT) was also reported in the regulation of morphological 

maturation of Purkinje cells (Kondoh et al., 2004; Oostland and van Hooft, 2013). The 5-HT 

receptor knockout mice exhibited abnormal dendritic tree morphology of Purkinje cells and 

impaired short-term plasticity at Purkinje cell synapses (Oostland et al., 2013). Therefore, 

we hypothesized that 5-HT treatment during the maturation protocol could lead to a higher 

efficiency of morphological and physiological maturation of Purkinje cells. Indeed, inducing 

ventralizing signaling during cerebellar differentiation protocol demonstrated an enhanced 

expression of cerebellar ventral progenitors, OLIG2 and CORL2, as well as the creation of 

a consistent layer of OLIG2+ Purkinje cell progenitors. Further addition of 5-HT during the 

maturation protocol did not reveal a significant alteration in dendritic branch morphology of 

the generated Purkinje cells, but an increased expression of Purkinje cell markers, including 

L7 and GRID2, was detected. Our findings show important insights for the directed 

generation of specific cerebellar subtypes that can contribute to investigate phenotypes 

associated with cerebellar diseases and identify possible therapeutic targets. 
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III.3 METHODS 
 

Maintenance of human iPSCs 
 

Gibco® Human Episomal iPSC line (iPSC6.2), derived from CD34+ cord blood was 

used (Burridge et al., 2011).  Human iPSCs were cultured on MatrigelTM (Corning)-coated 

plates with mTeSR™1 Medium (StemCell Technologies). Medium was changed daily. Cells 

were passaged every three to four days (when the colonies covered approximately 85% of 

the surface area of the culture dish) using 0.5mM EDTA dissociation buffer (Life 

Technologies). Two to three passages were performed before starting the differentiation 

process. 

 

Ventral cerebellar commitment  

 

Before seeding, cells were incubated with ROCKi (Y-27632, 10μM, StemCell 

Technologies) for 1 h at 37ºC and then treated with accutase (Sigma) for 7 min at 37ºC. 

After dissociation, cells were re-aggregated using microwell plates (AggreWell™800, 

StemCell Technologies) according to the manufacturer’s instructions. Cells were plated at a 

density of 1.8 x 106 cells/well (6,000 cells/microwell) in 1.5 mL/well of mTeSR™1 

supplemented with 10μM ROCKi.  After 24 hours, full volume of the medium was replaced, 

and aggregates were maintained in mTeSR™1 without ROCKi. Defining the day on which 

the cell seeding was performed as day 0, the basal differentiation medium used during days 

2-21 was gfCDM (Muguruma et al., 2015). Recombinant human basic FGF (FGF2, 50ng/ml, 

PeproTech) and SB431542 (SB, 10μM, Sigma) were added to culture on day 2. Full-volume 

medium replacement with gfCDM (supplemented with insulin, FGF2 and SB) was performed 

on day 5. On day 7, the aggregates were transferred from microwells to ultra-low attachment 
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6-well plates (Costar, Corning) at a density of 1 x 106 cells/mL. Full volume of the medium 

was replaced and two-thirds of initial amount of FGF2 and SB was used. Recombinant 

human FGF19 (100ng/ml, PeproTech) and SAG (10μM, Millipore) were added to culture on 

day 14. At day 18, total volume of medium change was performed (gfCDM supplemented 

with insulin, FGF19 and SAG). From day 21, the aggregates were cultured in Neurobasal 

medium supplemented with GlutaMax I, N2 supplement and PS. Full-volume replacement 

was performed every 7 days. SAG was added to culture at day 21 when the medium was 

changed. Recombinant human SDF1 (300ng/ml, PeproTech) was added to culture on day 

28 (Figure III.1). 

 

Purkinje cells maturation 

 
After 35 days of differentiation, aggregates were dissociated using accutase (Sigma) 

and re-plated on wells coated with poly-L-ornithine (15μg/mL, Sigma) and Laminin 

(20μg/mL, Sigma), at a seeding density of 80 000 cells/cm2. Afterwards, re-plated cells were 

cultured in complete BrainPhys™ Neuronal Medium (StemCell Technologies) - 

supplemented with NeuroCult™ SM1 Neuronal Supplement (StemCell Technologies), N2 

Supplement-A (StemCell Technologies), Recombinant Human Brain Derived Neurotrophic 

Factor (BDNF, PeproTech, 20ng/mL), Recombinant Human Glial-Derived Neurotrophic 

Factor (GDNF, PeproTech, 20ng/mL), dibutyryl cAMP (1mM, Sigma), and ascorbic acid 

(200nM, Sigma). Serotonin-Creatinin-sulfate monohydrate (2µM, 5-Hydroxy-tryptoamin-

creatinin-sulfate) was also added to culture, from day 35 or day 56 of differentiation and was 

maintained until day 56 or until day 70, respectively (Figure III.5). One-third of the total 

volume was replaced at every 3 days using complete BrainPhys supplemented with 

Serotonin-Creatinin-sulfate monohydrate.  
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Tissue preparation and Immunofluorescence 
 

Aggregates were fixed in 4% paraformaldehyde (PFA, Sigma) for 20 min at 4ºC 

followed by washing in Phosphate buffered saline (PBS, 0.1M) and overnight incubation in 

15% (v/v) sucrose at 4ºC. Aggregates were embedded in 7.5%/15% (v/v) gelatin/sucrose 

and frozen in isopenthane at -80ºC. Twelve-μm sections were cut on a cryostat-microtome 

(Leica CM3050S, Leica Microsystems), collected on Superfrost™ Microscope Slides 

(Thermo Scientific) and stored at -20ºC. For immunostaining, sections were de-gelatinized 

for 45 min in PBS at 37ºC, incubated in 0.1 M Glycine (Millipore) for 10 min at room 

temperature (RT), permeabilized with 0.1% (v/v) Triton X-100 (Sigma) for 10 min at RT and 

blocked with 10 % (v/v) fetal goat serum (FGS, Gibco) in TBST (20 mM Tris-HCl pH 8.0, 150 

mM NaCl, 0.05 % (v/v) Tween-20, Sigma) for 30 min. at RT.  Sections were then incubated 

overnight at 4ºC with the primary antibodies (Table III.1) diluted in blocking solution. 

Secondary antibodies were added to sections for 30 min (goat anti-mouse or goat anti-rabbit 

IgG, Alexa Fluor®–488 or –546, 1:400 (v/v) dilution, Molecular Probes) at RT and nuclear 

counterstaining was performed using 4’,6-diamidino-2-phenylindole (DAPI, 1.5µg/mL; 

Sigma). After brief drying, sections were mounted in Mowiol (Sigma). Fluorescence images 

were acquired with Zeiss LSM 710 Confocal Laser Point-Scanning Microscopes. 
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Table III-1. List of primary antibodies and dilutions used for immunostaining 

 

Antibody Company Host species Dilution 

BARHL1 Atlas rabbit 1:500 

CALBINDIN Swant rabbit 1:500 

GAD65 BD Pharmingen mouse 1:100 

MAP2 Sigma mouse 1:1000 

N-CADHERIN BD Transduction mouse 1:1000 

NESTIN R&D mouse 1:400 

OLIG2 Millipore rabbit 1:500 

PAX6 Covance rabbit 1:400 

SOX2 R&D mouse 1:200 

SYNAPSIN1 Abcam rabbit 1:500 

 

 

Quantitative Real-time PCR (qRT-PCR) 
 

Total RNA was extracted at different time-points of differentiation using High Pure RNA 

Isolation Kit (Roche) and converted into complementary cDNA with Transcriptor High 

Fidelity cDNA Synthesis Kit (Roche). Taqman® Gene Expression Assays (20X, Applied 

Biosystems) were selected for NANOG (HS02387400-g1), OCT4 (HS00999634-sh), PAX6 

(HS00240871-m1), SOX1 (HS01057642-s1). Other transcripts were analyzed using SYBR® 

green chemistry (Table III.2). All PCR reactions were run in triplicate, using the StepOneTM 

or ViiA™7 RT-PCR Systems (Applied BioSystems). Reactions were normalized to the 

housekeeping gene GAPDH and results analyzed with StepOneTM or QuantStudio™ RT-

PCR Software. The average of relative expression values were used for ClustVis analysis, 

an in silico tool that clustered different conditions that have similar gene expression at 

different time points (Metsalu and Vilo, 2015). 
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Table III-2. Primers used for qRT-PCR 

 

 
Gene 

  

 
Foward  

 
Reverse 

CORL2 CCAGGTGTTAAAAGGAAACACA GCTCCCTTTTCATCTGATCCT 

EN2 CCGGCGTGGGTCTACTGTA GGCCGCTTGTCCTCTTTGTT 

GAD65 GTCTCCAGCTCGCATACACA CGAAAGACCAAAAGCCAGAG 

GAD67 CCTGGAACTGGCTGAATACC CCCTGAGGCTTTGTGGAATA 

GBX2 GACGAGTCAAAGGTGGAAGAC GATTGTCATCCGAGCTGTAGTC 

GRID2 AGCTCTTCCTCTCTTGGTTTCC GCCCCACGTTGCCTAGAAAT 

KIRREL2 GGGGCTAGTTCAGTGGACTAA CACGGGCCTAATGTGGAGG 

L7  ACCAGGAGGGCTTCTTCAAT  CTGTCACACGTTGGTCATCC 

NEUROGRANIN TCAAAGTTCCCGAGGAGAGA CTAAAAGGGCACGGACTCAG 

OLIG2 GACAAGCTAGGAGGCAGTGG CGGCTCTGTCATTTGCTTCTTG 

OTX2 AGAGGACGACGTTCACTCG TCGGGCAAGTTGATTTTCAGT 

PARVALBUMIN TTCTCCCCAGATGCCAGAGA GAGATTGGGTGTTCAGGGCA 

 

 

 

III.4 RESULTS 

 

Efficient neural and cerebellar commitment is achieved in the targeted ventral 
differentiation 
 

Sonic Hedgehog (SHH) signaling is involved in the specification of ventral neuronal 

subtypes along the dorsal-ventral (D-V) axis of the neural tube. SHH is a secreted protein 

produced by the cells of the ventral most floor plate of the neural tube, underlying notochord 

and forming a diffusion gradient in a direction of dorsal neural tube (Briscoe and Ericson, 

1999; Chiang et al., 1996). Thus, SHH signaling is essential for the specification of ventral 

neuronal subtypes throughout whole CNS, the reason why in general, in vitro neuronal 

differentiation protocols usually generate more ventral identities. Purkinje cells are cerebellar 

GABAergic neurons originated from ventral region of cerebellar neuroepithelium. Therefore 

we explored the effect of the Smo receptor agonist SAG (a SHH agonist, Chen et al., 2002) 
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on mid-hindbrain committed progenitors. For that, SAG was added to culture at day 14 of 

differentiation, immediately after the initial neural induction and mid-hindbrain patterning 

(Figure III.1). Although FGF19, which is a human ortholog of mouse FGF15, is expressed 

in the mid-hindbrain region and seems to be involved in dorsal progenitor development 

(Fischer et al., 2011; Gimeno and Martinez, 2007), it was reported to be critical for promoting 

self-formation of continuous neuroepithelium in human PSC-derived organoids, as well as 

generation of different cerebellar progenitors (Muguruma et al., 2015). Therefore, a 

combination of FGF19 and SAG was used until day 21 to generate continuous neural tube-

like structures with ventral identity (Figure III.1). Afterwards, SDF1 was added, on day 28, 

to create a laminated structure as seen during cerebellar neurogenesis (Figure III.1). 

 

 

Figure III.1. Overview of the culture protocol. SHH signaling was modulated by using a Smo receptor agonist, 

SAG, to manipulate the regional identity of generated cerebellar progenitors. 

 

Gene expression analysis demonstrated that pluripotency genes, including OCT4 and 

NANOG, were expressed in human iPSCs at day 0. After neural induction they were down-

regulated, being no longer expressed at day 14 of differentiation (Figure III.2-A). In the 

meantime, transcripts involved in the neural commitment were up-regulated, including PAX6 

and SOX1, starting to be expressed by day 14 and increasing until day 35 of differentiation 

(Figure III.2-B). In accordance, immunofluorescence on day 14 revealed that most of cells 

had positive staining for a neural marker NESTIN and neural tube-like structures were 
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detected expressing PAX6 and SOX2 (Figure III.2-C). Therefore, an effective neural 

commitment was confirmed by day 14, prior to ventral patterning.  

 

Figure III.2. Efficient neural induction and cerebellar commitment.  qRT-PCR analysis of OCT4 (A), NANOG 

(A), PAX6 (B), SOX1 (B), OTX2 (D), EN2 (D), and GBX2 (D) mRNA levels relative to GAPDH levels at different 

time-points. C) Immunofluorescence for NESTIN, PAX6, NCAD and SOX2 on day 14 of differentiation. Scale 

bars, 50μm. E) qRT-PCR analysis of KIRREL2 mRNA levels, normalized to GAPDH levels and relative to day 0, 

at different time-points. 

 

In order to verify if the initial neuroepithelial caudalization was not affected, we further 

investigated the gene expression for distinct markers expressed along rostral-caudal (R-C) 

axis of the neural tube, before starting specification along D-V direction. Indeed, qRT-PCR 

analysis showed that an efficient mid-hindbrain patterning was already achieved by day 14 

(Figure III.2-D). While the expression of a midbrain and rostral hindbrain marker EN2 

(Joyner, 1996) was enhanced, OTX2 and GBX2 mRNA levels remained low at day 14 of 

differentiation (Figure III.2-D), denoting insignificant commitment to caudal forebrain and 

rostral hindbrain fates, respectively (Simeone et al., 1992; Wassarman et al., 1997). Thus, 

the addition of SAG to culture do not affect cerebellar commitment. Gene expression 
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analysis revealed that KIRREL2 transcript, which is a marker of cerebellar territory 

(Mizuhara et al., 2010), was up-regulated during differentiation, with higher expression at 

day 35 (Figure III.2-E). A slightly increased expression was observed in organoids treated 

with SAG when compared with non-treated organoids from day 14 (Figure III.2-E), 

consistent with an effective ventral commitment, since KIRREL2 is expressed in cerebellar 

GABAergic progenitors (Mizuhara et al., 2010). 

 

Generation of Purkinje cell progenitors upon enhanced SHH signaling 
 

Following an efficient neural induction and mid-hindbrain patterning, we investigated 

the impact of SHH signaling modulation on the generation of Purkinje cell progenitors. 

OLIG2 protein is expressed during Purkinje cell specification in the cerebellar ventricular 

zone, representing a marker for neurogenic progenitors and nascent neurons (Ju et al., 

2016; Seto et al., 2014). Other important transcriptional regulator of Purkinje cell 

development is CORL2 (also called SKOR2), selectively expressed in Purkinje cell lineage 

during embryonic development and afterwards in Purkinje cells during adult stages (Minaki 

et al., 2008; Nakatani et al., 2014). Gene expression analysis demonstrated that SAG 

addition promoted an enhanced expression of both OLIG2 and CORL2 transcripts when 

compared with non-treated organoids, on day 21 of differentiation (Figure III.3-A). Later on, 

OLIG2 mRNA levels continued to increase until day 35 in SAG condition, being lower in the 

non-treated condition (Figure III.3-A). Oppositely, CORL2 mRNA levels started to decrease 

after achieving the maximum level of expression on day 21, attaining by day 35 almost the 

same level of expression detected in organoids without ventral differentiation (Figure III.3-

A). Immunostaining analysis confirmed the enhanced expression of OLIG2 in SAG treated-

organoids (Figure III.3-B). Whereas in non-treated organoids few OLIG2+ cells were found 
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dispersed within the human iPSC-derived organoids, a compact layer of OLIG2+ progenitors 

was produced under SHH signaling stimulation (Figure III.3-B). 

 

 

Figure III.3. Ventral patterning by SAG treatment.  A) Temporal ClustVis analysis of qRT-PCR of OLIG2 and 

CORL2 mRNA levels relative to GAPDH at the indicated time-points and conditions. B) Immunofluorescence for 

OLIG2 on day 35 of differentiation. Scale bars, 50µm. 

 

As it was reported that SDF1 can induce a moderate dorsalization in the human PSC-

derived neuroepithelium (Muguruma et al., 2015), we further attempted to detect distinct 

dorsal and ventral cerebellar progenitors by immunostaining at day 28 of differentiation, 

before adding SDF1 to culture. Modulation of SHH signaling induced the generation of 

OLIG2+ precursors in human iPSC-derived organoids (Figure III.4). Two different structural 

organization were observed in SAG-treated organoids. First, multiple flat-oval structures 

were detected, some of them expressing OLIG2, which formed a layer around the luminal 

side (Figure III.4-A). Second, some aggregates exhibited a continuous neuroepithelium with 

a dense layer of OLIG2+ progenitors on the surface of the organoid (Figure III.4-B). 
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Furthermore, polarized structures appeared in this last set of organoids, where a strong 

signal of the apical marker N-cadherin (NCAD) was detected on the superficial side of 

aggregates suggesting that it corresponds to the apical side of the neuroepithelium (Figure 

III.4-B). Consistent with these results, a dense layer SOX2+ and PAX6+ proliferative 

progenitors was detected on the organoid surface (apical side, Figure III.4-C and D). The 

OLIG2, which is expressed in cerebellar ventricular proliferating cells and particularly 

Purkinje progenitors (Ju et al., 2016), was found in the same layer of SOX2+ cells, also 

suggesting the presence of mitotic progenitors (Figure III.4-C).  On the other hand, post-

mitotic neurons were located on the basal side, confirmed by the presence of few cells 

expressing BARHL1 located basally to proliferating progenitors (Figure III.4-C). Also, a 

weak staining for the neuronal marker MAP2+ was detected inside of the organoid, in the 

basal compartment (Figure III.4-D). These results suggest that an efficient ventralization, 

as well as the development of a large structured neuroepithelium, can be achieved by 

enhancing SHH signaling. 

 

 

Figure III.4. Analysis of SAG treatment at day 28. Immunofluorescence for OLIG2, NCAD, BARHL1, SOX2, 

PAX6 and MAP2. Scale bars, 50µm. 
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5-HT treatment supports Purkinje cell survival during ventral cerebellar 
maturation 
 

As 5-HT expression has been reported to have an important role in Purkinje cell 

maturation, stimulating dendritic growth and synapse formation (Oostland and van Hooft, 

2013; Oostland et al., 2013), we evaluated the effect of 5-HT during the maturation process 

in our cultures, after early cerebellar specification. For that, cultures treated with SAG were 

afterwards exposed to 5-HT (Figure III.5).  It was demonstrated that while lower 

concentration of 5-HT (2-20µM)  increased dendrite formation in Purkinje cells from rat 

organotypic cultures along all cerebellar lobes, higher 5-HT concentrations of serotonin 

(20µM) conduced to decreased dendritic branches in Purkinje cells from anterior lobes 

(Kondoh et al., 2004). In order to avoid the inhibitory effect of 5-HT in some cerebellar lobes, 

the lower concentration (2µM) was used in our culture. In addition to concentration-

dependent effect, also the temporal exposure can affect 5-HT action, presenting an 

inhibitory effect on dendritic growth in Purkinje cells from rat organotypic cultures after 7 

days in vitro (Kondoh et al., 2004). Thus, we next evaluated as well the temporal effect of 5-

HT treatment in cultures that were not treated with SAG (Figure III.5). 

 

 

Figure III.5. Schematic strategy employed for inducing ventral commitment and manipulating Purkinje 

cell maturation. 
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As shown in Figure III.6, RNA levels for some markers of GABAergic neuronal 

subtype, including GAD67 (enzyme converting glutamate into GABA), PARVALBUMIN 

(calcium-binding protein expressed in GABAergic interneurons) and NEUROGRANIN 

(calmodulin-binding protein expressed in Golgi cells), were increased by day 56 of 

differentiation in cells previously treated with SAG. Oppositely, GAD65 (another glutamate-

to-GABA converting enzyme), L7 and GRID2 (Purkinje cell-specific markers) were unaltered 

when compared with day 0. However, by day 70, the expression of the up-regulated markers 

in SAG condition returned to their initial levels, similar to day 0. This can be explained by a 

high neuronal cell death observed in this condition by day 70, suggesting that SAG-derived 

cells expressing these GABAergic markers were not able to survive until later stages. 

 

 

Figure III.6. Effect of 5-HT exposure in SAG-treated cell.  Temporal ClustVis analysis of qRT-PCR of GAD67, 

GAD65, PARVALBUMNIN, NEUROGRANIN, L7 and GRID2 mRNA levels were relative to GAPDH at the 

indicated time-points and conditions. 

 

In contrast, cells that were previously cultured with a SHH agonist and afterwards 

treated with 5-HT showed an up-regulation of mRNA levels for all GABAergic neuronal 

subtypes at day 70 (Figure 3.6), with a most prominent expression of GAD65, L7 and GRID2 
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transcripts, demonstrating the presence of Purkinje cells at this time-point. Therefore, these 

results suggest that culturing SAG-treated neural progenitors with 5-HT during maturation 

stimulation can lead to increasing survival of GABAergic cerebellar neurons, particularly 

Purkinje cells.   

 

Enhanced expression of Purkinje cell-specific markers in cerebellar 
progenitors exposed to 5-HT during maturation progression 
 

To investigate whether 5-HT has any effect on Purkinje cell maturation, cerebellar 

progenitors generated from the standard protocol, reported in the previous chapter, were 

maturated by using BrainphysTM supplemented with BDNF and GDNF, and 5-HT was added 

to culture at different time-points (between 35-56, 56-70 and 35-70 days).  

On day 56, we evaluated the action of 5-HT on the dendrite formation of Purkinje cells 

generated from organoid-derived cerebellar progenitors. By immunofluorescence analysis, 

no evident differences between non-treated and 5-HT-treated neurons were observed 

(Figure III.7-A). In both conditions, an efficient neuronal maturation was detected 

demonstrated by the presence of a pre-synaptic marker SYNAPSIN1 immunoreactive 

puncta distributed along the GAD65+ dendrites (Figure III.7-A), suggesting the formation of 

GABAergic synaptic connections. Furthermore, Purkinje cells positively stained for calbindin 

(CALB) presenting the formation of dendritic branches, as well as a dense network of CALB+ 

neurons, were detected in both cultures (Figure III.7-A). Although no differences were 

detected by immunostaining, further qRT-PCR analysis revealed that all GABAergic 

transcripts were highly expressed in 5HT-treated neurons, in comparison with non-treated 

neurons (Figure III.7-B), with the exception of L7 RNA levels that were similar to both cases. 

Therefore, 5-HT treatment may potentially generate more GABAergic neurons. Even though 

no differences in L7 expression was detected, GRID2 mRNA levels were higher in 5-HT-
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treated cells (Figure III.7-B), suggesting that 5-HT may not be effective in Purkinje cell 

generation, but can stimulate Purkinje cell maturation, since GRID2 is an ionotropic 

glutamate receptor specifically expressed in spines of mature Purkinje cells, responsible for 

synapse formation and maintenance (Ichikawa et al., 2016; Yawata et al., 2006). 

 

 

Figure III.7. Effect of 5-HT in Purkinje cell differentiation.  A) Immunofluorescence for SYNAPSIN1, GAD65 

and CALB on day 56 of differentiation. Scale bars, 50µm. B) Temporal ClustVis analysis of qRT-PCR of GAD67, 

GAD65, PARVALBUMNIN, NEUROGRANIN, L7 and GRID2 mRNA levels were relative to GAPDH on day 56 of 

differentiation at the indicated conditions. 
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By day 70 of differentiation, after 35 days in maturation medium, we evaluated the 

effect of different temporal exposures to 5-HT in Purkinje cell differentiation and maturation. 

No differences were detected in immunofluorescence using a CALB antibody between 

distinct temporal treatments (Figure III.8-A). All conditions exhibited neuronal network 

formation by neurons expressing CALB, demonstrating the presence of Purkinje cell on day 

70 (Figure III.8-A). Nevertheless, qRT-PCR analysis for general GABAergic markers, as 

well as specific markers for distinct GABAergic cerebellar subtypes revealed that treatment 

with 5-HT at different time-points was able to induce differential gene expression (Figure 

III.8-B). The RNA levels of the majority of GABAergic markers appeared to be increased in 

condition 5, where 5-HT was added to culture during all maturation protocol (Figure III.8-B). 

In particular, expression of Purkinje cell markers was enhanced when 5-HT was present 

from day 35 until day 70 of differentiation. L7 transcript was more expressed in conditions 3 

and 5, corresponding to 5-HT treatment in the initial stages of maturation and during all 

maturation process, respectively (Figure III.8-B). Oppositely, the addition of 5-HT at later 

maturation stages did not seem to enhance Purkinje cell differentiation (Figure III.8-B). 

Although condition 3 and 5 were similar in terms of L7 transcripts, in condition 5 mRNA 

levels for GRID2 were much higher than condition 3, suggesting that the initial exposure is 

important for Purkinje cell differentiation, while the later exposure favors the maturation of 

previously generated Purkinje cells (Figure III.8-B). 
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Figure III.8. Effect of different temporal exposures to 5-HT in Purkinje cell differentiation and maturation. 

A) Immunofluorescence for CALB on day 70 of differentiation. Scale bars, 50µm. B) Temporal ClustVis analysis 

of qRT-PCR of GAD67, GAD65, PARVALBUMNIN, NEUROGRANIN, L7 and GRID2. mRNA levels were relative 

to GAPDH on day 70 of differentiation at the indicated conditions.  

 

In conclusion, 5-HT treatment at the initial stages of maturation seems to be important 

for the establishment of a Purkinje cell population but is not sufficient to promote an efficient 

maturation. Exposure of 5-HT at later stages of maturation can lead to higher expression of 

general GABAergic markers and other GABAergic cerebellar neurons, like interneurons 

(PARVALBUMIN+), but is tardily to promote Purkinje cell differentiation. Lastly, by adding 5-

HT during all maturation process, not only the establishment of Purkinje cell population 

seems to be enhanced but also the maturation of generated Purkinje cells. 
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III.5 DISCUSSION 
 

The majority of neurons in the human CNS are found in the cerebellum, since it 

contains 60 billion of granule cells representing more than all other brain neurons combined 

(Wagner et al., 2017). Moreover, cerebellum is characterized by a well-defined structure 

composed by diverse neuronal subtypes (Hoshino, 2012; Marzban et al., 2015; White and 

Sillitoe, 2013). These distinct cerebellar neurons were already successfully obtained from 

human PSC, as well as their use to model cerebellar dysfunction was also reported (Erceg 

et al., 2012; Ishida et al., 2016; Muguruma et al., 2015; Salero and Hatten, 2007; Su et al., 

2006; Tao et al., 2010; Wang et al., 2015). Although cerebellar disorders are phenotypically 

heterogeneous, in which different types of cerebellar neurons are degenerated, Purkinje 

cells seem to be particularly affected (Taroni and DiDonato, 2004). Therefore, some groups 

have attempted to generate Purkinje cells from PSCs, but with low differentiation efficacies 

and high variability associated with feeder cell sources, used to promote their maturation 

(Muguruma et al., 2015; Su et al., 2006; Tao et al., 2010; Wang et al., 2015).  Here, we 

presented evidences that the manipulation of SHH signaling during cerebellar commitment 

can increase the number of generated Purkinje cell progenitors (OLIG2+). Furthermore, 

simultaneous treatment with 5-HT and maturation of cerebellar progenitors, under defined 

and feeder-free conditions, can enhance the expression of L7 and GRID2, suggesting that 

5-HT is able to support Purkinje cell differentiation and maturation.  

The oligodendrocyte transcription factor OLIG2, was first identified in spinal cord and 

has a critical function in oligodendrocyte development (Park et al., 2002; Zhou et al., 2000). 

Nonetheless, it is known that OLIG2 is involved not only in oligodendrocyte specification but 

also in the development of some types of neurons, including motor neurons and Purkinje 

cells (Ju et al., 2016; Mizuguchi et al., 2001; Seto et al., 2014). During cerebellar 

development, OLIG2 is transiently expressed in the cerebellar ventricular zone (VZ), in both 
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proliferating VZ progenitors and newborn neurons, during Purkinje cell specification (Ju et 

al., 2016; Seto et al., 2014). Strong evidences suggest that SHH represents an important 

regulator of early stages of oligodendrocyte specification (Lu et al., 2000; Wang and 

Almazan, 2016). However, the use of SHH in combination with the dual-SMAD inhibitors, 

SB431542 and LDN193189, failed to efficiently generate oligodendrocytes from PSCs 

(Rodrigues et al., 2017). To efficiently produce OLIG2+ oligodendrocyte progenitors, a 

combination of SHH and retinoic acid (RA) is essential (Rodrigues et al., 2017), since RA 

promotes a robust caudalization of the neuroepithelium (Okada et al., 2004) that is required 

to spinal cord commitment and further oligodendrocyte differentiation. Therefore, to ensure 

that most of OLIG2+ cells that were generated in our differentiation protocol belong to 

cerebellar lineage, we proceeded to neural induction and stimulated mid-hindbrain 

patterning before modulating SHH signaling to promote the ventral commitment in the 

generated cerebellar progenitors. Indeed, an effective mid-hindbrain patterning was 

achieved before adding SAG to our culture system as well as an efficient cerebellar 

commitment. Besides that, the expression of GBX2, a hindbrain marker, was up-regulated 

at day 14 of differentiation, suggesting that spinal cord together with oligodendrocyte 

progenitors could not be obtained in our differentiation protocol.  

During the generation of cerebellar progenitors, addition of SAG to the culture 

promoted an increased expression of OLIG2 by day 21, which was maintained and peaked 

at day 35. On the other hand, CORL2 was highly expressed at day 21 of differentiation, 

significantly increased in SAG-treated cells, but declining thereafter reaching an expression 

level similar to non-treated cells. Indeed, it was already reported that SDF1 treatment during 

cerebellar differentiation of human PSC leads to a significant down-regulation of ventral 

marker genes, suggesting to have a moderate dorsalizing effect (Muguruma et al., 2015). 

Although only a slight decrease of CORL2 RNA levels, without significant differences 

between SDF1-treated and non-treated organoids, was promoted by SDF1 (Muguruma et 
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al., 2015), further studies are required to understand the effect of SDF1 in the cultures 

previously treated with SAG. Despite the presence of SDF1, the OLIG2 levels were 

maintained high after SAG treatment until the end of organoid generation, and Purkinje cell 

differentiation was observed afterwards. While it was demonstrated that OLIG2 is required 

for a complete specification of Purkinje cells (Ju et al., 2016), CORL2 seems to be 

dispensable for initial specification of Purkinje cell fate (Nakatani et al., 2014), which explains 

the normal Purkinje cell generation even with reduced levels of CORL2 at day 35. Moreover, 

the combination of FGF19 and SAG appeared to be sufficient to generate continuous 

cerebellar neuroepithelium, creating a dense layer of OLIG2+ progenitors by day 28. Most 

likely 28 days in culture are sufficient for a robust production of Purkinje cell progenitors and 

SDF1 may not be required in this ventral cerebellar differentiation, a hypothesis that needs 

additional verification.  

During the maturation protocol, we observed that organoids previously treated with 

SAG failed to generate mature Purkinje cells, most probably due to a low neuronal survival 

at later stages of maturation. It is known that Granule cells are potent regulators of Purkinje 

cell development, being able to initiate Purkinje cell differentiation (Hirai and Launey, 2000; 

Morrison and Mason, 1998). Moreover, when a pure population of Purkinje cells was 

isolated, they exhibited poor survival and differentiation, being rescued only by co-culturing 

with granule neurons, which promoted their survival and dendritic development (Baptista et 

al., 1994; Morrison and Mason, 1998). At previous stages of differentiation, we detected only 

a few cells staining for BARHL1 expressed in granular cell progenitors. It is likely that the 

ventralizing effect of SAG induced low generation of granule cell progenitors and thus 

granule neurons were not present during the maturation. Therefore, without granule 

neurons, Purkinje cells were not able to survive and differentiate. However, 5-HT treatment 

was capable of increasing Purkinje cell survival and differentiation, after the initial SAG-

induced commitment. Indeed, it was reported that the 5-HT receptor expression by Granular 
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cells correlates with the expression patterns of these receptors in Purkinje cells during 

cerebellar development (Daval et al., 1987; Matthiessen et al., 1992, 1993; Miquel et al., 

1994). It was proposed that, during the first postnatal week, Purkinje cell dendritic growth 

and formation is stimulated by the activation of 5-HT receptors expressed by both cell types 

(Oostland and van Hooft, 2013). Therefore, the addition of 5-HT to our cultures can mimic 

to some extent what happens in this cell-cell interaction process.  

Furthermore, the addition of 5-HT to re-plated cells originated from cerebellar 

organoids stimulated an enhanced expression of Purkinje cell-specific markers, L7 and 

GRID2. During cerebellar development, 5-HT also stimulates dendritic growth of Purkinje 

cells, as well as synapse formation. Besides that it ensures the Purkinje cell synaptic 

plasticity and stabilization (Oostland and van Hooft, 2013). Therefore, further studies are 

needed to evaluate the effect of 5-HT on the development of morphological features of 

Purkinje cells and to investigate its effect on the functionality of the generated neurons. In 

addition to Purkinje cells, also the expression of other markers of GABAergic neurons were 

stimulated by 5-HT, including PARVALBUMIN and NEUROGRANIN. Based on the 

expression of 5-HT in both Golgi cells and molecular layer interneurons, it is expected that 

5-HT treatment can support the development of all these types of cerebellar neurons (Geurts 

et al., 2002).  

In conclusion, we reported important findings for the generation of higher amounts of 

cerebellar GABAergic neurons by manipulation SHH signaling. A more efficient Purkinje cell 

differentiation and maturation can be achieved by stimulating 5-HT receptors during the 

maturation process. Thus, a more robust and efficient differentiation of Purkinje cells can be 

obtained, which is the most important subtype of cerebellar neurons involved in cerebellum 

degeneration, providing a valuable cell source for modeling cerebellar disorders. 
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IV.1 ABSTRACT 
 

Human induced pluripotent stem cells (iPSCs) have great potential for disease 

modeling and provide a valuable source for regenerative approaches. However, generating 

human iPSC-derived models to study brain diseases remains a challenge. Previously, we 

described the long-term culture of cerebellar neuroepithelium formed from human iPSCs, 

recapitulating the early developmental events of the cerebellum. Additionally, an efficient 

maturation of re-plated cerebellar progenitors into distinct types of functional cerebellar 

neurons was also achieved under defined and feeder-free conditions. However, defining 

protocols that allow the production of large numbers of organoids and a high yield of mature 

neurons in these 3D culture systems is still difficult. We present a new approach for the 

reproducible and scalable generation of human iPSC-derived organoids under chemically 

defined conditions by using the novel PBS 0.1 (100 mL) Vertical-Wheel single-use 

bioreactors, in which organoids acquire cerebellar identity. In this system, human iPSC-

derived organoids are able to mature into different cerebellar neurons and to survive for up 

to 3 months, without feeder layers. 

 

Keywords:  human induced pluripotent stem cells; cerebellar differentiation; scale-up; 

vertical-wheel bioreactors; feeder-free 
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IV.2 INTRODUCTION 
 

The emergence of human pluripotent stem cells (PSCs) represents a promising tool 

for regenerative medicine and disease modeling, since this cell type can be differentiated 

into most of cell lineages of the human body (Takahashi et al., 2007; Thomson, 1998). Since 

their discovery, PSC differentiation using diverse approaches have been reported to model 

different diseases, including neurodegenerative disorders (Ishida et al., 2016; Lancaster et 

al., 2012; Liu and Zhang, 2010; Mariani et al., 2015). However, the reproducible generation 

of a desired neuronal type for disease modeling under defined conditions is still a challenge, 

aggravated by culture and line variability.  

Until now, different methodologies have been reported to generate neural progenitors 

and functional neurons, starting either by monolayer culture or using embryoid bodies (EBs) 

(Amoroso et al., 2013; Boissart et al., 2013; Chambers et al., 2009; Eiraku et al., 2008; Hu 

and Zhang, 2009; Qu et al., 2014; Sasai et al., 2012). In a monolayer culture, a target 

differentiation is obtained producing homogeneous neural cell population (Chambers et al., 

2009). However, it does not represent the human biological system because 3D structure is 

not recapitulated. Furthermore, the need for passaging neurons during the differentiation 

protocol, and the lack of evidence regarding the effect of this re-plating on the long-term 

viability and functionality of these cells makes it difficult to use this differentiation strategy to 

model neurodegenerative disorders (Chambers et al., 2009; Qu et al., 2014). In EB-based 

neural differentiation, a low efficiency was reported as well as the requirement of feeder 

layers to promote the survival of neurons in long-term cultures (Boulting et al., 2011; Hu and 

Zhang, 2009). Moreover, the EB cultures produce aggregates with variable size and shape, 

introducing low differentiation efficacies and variability both within the same experiment and 

between different experiments.  
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More recently, 3D cultures resembling the organ structure, including cerebral 

structures, were reported (Lancaster et al., 2012; Muguruma et al., 2015; Qian et al., 2018). 

The generation of these neural organoids from PSCs provides a valuable opportunity to 

model human development and neurodevelopmental disorders. In the reported protocols 

PSC-derived aggregates are produced by using a scaffold-free approach to generate 

controlled size and shape aggregates. However, this method is difficult to be applied for 

large scale production. To produce structures that are large enough to recapitulate tissue 

morphogenesis without the presence of necrosis inside the organoids, recent protocols rely 

upon the initial neural commitment in static conditions, with later transfer of hydrogel-

embedded organoids to dynamic systems (Lancaster et al., 2012). Such approach may limit 

the potential scaling up of organoid production.  

Previously, we reported the recapitulation of early cerebellar development in human 

iPSC-derived organoids and further maturation of cerebellar progenitors into functional 

cerebellar neurons after re-plating onto laminin-coated plates. In these conditions, when 3D 

structure is maintained, a more efficient generation of cerebellar neurons is achieved. 

Therefore, we decided to optimize culture conditions for 3D expansion and differentiation of 

human iPSCs into cerebellar neurons in single-use Vertical-Wheel agitated bioreactors 

(PBS Biotech’s Vertical-WheelTM Bioreactors). These novel vertical-wheel bioreactors were 

already successfully used for human mesenchymal stem cell and iPSC expansion 

(Rodrigues et al., 2018; Sousa et al., 2015), in which a large vertical impeller and a U-shaped 

bottom provide a more homogeneous shear distribution inside the bioreactor, allowing a 

gentle and uniform mixing and particle suspension with reduced power input and agitation 

speeds (Croughan et al., 2016). Here, we describe a new approach for the reproducible and 

scalable generation of neural organoids that adopt cerebellar identity and further maturation 

into cerebellar neurons under chemically defined and feeder-free conditions by using the 

novel PBS 0.1 (100 mL) Vertical-Wheel single-use bioreactors. In this system, an efficient 
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cell aggregation with shape and size-controlled aggregates can be obtained, which is 

important for a more homogeneous and efficient differentiation. Moreover, a larger amount 

of iPSC-derived aggregates can be generated without being excessively labor-intensive, 

achieving 431 ± 53.6 aggregates/mL at 24 hours after seeding. After differentiation, distinct 

types of cerebellar neurons can be generated, including Purkinje cells (CALB+), granule cells 

(PAX6+/MAP2+), Golgi cells (NRGN+), and deep cerebellar nuclei projection neurons 

(TBR1+). These cells show signs of efficient maturation, changing intracellular Ca2+ 

concentration following KCl stimulation and exhibiting fire action potential upon current 

injection. In this system, human iPSC-derived organoids are able to mature into different 

cerebellar neurons and to survive for up to 3 months, without feeder layers, providing a novel 

source of human cerebellar neurons for disease modeling. 
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IV.3 METHODS 
 

Maintenance of human iPSCs 
 

We used two distinct human iPSC lines, F002.1A.13 and Gibco® Human Episomal 

iPSC line (iPSC6.2) (Burridge et al., 2011).  Both human iPSCs were cultured on MatrigelTM 

(Corning)-coated plates with mTeSR™1 Medium (StemCell Technologies). Medium was 

changed daily. Cells were passaged every three to four days (when the colonies covered 

approximately 85% of the surface area of the culture dish) using 0.5mM EDTA dissociation 

buffer (Life Technologies). Two to three passages were performed before starting the 

differentiation protocol. 

 

Generation, differentiation and maturation of human iPSC-derived aggregates 
using Vertical-Wheel Bioreactors 
 

For single-cell inoculation, cells were incubated with ROCKi (Y-27632, 10μM, 

StemCell Technologies) for 1 h at 37ºC and then treated with accutase (Sigma) for 7 min at 

37ºC. After dissociation, cells were cultured into PBS MINI 0.1L  Vertical-Wheel Bioreactors 

(PBS Biotech, USA) at a density of 250 000 cells/mL in 60 mL of mTeSR™1 supplemented 

with 10μM ROCKi . To promote cell aggregation an agitation speed of 27 rpm was used. 

After 24 hours, full volume of the medium was replaced and aggregates were maintained in 

mTeSR™1 without ROCKi for another 24 hours at an agitation speed of 25 rpm.  

Defining the day on which single-cell inoculation was performed as day 0, from day 2 

to day 21 gfCDM was used as basal medium for the differentiation (Muguruma et al. 2015). 

This medium consists of Isocove’s modified Dulbecco’s medium/Ham’s F-12 (Life 

Technology) 1:1, chemically defined lipid concentrate (1% v/v, Life Technology), 

monothioglycerol (450μM, Sigma), apo-transferrin (15μg/ml, Sigma), crystallization-purified 
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BSA (5mg/ml, >99%, Sigma) and 50U/ml penicillin/50μg/ml streptomycin (PS, Life 

Technology). The medium was also supplemented with insulin (7μg/ml, Sigma). 

Recombinant human basic FGF (FGF2, 50ng/ml, PeproTech) and SB431542 (SB, 10μM, 

Sigma) were added to culture on day 2. Full-volume medium replacement with gfCDM 

(supplemented with insulin, FGF2 and SB) was performed on day 5. On day 7, the agitation 

speed was changed to 30 rpm for both cell lines. Full volume of the medium was replaced 

and two-thirds of initial amount of FGF2 and SB was added. Recombinant human FGF19 

(100ng/ml, PeproTech) was added to culture on day 14, and full-volume replacement with 

gfCDM (supplemented with insulin and FGF19) was performed on day 18. From day 21, the 

aggregates were cultured in BrainPhys™ Neuronal Medium (StemCell Technologies), 

supplemented with NeuroCult™ SM1 Neuronal Supplement (StemCell Technologies), N2 

Supplement-A (StemCell Technologies) and PS. Full-volume replacement was performed 

every 7 days. Recombinant human SDF1 (300ng/ml, PeproTech) was added to culture on 

day 28. 

After 35 days of differentiation, neuronal maturation was promoted by using 

BrainPhys™ Neuronal Medium (StemCell Technologies), supplemented with NeuroCult™ 

SM1 Neuronal Supplement (StemCell Technologies), N2 Supplement-A (StemCell 

Technologies), Recombinant Human Brain Derived Neurotrophic Factor (BDNF, 

PeproTech, 20ng/mL), Recombinant Human Glial-Derived Neurotrophic Factor (GDNF, 

PeproTech, 20ng/mL), dibutyryl cAMP (1mM, Sigma), and ascorbic acid (200nM, Sigma). 

One-third of the total volume was replaced every 3 days. 

 

Aggregate size and biomass analysis  
 

To monitor aggregate sizes throughout time in culture, several images were acquired 

at different time points using a Leica DMI 3000B microscope with a Nikon DXM 1200F digital 
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camera. The aggregate area was measured using ImageJ Software. Considering the 

aggregates as spheroids, diameters were calculated based on determined area according 

to the equation: 𝑑 = 2 ×  √
𝐴

𝜋
, in which d represents the diameter and A represents the area. 

The homogeneity of aggregate size was evaluated by frequency distribution and 

measured by using the coefficient of variation (Cv), according to the equation: 𝐶𝑣 =  𝛿
μ⁄ , in 

which δ represents the standard deviation of aggregate diameter and μ is the average 

diameter. 

To analyze the volume of biomass, volume was calculated based on determined 

diameter according to the equation: 𝑉 =  
4

3
 ×  𝜋 (

𝑑

2
)

3
. The number of aggregates was 

measured, and the volume of biomass was calculated and normalized to day 1.  

 

Tissue preparation and Immunohistochemistry 
 

Aggregates were fixed in 4% paraformaldehyde (PFA, Sigma) for 20 min at 4ºC followed 

by washing in Phosphate buffered saline (PBS, 0.1M) and overnight incubation in 15% (v/v) 

sucrose at 4ºC. Aggregates were embedded in 7.5%/15% (v/v) gelatin/sucrose and frozen 

in isopenthane at -80ºC. Twelve-μm sections were cut on a cryostat-microtome (Leica 

CM3050S, Leica Microsystems), collected on Superfrost™ Microscope Slides (Thermo 

Scientific) and stored at -20ºC. For immunostaining, sections were de-gelatinized for 45 min 

in PBS at 37ºC, incubated in 0.1 M Glycine (Millipore) for 10 min at room temperature (RT), 

permeabilized with 0.1% (v/v) Triton X-100 (Sigma) for 10 min at RT and blocked with 10% 

(v/v) fetal goat serum (FGS, Gibco) in TBST (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.05 

% v/v Tween-20, Sigma)   for 30 min at RT.  Sections were then incubated overnight at 4ºC 

with the primary antibodies diluted in blocking solution (Table IV.1). Secondary antibodies 
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were added to sections for 30 min (goat anti-mouse or goat anti-rabbit IgG, Alexa Fluor®–

488 or –546, 1:400 v/v dilution, Molecular Probes) at RT and nuclear counterstaining was 

performed using 4’,6-diamidino-2-phenylindole (DAPI, 1.5µg/mL; Sigma). After brief drying, 

sections were mounted in Mowiol (Sigma). Fluorescence images were acquired with Zeiss 

LSM 710 Confocal Laser Point-Scanning Microscopes. 

 

Table IV-1. List of primary antibodies and dilutions used for immunostaining 

 

Antibody Company Host species Dilution 

BARHL1 Atlas rabbit 1:500 

CALBINDIN Swant rabbit 1:500 

GAD65 BD Pharmingen mouse 1:100 

GAD67 Millipore mouse 1:500 

MAP2 Sigma mouse 1:1000 

N-CADHERIN BD Transduction mouse 1:1000 

NESTIN R&D mouse 1:400 

NEUROGRANIN Millipore rabbit 1:200 

OLIG2 Millipore rabbit 1:500 

PARVALBUMIN Sigma mouse 1:200 

PAX6 Covance rabbit 1:400 

SOX2 R&D mouse 1:200 

TBR1 Millipore rabbit 1:200 

TUJ1 Biolegend mouse 1:1000 

V-GLUT1 Abcam rabbit 1:100 
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Quantitative Real-time PCR (qRT-PCR) 
 

Total RNA was extracted at different time points of differentiation using High Pure 

RNA Isolation Kit (Roche) and converted into complementary cDNA with Transcriptor High 

Fidelity cDNA Synthesis Kit (Roche). Gene expression was analyzed using SYBR® green 

chemistry (Table IV.2). All PCR reactions were run in duplicate, using the ViiA™7 RT-PCR 

System (Applied BioSystems). Reactions were normalized to the housekeeping gene 

GAPDH and results analyzed with QuantStudio™ RT-PCR Software.  

 

Table IV-2. Primers used for qRT-PCR 

 
Gene 

  
Foward  Reverse 

BARHL1 GAGCGGCAGAAGTACCTGAG GTAGAAATAAGGCGACGGGAAC 

CORL2 CCAGGTGTTAAAAGGAAACACA GCTCCCTTTTCATCTGATCCT 

EN2 CCGGCGTGGGTCTACTGTA GGCCGCTTGTCCTCTTTGTT 

FGF8 GAGCCTGGTGACGGATCAG CGTTGCTCTTGGCGATCAG 

GAD65 GTCTCCAGCTCGCATACACA CGAAAGACCAAAAGCCAGAG 

GAD67 CCTGGAACTGGCTGAATACC CCCTGAGGCTTTGTGGAATA 

GBX2 GACGAGTCAAAGGTGGAAGAC GATTGTCATCCGAGCTGTAGTC 

GRID2 AGCTCTTCCTCTCTTGGTTTCC GCCCCACGTTGCCTAGAAAT 

KIRREL2 GGGGCTAGTTCAGTGGACTAA CACGGGCCTAATGTGGAGG 

L7  ACCAGGAGGGCTTCTTCAAT CTGTCACACGTTGGTCATCC  

NEUROGRANIN TCAAAGTTCCCGAGGAGAGA CTAAAAGGGCACGGACTCAG 

OCT4 GTGGAGGAAGCTGACAACAA ATTCTCCAGGTTGCCTCTCA 

OLIG2 GACAAGCTAGGAGGCAGTGG CGGCTCTGTCATTTGCTTCTTG 

OTX2 AGAGGACGACGTTCACTCG TCGGGCAAGTTGATTTTCAGT 

PARVALBUMIN TTCTCCCCAGATGCCAGAGA GAGATTGGGTGTTCAGGGCA 

PAX2 AACGACAGAACCCGACTATGT GAGCGAGGAATCCCCAGGA 

PAX6 GAATCAGAGAAGACAGGCCA GTGTAGGTATCATAACTCCG 

TBR1 CGTCTGCAGCGAATAAGTGC AATGTGGAGGCCGAGACTTG 

VGLUT1 TACACGGCTCCTTTTTCTGG CTGAGGGGATCAGCATGTTT 
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Single cell calcium imaging  
 

Functional maturation was evaluated by single cell calcium imaging (SCCI) to analyze 

the intracellular variations of Ca2+ following stimulation with 50mM KCl and 100μM histamine 

(Sigma-Aldrich). Two to five days before, aggregates were re-plated on Glass Bottom Cell 

Culture Dish (Nest) previously coated with poly-L-ornithine (15μg/mL, Sigma) and Laminin 

(20μg/mL, Sigma). At different time points of differentiation, neurons were loaded with Fura-

2 AM (5µM, in normal Krebs solution with the following composition: NaCl (132mM), KCl 

(4mM), MgCl2 (1.4mM), CaCl2 (2.5mM), D-(+)-glucose (6mM) and HEPES (10mM) - pH 7.4 

adjusted with NaOH - and incubated at 37ºC for 45 min. Fura-2 AM loaded cells were 

sequentially excited both at 340 nm and 380 nm, for 250 ms at each wavelength, using an 

inverted microscope with epifluorescent optics and equipped with a high speed multiple 

excitation fluorimetric system (Lambda DG4, with a 175W Xenon arc lamp). The emission 

fluorescence was recorded at 510 nm by a CDD camera. Cells were stimulated by 100 µM 

histamine or high potassium Krebs solution (containing 50 mM KCl, isosmotic substitution 

with NaCl), as reported elsewhere (Agasse et al., 2008; Rodrigues et al., 2017). 

 

Patch Electrophysiology 
 

For electrophysiological evaluation, 2-5 days before the analysis aggregates were 

dissociated using accutase (Sigma) and re-plated on coverslips coated with poly-L-ornithine 

(15μg/mL, Sigma) and Laminin (20μg/mL, Sigma). Whole cell patch-clamp recordings were 

obtained from generated neurons using an upright microscope (Zeiss Axioskop 2FS) 

equipped with differential interference contrast optics using a Zeiss AxioCam MRm camera 

and a 40x IR-Achroplan objective. During recordings, cells were continuously superfused 

with artificial cerebrospinal fluid (aCSF) containing (in mM): 124 NaCl, 3 KCl, 1.2 NaH2PO4, 
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25 NaHCO3, 2 CaCl2, 1 MgSO4 and 10 glucose, which was continuously gassed with 

95%O2/5% CO2.  Recordings were performed at room temperature in current-clamp or 

voltage-clamp mode [holding potential (Vh) = −60 mV] with an Axopatch 200B (Axon 

Instruments) amplifier, as performed in (Felix-Oliveira et al., 2014). Briefly, Patch pipettes 

with 4 to 7 MΩ resistance when filled with an internal solution containing (in mM): 125 K-

gluconate, 11 KCl, 0.1 CaCl2, 2 MgCl2, 1 EGTA, 10 HEPES, 2 MgATP, 0.3 NaGTP, and 10 

phosphocreatine, pH 7.3, adjusted with 1 M NaOH, 280-290 mOsm were used to record 

excitatory synaptic currents and action potential activity. Acquired signals were filtered using 

an in-built, 2-kHz, three-pole Bessel filter, and data were digitized at 5 kHz under control of 

the pCLAMP 10 software program. The junction potential was not compensated for, and 

offset potentials were nulled before gigaseal formation. The resting membrane potential was 

measured immediately upon establishing whole-cell configuration. Firing patterns of 

cerebellar neurons were determined in current-clamp mode immediately after achieving 

whole-cell configuration by a series of hyperpolarizing and depolarizing steps of current 

injection (500 ms). Firing potential were also determined through the application of two 

depolarizing steps of current injection of 10 ms, separated by 80 ms. 

 

 

IV.4 RESULTS 
 

Production of size-controlled human iPSC-derived aggregates using PBS MINI 
0.1L   bioreactor 
 

The generation of human iPSC-derived organoids starts by cell aggregation to mimic 

the 3D structure and recapitulate both the structure and functionality of human organs. The 

cell aggregation is a critical step to obtain homogeneous outcome with high yield of viable 
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organoids and increased reproducibility of the differentiation protocol (Xie et al., 2017). We 

initiated the protocol by promoting cell aggregation using PBS MINI 0.1L bioreactor (Figure 

IV.1-A). Single-cell inoculation was performed and 250 000 cells/mL were seeded in 60 mL 

of medium with an agitation speed of 27 rpm. After 24 hours, cells were able to efficiently 

aggregate, with an aggregation efficiency of 54.1 ± 18.7% and 82 ± 14.1% (Mean ± SEM) 

obtained from F002.1A.13 (n=4) and iPSC6.2 cell line (n=2), respectively. In addition, 

homogeneous shape aggregates were obtained 24 hours after seeding (day 1, Figure IV.1-

B), and were maintained until day 5 with a spheroid-like structure (Figure IV.1-B). Aggregate 

size distribution also revealed the presence of very homogeneous population at day 1 

(Figure IV.1-C). Therefore, an efficient cell aggregation with shape and size-controlled 

aggregates can be obtained by using PBS MINI 0.1L bioreactor, as a first step towards a 

more homogeneous and efficient differentiation. 
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Figure IV.1. Figure 4.1. Generation of size-controlled aggregates using PBS MINI 0.1L bioreactor. A)  

Design features of a vertical-wheel bioreactor. B)  Bright field photomicrograph showed aggregates with 

homogeneous shape and size between days 1 and 5. Scale bar, 100 µm. C) The distribution of floating 

aggregates diameters demonstrates that homogeneous size aggregates can be obtained from different iPSC 

lines by using PBS MINI 0.1L bioreactor. 

 

Since the size of the cellular niche regulates the balance between differentiation-

inducing and -inhibiting factors, and influences the spatial gradient of soluble factor-

dependent signaling (Peerani et al., 2007), the aggregate size is an important physical 

parameter capable of prompting the cells to differentiate toward different lineages (Bauwens 

et al., 2008; Bratt-Leal et al., 2009). Besides that, there is a minimum size threshold that 

appears to favor differentiation (Arora et al., 2017). For that reason, based on the aggregate 

size previously obtained in static conditions (≈ 200 µm) and reported optimal aggregate 

diameter to promote efficient neural commitment (Miranda et al., 2015, 2016), we 
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maintained the generated aggregates in mTeSR1 medium at 25 rpm until reaching the 

desired diameter to start the differentiation.  At day 2, the obtained average diameter was 

221 ± 3.34 µm for F002.1A.13 cell line and 212.1 ± 2.53 µm (Mean ± SEM) for iPSC6.2 cell 

line, attaining the optimal aggregate size at this time-point. Distribution of aggregate 

diameter showed that aggregates continue to grow from day 1 to 5, and a homogeneous 

size distribution was observed when differentiation was initiated and in the initial days of the 

neural commitment, up to day 5 (Figure IV.1-B). 

 

Expansion and size characterization of human iPSC-derived organoids  

 
At day 2, after achieving the desired aggregate diameter, the neural differentiation was 

induced by SB, transforming growth factor β (TGF-β)-receptor inhibitor that promotes the 

neuroectodermal differentiation. For the first days of neural induction, the rotation speed of 

25 rpm was used and increasing to 30 rpm after 7 days to avoid the accumulation and 

clumping of bigger aggregates (Figure IV.2).  

Although an efficient cerebellum differentiation was demonstrated previously in static 

conditions, we found that organoids tend to coalesce forming large macroscopic structures 

resistant to diffusion of morphogens and nutrients (Figure IV.2). These structures become 

progressively necrotic and resilient to differentiation cues, being difficult to retain more than 

35 days to achieve an efficient neuronal maturation in the static 3D culture system. During 

differentiation in the PBS MINI 0.1L, organoids showed a more pronounced epithelization 

similar to neural tube-like structures with luminal space when compared to static conditions, 

where a dense cell mass was observed at the final differentiation stages (Figure IV.2). 
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Figure IV.2. Generation of iPSC-derived organoids using PBS MINI 0.1L Bioreactor. Cells were seeded at 

the density of 250 000 cells/mL and an agitation speed of 27 rpm were used to promote cell aggregation. During 

the first days of differentiation, aggregates were maintained at an agitation speed of 25 rpm. Afterwards, to avoid 

the accumulation of bigger clumps, the agitation speed was increased to 30 rpm. Bright field photomicrographs 

showing iPSC-derived organoids during cerebellar differentiation from static and PBS MINI 0.1L conditions. 

Scale bar, 100 µm. 

 

A larger number of iPSC-derived organoids can be generated with the PBS MINI 0.1L 

bioreactor without being excessively labor-intensive. Using the F002.1A.13 cell line, 24 

hours after seeding, 431 ± 53.6 aggregates/mL were generated. This number decreased at 

day 2 for 114 ± 7.2 aggregates/mL but was maintained constant until the end of organoid 

culture (Figure IV.3-A). Probably, the merging of individual aggregates was promoted by 

the decrease in the agitation speed from 27 to 25 rpm, since the aggregate diameter 

increased 2-fold from day 1 to day 2 (Figure IV.3-C). Besides that, biomass analysis 

demonstrated that the total volume of biomass increased up to ~4-fold until day 21 (Figure 
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IV.3-B). At day 35, a slight decrease in the biomass volume was observed, consistent with 

a reduction in aggregate diameter observed at the same time-point (Figure IV.3-B and C). 

 

 

Figure IV.3. Expansion of iPSC-derived organoids. A) The number of aggregates decreases from day 1 to 

day 2 of differentiation, maintaining constant during the differentiation protocol. B) Volume of biomass increases 

until day 21 of differentiation. Data were obtained from 3 independent differentiation experiments using 

F002.1A.13 cells. Points show the mean and area fill represents SEM. C) Aggregate diameters during the 

differentiation protocol using different iPSC lines (data obtained from 3 independent experiments). 

 

The analysis of aggregate diameters also revealed that organoids were able to grow 

until day 21 (Figure IV.3-C), which is important since the size of the system increases with 

the level of specialization in multicellular structures (Bell and Mooers, 1997).  Besides that, 
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the diameters tend to be more widespread when the organoids are structurally more 

complex, from day 7 to day 35 (Figure IV.3-C). 

In order to evaluate the population homogeneity in both static and PBS MINI 0.1L 

systems, we analyzed the coefficient of variation (CV), which measures the variability by 

correlating standard deviation with the mean of aggregate diameters. At day 7, CV was 

higher in the PBS MINI 0.1L in comparison with static condition for F002.1A.13 cell line, 

achieving about 14% and 10% of variation, respectively, explained by the fact that 

aggregates were maintained inside microwells until day 7 in static conditions controlling their 

size (Figure IV.4). In contract, for iPSC6.2 cell line the CV was similar in both conditions at 

day 7, demonstrating the ability to create controlled-size aggregates using the PBS MINI 

0.1L bioreactor. From day 14, for F002.1A.13 cell line, the CV was retained constant in PBS 

MINI 0.1L, around 20%, but increasing until 30% in static conditions. The same tendency 

was observed in iPSC6.2 culture, about 10% of CV was maintained from day 7 until day 21 

in PBS MINI 0.1L, much lower than static conditions that reached about 30% of variation. 

Therefore, PBS MINI 0.1L bioreactor maintained more homogeneous aggregate diameters 

during the differentiation protocol. 

 

 

Figure IV.4. Coefficient of variation of iPSC-derived organoids at different time-points of differentiation 

(data obtained from 3 independent experiments). 
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Nevertheless, iPSC6.2 cell line presented similar diameter variation in both conditions 

at day 35, achieving about 30% (Figure IV.4). Indeed, when the agitation speed was 

changed to 30 rpm, iPSC6.2-derived aggregates tend to form smaller aggregates (Figure 

IV.2). Therefore, iPSC6.2 cell line seems to be more sensitive to agitation speed alterations 

and further optimizations should be performed in order to avoid the generation of smaller 

aggregates after the neural commitment. 

In addition to CV analysis, when we evaluated the diameter distribution, the PBS MINI 

0.1L condition exhibited more homogeneous distributions during the differentiation protocol 

when compared with static conditions (Figure IV.5). In addition, at the end of the organoid 

generation (day 35), much bigger aggregates were presented in static conditions, with some 

of them reaching 1 000 µm in both cell lines (Figure IV.5). In contrast, using PBS MINI 0.1L, 

organoids did not reach more than 800 µm. 

Thus, a more homogeneous population of organoids with a limited size can be 

obtained using this dynamic culture system.  
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Figure IV.5. Diameter characterization of human iPSC-derived organoids. Distribution of organoid diameters 

demonstrates that culture becomes more heterogeneous in aggregate sizes along the differentiation protocol. At 

day 35, diameter distribution is more heterogeneous in static conditions when compared with PBS MINI 0.1 

bioreactor. Data obtained from 3 independent differentiation experiments. 

 

Efficient neural commitment in human iPSC-derived organoids 

To induce the neural commitment, SB, FGF2 and insulin were used simultaneously, 

promoting neuroectodermal differentiation as well as a moderate caudalization necessary 

for mid-hindbrain patterning. Afterwards, FGF19 and SDF1 were introduced in the culture at 

days 14 and 28, respectively, to promote the generation of different cerebellar progenitors 

(Figure IV.2).  

As expected, on day zero of differentiation, human iPSCs expressed pluripotency and 

self-renewal transcript OCT4 (Figure IV.6-A). Subsequently to neural induction, a down-
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regulation of OCT4 mRNA levels was observed, being almost undetectable by day 7 of 

differentiation (Figure IV.6-A). Consistent with this significant down-regulation of the 

pluripotency gene expression, the mRNA levels of the neural marker PAX6 increased, 

showing that neural commitment was reached after 7 days (Figure IV.6-A). Starting on day 

7 and going onwards until day 35, organoids progressively expressed higher levels of PAX6 

(Figure IV.6-A), which is a transcription factor driving neurogenesis and important for neural 

stem cell proliferation (Sansom et al., 2009; Thakurela et al., 2016). During cerebellar 

development, PAX6 is also essential for the generation of all glutamatergic neurons (Yeung 

et al., 2016).  Immunofluorescence analysis further supports that an efficient neural 

commitment of the iPSC-derived organoids is achieved already by day 7 of differentiation. 

The cryosections of organoids revealed many structures reminiscent to the neural tube, with 

most of cells expressing progenitor marker NESTIN at days 7 and 14 of differentiation 

(Figure IV.6-B). Furthermore, neuroepithelium-like structures showing apico-basal polarity 

are evident in these cultures, with PAX6+ and SOX2+ progenitors found at the luminal 

(apical) side marked by strong expression of apical marker N-cadherin (Figure IV.6-B). The 

expression of TUJ1, neuron-specific class III beta-tubulin, is detectable at day 14 of 

differentiation (Figure IV.6-B), suggesting an efficient generation of newborn neurons after 

the initial neural induction. 
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Figure IV.6. Efficient neural induction in human iPSC-derived organoids. A) qRT-PCR analysis of OCT4 

and PAX6 mRNA levels relative to GAPDH levels at different time-points. For all graphics depicted, data were 

obtained from 5 and 3 independent differentiation experiments using F002.1A.13 and iPSC6.2 cell line, 

respectively. B) Immunofluorescence for NESTIN, PAX6, NCAD, SOX2 and TUJ1 on days 7 and 14 of 

differentiation. Scale bars, 50μm. 

 

Generation of neuronal organoids that adopt cerebellar identity 

During human neural development, the neural tube regionalization along anterior-

posterior axis is characterized by differential expression of transcription factors that 

establishes a segmented pattern (Watson et al., 2015). From rostral to caudal direction, 
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different regions are observed, including forebrain, midbrain and hindbrain (Figure IV.7-A), 

which will originate the different neuronal types present in the cerebral cortex, cerebellum 

and spinal cord (Suzuki and Vanderhaeghen, 2015). In the dynamic conditions, generated 

neural tube-like structures appeared to express markers for both caudal and rostral regions 

(Figure IV.7-B-D). Under this differentiation environment, organoids exhibited a robust 

expression of OTX2 gene (Figure IV.7-B), which is a forebrain-midbrain marker, important 

to delineate the rostral limit of early cerebellar territory (Broccoli et al., 1999) and required 

for cerebellum development (Frantz et al., 1994; Larsen et al., 2010). Its expression is 

maintained significantly high until day 35 of differentiation. In addition, an up-regulation of 

GBX2 gene expression, an anterior hindbrain marker (Wassarman et al., 1997), was also 

observed at day 35 (Figure IV.7-B). A possible suppression of the FGF8 and EN2 

expression promoted by increased mRNA levels for OTX2 was not detected (Guo et al., 

2007; Joyner et al., 2000). On the contrary, a significant increase in RNA levels of FGF8 

and EN2, which are crucial transcription factors involved in isthmic organizer (Chi et al., 

2003; Martinez et al., 1999) and mid-hindbrain boundary maintenance (Joyner, 1996), were 

observed in the generated human iPSC-derived organoids, starting on day 21 and 7, 

respectively, and going onwards until day 35 (Figure IV.7-C). The expression of these two 

markers was reported to be important for the establishment of cerebellar territory (Chi et al., 

2003; Zec et al., 1997), and in fact, enhanced expression of EN2 and FGF8 was 

accompanied by an up-regulation of KIRREL2 gene expression (Figure IV.7-D), which is 

the earliest marker of cerebellar territory, expressed in cerebellar GABAergic progenitors 

(Mizuhara et al., 2010). Thus, although the expression of markers for different neural tube 

regions has been observed, cerebellar commitment can be efficiently achieved in these 

conditions. 
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Figure IV.7. Regional patterning in human iPSC-derived organoids. A) Representative distribution of the 

gene expression gradients within the mouse neural tube at E11.5 (Watson et al., 2015). qRT-PCR analysis of 

OTX2 (B), GBX2 (B), FGF8 (C), EN2 (C) and KIRREL2 (D) mRNA levels relative to GAPDH levels at different 

time-points. For all graphics depicted, data were obtained from 5 and 3 independent differentiation experiments 

using F002.1A.13 and iPSC6.2 cell line, respectively. Student´s t-test (two-tailed) statistics, * p<0.05, ** p<0.01; 

error bars represent SEM. 

 

During days 21-35 of differentiation, a temporal self-formation of continuous 

neuroepithelium was observed (Figure IV.8). By day 21, human iPSC-derived organoids 

displayed neural tube-like structures (Figure IV.8-A) that reorganized into continuous 

neuroepithelium at later time-points. Afterwards, at day 28, an intense signal for TUJ1 was 

detected along these hollow structures, showing a radial orientation of newborn neurons 

(Figure IV.8-A). By day 35, TUJ1+ newborn neurons appeared to migrate towards the 

organoid surface, reestablishing the radial alignment and revealing processes with end feet 

that terminated on the outer surface of the organoid (Figure IV.8-A). In addition, within iPSC-

derived organoids, the observed flat-oval structures stained positively for the neural 
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progenitor markers NESTIN and PAX6 on day 21 of differentiation (Figure IV.8-B). Further 

neuronal differentiation was also confirmed by the presence of MAP2 expression on day 28 

until day 35 (Figure IV.8-B), surrounding the continuous neuroepithelium that contains 

PAX6+ neural progenitors.  

After having established that iPSC-derived organoids were expressing critical genes 

required for early cerebellum morphogenesis, such as FGF8, EN2 and KIRREL2, as well as 

an effective neuronal differentiation was being performed, we next focused on detecting 

specific cerebellar progenitors, including ventral and dorsal markers.  An early detection of  

BARHL1 marker suggests the presence of dorsal cerebellar progenitors already at day 14 

of differentiation (Figure IV.8-C). Along the differentiation protocol, we observed two 

different group of organoids that exhibited different cell organization. First, various flat-oval 

structures within the organoids were observed with apical side in the luminal region of these 

oval structures, containing PAX6+ progenitors (Figure IV.8-B). Other organoids exhibited an 

inverted polarity with apical side on the outer surface (Figure IV.8-C). Muguruma et al. 

(Muguruma et al., 2015) demonstrated that this might have resulted from fusion of distinct 

neural tube-like structures promoted by SDF1 addition, by stimulating the generation of 

planar neuroepithelium. Thus, in this group of organoids, BARHL1+ dorsal cerebellar 

progenitors were establishing a continuous and dense layer (Figure IV.8-C). SOX2+ ventral 

progenitors were presented on the superficial side of the organoid (Figure IV.8-C). Although 

some BARHL1+ and SOX2+ cells seemed to co-localize (Figure IV.8-C), a fine layer of 

SOX2+ progenitors was found spreading under the BARHL1+ cellular layer (Figure IV.8-C). 

Consistent with positive expression of the ventral marker, SOX2, on the apical side, a strong 

signal of N-cadherin, an apical marker, was also detected on the organoid surface (Figure 

IV.8-D). Furthermore, OLIG2+ progenitors, involved in Purkinje cell generation, were found 

dispersed on the deep side of the organoid (Figure IV.8-E). 
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Figure IV.8. Human iPSC-derived organoids with cerebellar identity. Immunofluorescence for proteins (as 

indicated at the bottom of each image) on indicated time-points of differentiation (F002.1A.13 cells). Scale bars, 

50μm. 

 

An up-regulation of markers for different types of cerebellar progenitors was further 

detected by qRT-PCR analysis of iPSC-derived organoids along the differentiation protocol 

(Figure IV.9). These markers were: PAX2 (expressed in cerebellar interneurons), BARHL1 

(required for the differentiation of cerebellar granule neurons), and OLIG2 and CORL2 

(expressed in Purkinje cell progenitors). While the analysis of mRNA levels to OLIG2 and 

CORL2 demonstrated a continuous increase of gene expression with higher levels at day 

35, PAX2 and BARHL1 peaked at different time-points of differentiation, which is consistent 

with their temporal expression during cerebellar development (Joyner, 1996; Li, 2004). The 

expression of PAX2 gene is higher at day 7 and decreased thereafter, remaining significantly 

higher than day 0 (Figure IV.9). This is explained by its important role in cross-regulatory 
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interactions that stabilize the mid-hindbrain boundary at early stages of cerebellar embryonic 

development (Rowitch and McMahon, 1995), and its later expression in particular subsets 

of post-mitotic interneurons (Maricich and Herrup, 1999). BARHL1 gene expression was 

observed to increase until day 21 (Figure IV.9), suggesting the presence of dorsal 

progenitors and dorsal-derived migratory neurons and, later, cerebellar granule cells (Li, 

2004). 

 

Figure IV.9. Differentiation of cerebellar progenitors in human iPSC-derived organoids. qRT-PCR analysis 

of PAX2, BARHL1, OLIG2 and CORL2 mRNA levels relative to GAPDH levels at the indicated time-points. For 

all graphics depicted, data were obtained from 5 and 3 independent differentiation experiments using F002.1A.13 

and iPSC6.2 cells, respectively. Student´s t-test (two-tailed) statistics, * p<0.05, ** p<0.01; error bars represent 

SEM. 
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Production of cerebellar neurons from PBS MINI 0.1L bioreactor cultures   
 

 

After the generation of cerebellar progenitors, further maturation was promoted by 

using BrainPhysTM medium (Bardy et al., 2015) supplemented with neurotrophic factors 

BDNF and GDNF. Organoids in this 3D dynamic culture system were maintained viable for 

up to 90 days, without requiring any additional maturation cues such as feeder layers. 

Immunostaining analysis of organoid cryosections revealed the presence of two major 

neuronal subtypes, inhibitory GABAergic and excitatory Glutamatergic neurons. On day 56, 

GABAergic neurons expressed both GAD67 and GAD65, which are two isoforms of the 

enzyme glutamic acid decarboxylase (GAD) that synthetizes inhibitory neurotransmitter 

GABA (Kanaani et al., 2010). Likewise, VGAT, a vesicular GABA transporter, was detected 

surrounding a dense cell layer located in the lumen on the surface of the organoids (Figure 

IV.10-A). In addition, V-GLUT1 expression was also detected on the outer surface, showing 

the presence of vesicular glutamate transporters in glutamatergic neurons (Figure IV.10-A). 

Accordingly, gene expression analysis also demonstrated an increase in levels of GAD67, 

GAD65 and VGLUT1 mRNAs until day 80 (Figure IV.10-B). 
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Figure IV.10. Generation of GABAergic and glutamatergic neurons. A) Immunostaining for GAD67, GAD65, 

V-GAT and V-GLUT1 and GAD65 in F002.1A.13-derived organoids on day 56 of differentiation. Scale bars, 

50μm. B) qRT-PCR analysis of GAD67, GAD65 and V-GLUT mRNA levels relative to GAPDH at the indicated 

time-points. Data were obtained from three independent differentiation experiments using F002.1A.13 cells. 

 

Immunofluorescence staining was used to detect the major subtypes of cerebellar 

neurons. GABAergic neurons expressing a calcium-binding protein calbindin (CALB), that 

in cerebellum is restricted to Purkinje cells, were detected around the flat-oval structures 

(Figure IV.11-A). Thus, CALB staining demonstrated that compact meshwork of Purkinje 

cells was formed along the surface of the organoid (Figure IV.11-A). In smaller iPSC-derived 

3D structures, a dense network of CALB+ neurons was observed within the aggregate, 

where non-overlapping with CALB expression of parvalbumin  (PVALB)  indicates the 

presence of precursors of GABAergic interneurons (Figure IV.11-B). Another major 

cerebellar neuronal type, granule cells, was also identified as a subset of cells co-expressing 

PAX6 and MAP2 (Figure IV.11-C). Interestingly, immunofluorescence using antibodies to 

PAX6, expressed early in neural progenitors and later in cerebellar granule cells (Swanson 

et al., 2005), and to MAP2, neuron-specific microtubule protein, revealed a robust 
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organization within the iPSC-derived organoids. A dense layer of PAX6+ precursors was 

detected on the luminal side of the organoid, whereas MAP2+ fibers were distinguished 

basally to the progenitor’s layer by day 56 of differentiation, and the co-localization of PAX6+ 

cells with MAP2+ neuronal network, during the maturation protocol, indicated the presence 

of granule cells (Figure IV.11-C). Along the maturation process, the initially large PAX6+ 

neuroepithelium was becoming smaller and simultaneously MAP2+ region was extended. 

Nevertheless, a niche of PAX6+/MAP2- progenitors remained until day 90. Other types of 

cerebellar neurons were detected, including Golgi cells expressing neurogranin (Figure 

IV.11-D, Singec et al., 2003) and deep cerebellar nuclei projection neurons expressing 

TBR1 (Figure IV.11-E, Fink et al., 2006). 

 

Figure IV.11. Generation of different types of cerebellar neurons. Immunofluorescence of distinct proteins 

(as indicated at the bottom of each image) on indicated time-points of differentiation (F002.1A.13 cells). Scale 

bars, 50μm. 
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In addition to immunofluorescence analysis, the quantification of mRNA levels of 

markers for distinct cerebellar neurons demonstrated their robust expression during the 

maturation protocol (Figure IV.12). For some transcription factors, like PAX6 and BARHL1, 

their decreased expression after peaking at day 56 of differentiation (Figure IV.12), is in 

agreement to their broad early expression in glutamatergic progenitors and later restricted 

expression in granule neurons (Li, 2004; Swanson et al., 2005). In contrast, the expression 

of other genes associated with different types of cerebellar neurons were kept high until day 

80 (Figure IV.12), including TBR1, the Purkinje cell-specific marker  L7, Purkinje cell-

specific glutamate receptor GRID2, the calcium-binding protein PARVALBUMIN and the 

calmodulin-binding protein NEUROGRANIN (Figure IV.12). 

 

Figure IV.12. Distinct markers for cerebellar neurons. qRT-PCR analysis of PAX6, BARHL1, TBR1, L7, 

GRID2, PARVALBUMIN, and NEUROGRANIN mRNA levels relative to GAPDH at the indicated time-points. 

Data were obtained from three independent differentiation experiments using F002.1A.13 cells. 
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Functional maturation of generated neurons using PBS MINI 0.1L bioreactor 
 

To evaluate physiological proprieties of neurons generated in organoids, single cell 

calcium imaging as well as electrophysiological patch clamp recordings were performed. As 

previously described, after organoid re-plating cells were incubated with a calcium indicator 

fluorescent dye Fura-2, and afterwards stimulated with KCl (50mM) and histamine (100µM). 

Since neural progenitors express histamine receptors, histamine stimulation leads to the 

increase of intracellular Ca2+ concentration in neural progenitors (Agasse et al., 2008; 

Molina-Hernández and Velasco, 2008; Rodríguez-Martínez et al., 2012). In contrast, 

neurons respond to KCl stimulation, increasing the influx of calcium in neurons by opening 

of voltage sensitive calcium channels (Ambrósio et al., 2000; Macías et al., 2001). Indeed, 

during the maturation process, organoid-derived cells showed a variation of intracellular 

Ca2+ in the presence of KCl, maintaining their baseline when stimulated with histamine, 

suggesting a highly efficient maturation (Figure IV.13-A). These results were further 

confirmed by calculating Histamine/KCl ratio, which allows to quantify immature cells and 

functional neurons, since neurons typically show ratios below 0.8 (Agasse et al., 2008; 

Rodrigues et al., 2017). Thus, the quantification of cells displaying a Histamine/KCl ratio 

below 0.8 indicated that about 75% of neurons were presented between days 40 and 55 of 

differentiation (Figure IV.13-B). This number was increasing during the maturation protocol, 

reaching about 83% of neurons in this dynamic culture system by day 90 (Figure IV.13-B). 
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Figure IV.13. Single cell calcium imaging analysis. A) Representative ratio images and fluorescence ratio 

profiles of individual organoid-derived cells on indicated time-points of differentiation (F002.1A.13 cells). B) 

Percentage of cells displaying a Histamine/KCl ratio below 0.8 using F002.1A.13 cell line. 

 

Lastly, we evaluated the electrophysiological properties of organoid-derived cells by 

using whole-cell patch clamp technique. On day 70 of differentiation, cells displayed a typical 

neuronal fire action potential upon a current injection (Figure IV.14-A). In addition, neurons 

demonstrated to be capable of rapidly recovering and responding to a second current 

injection (Figure IV.14-A). The immunostaining analysis of re-plated cells used in patch 

clamp recordings revealed that a dense neuronal network of MAP2+ fibers was constructed 

(Figure IV.14-B). However, distinct pools of progenitors expressing PAX6, which did not 

stain for MAP2 were also found (Figure IV.14-B). 
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Figure IV.14. Analysis of physiological proprieties. A) Whole-cell patch clamp recordings. Representative 

traces of firing responses evoked under current-clamp mode by injection of a 500 ms current pulse and firing 

responses to two independent current injections (10 ms) separated by 80 ms. B) Immunofluorescence for PAX6 

and MAP2 for re-plated organoid-derived cells on day 70 of differentiation (F002.1A.13 cells). Scale bars, 50μm. 

 

Therefore, these results show that neurons generated from 3D dynamic culture 

conditions using PBS MINI 0.1L bioreactor are able to establish functional neuronal 

networks, while retaining their progenitor cell pool within these in vitro niches until later 

stages of differentiation.  

 

IV.5 DISCUSSION 
 

For drug screening and regenerative medicine applications, the need of large cell 

numbers, as well as defined culture conditions to generate specific cell types, has been 

driving the development of scalable culture systems. In recent years, several groups have 

reported the scalable generation of neural progenitors as well as functional neurons (Bardy 

et al., 2013; Miranda et al., 2016; Rigamonti et al., 2016), providing significant advances for 

the development of new models for neurodegenerative disorders. Nonetheless, the 

recapitulation of some critical events as seen during embryonic development is still lacking 

and the maintenance of the generated functional neurons in suspension for long periods of 

time was not achieved (Rigamonti et al., 2016). Additionally, several groups reported the 

generation of neural organoids that are able to recapitulate major features of the human 
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central nervous system (CNS), offering the opportunity to study important aspects of 

neurodevelopment and mechanisms involved in neurodegeneration (Junghyun Jo et al., 

2016; Lancaster et al., 2012; Muguruma et al., 2015; Qian et al., 2016). Still, the main 

limitation was the potential for the scaling up of these methodologies, since neural organoids 

were produced in static conditions, encapsulated individually in Matrigel and afterwards 

transferred to spinner flasks (Lancaster et al., 2012).  

Here, we have developed a dynamic 3D culture system able to generate iPSC-derived 

neural organoids with cerebellar identity, and to further promote maturation into functional 

cerebellar neurons under chemically-defined and feeder-free conditions by using the novel 

PBS 0.1 (100 mL) Vertical-Wheel single-use bioreactor. These vertical-wheel bioreactors 

present a novel mixing mechanism generated by a large vertical wheel that rotates around 

a horizontal axis and allows a gentle and uniform fluid mixing (Croughan et al., 2016). 

Therefore, we ensured that a more uniform exposure of neural organoids to signaling 

molecules was reached. Moreover, the operation time and complexity, as well as the risk of 

contaminations, is reduced by using these single-use vessels, which facilitate the 

accomplishment of GMP conditions (Croughan et al., 2016).  

With this dynamic culture system, we were able to address some critical issues. First, 

it is simple to generate a high number of organoids, which is important for high-throughput 

applications, achieving around 430 aggregates/mL on the first 24 hours after single cell 

inoculation. Beyond that, it is important to ensure that the seeding process leads to 

maximum cell survival and homogeneous aggregate production, since the aggregate size 

has a critical role to induce differentiation towards a specific cell lineage (Bauwens et al., 

2008). Indeed, aggregation efficiencies of 54.1 ± 18.7% and 82 ± 14.1% were observed for 

two different human iPSC lines, showing a high percentage of cell survival. Moreover, 

aggregates formed in PBS 0.1 MINI bioreactor were uniform in size and shape, achieving 

the previously defined optimal diameter, about 200 µm (Miranda et al., 2015, 2016), to 
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initiate the neural induction at 48 hours after cell seeding. In comparison with static 

conditions, organoids retained a more homogeneous diameter in PBS 0.1 MINI bioreactor 

during the differentiation protocol, which can reduce variation between different 

experiments. 

We started the neural induction by using FGF2 and insulin to caudalize the generated 

neural tissue and efficiently promote mid-hindbrain patterning (Muguruma et al., 2015). 

However, in addition to expression of FGF8 and EN2, other transcription factors involved in 

forebrain/midbrain (OTX2), as well as hindbrain (GBX2) commitment were also enhanced 

in these cultures. Indeed, cellular diversity within neural organoids was already reported 

(Quadrato et al., 2017; Xiang et al., 2017). Even during forebrain differentiation protocols, 

single-cell RNA-sequencing revealed that a broad diversity of cells can be generated in 

PSC-derived neural organoids, including cerebral cortex, retina, astroglia and even 

mesodermal precursors (Quadrato et al., 2017; Xiang et al., 2017). In static conditions, the 

combination of FGF2 and insulin was shown to be very efficient for cerebellar induction due 

to their moderate caudalizing effect (Muguruma et al., 2010, 2015). Therefore, the FGF2 

and insulin signaling are not specific for rostral hindbrain commitment inducing the mid-

hindbrain domains in the PSC-derived aggregates (Muguruma et al., 2010, 2015). Yoshiki 

Sasai proposed that this combination can efficiently promote the self-formation of isthmic 

organizer tissue (OTX2+/EN2+) representing a small area within the organoid (Sasai, 2013). 

Afterwards, the self-production of signals from this organizer center, like FGF8, stimulate 

the generation of cerebellar territory (Sasai, 2013). In our dynamic culture, design features 

of vertical-wheel bioreactor offer gentle and uniform fluid mixing, efficient particle 

suspension, as well as higher mass transfer rates with minimum power input and low 

agitation speeds (Croughan et al., 2016). Therefore, mass transfer within the organoids is 

enhanced, promoting a uniform diffusion of signaling molecules, either exogenously 

provided morphogens or endogenous signals emanated by neighboring cells. One possible 
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explanation for OTX2, FGF8, EN2 and GBX2 enhanced expression could be that PSC-

derived aggregates were exposed to an efficient and uniform diffusion of FGF signaling that 

could result in a larger area of the isthmic organizer tissue (OTX2+/EN2+). On the other hand, 

the maintenance of this organizer tissue is also dependent on the self-production of FGF 

and WNT signaling, as well as their suppression by inhibitors, in a reaction-diffusion model 

(Kondo and Miura, 2010; Turing, 1952). Thus, the more efficient fluid mixing can produce a 

more uniform exposure to signaling cues and enhance the feedback loops that operate in 

this self-organized system.  Further studies to understand the effect of bioreactor design, as 

well as the uniform exposure to signaling molecules, on cerebellar commitment need to be 

performed to confirm the proposed mechanism. 

Despite this limitation, an efficient cerebellar induction was achieved in our 3D 

dynamic system. Both dorsal (BARHL1) and ventral (PAX2, OLIG2 and CORL2) cerebellar 

progenitors were generated, which are required to produce glutamatergic and GABAergic 

cerebellar neurons, respectively. To date, the generation of functional cerebellar neurons 

was only achieved by co-culturing (Ishida et al., 2016; Muguruma et al., 2015; Wang et al., 

2015). We first reported the maturation of cerebellar progenitors into functional cerebellar 

neurons by using a defined neuronal medium (Bardy et al., 2015) without co-culturing with 

feeder cells. Here, we successfully up-scaled cerebellar commitment of human iPSC and 

generation of different mature cerebellar neurons, including GABAergic and Glutamatergic 

neurons, as seen in distinct layers of human cerebellar cortex as well as in cerebellar nuclei. 

Specifically, the following cell types can be produced in our dynamic culture system: Purkinje 

cells (Calbindin+), Golgi cells (Neurogranin+), Granule cells (Pax6+/MAP2+) and DCN 

projection neurons (TBR1+). Furthermore, calcium imaging and electrophysiological 

evaluation indicate that we have achieved an efficient maturation of cerebellar precursors in 

our cultures.  
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Most interestingly, in addition to the functional establishment of neuronal network 

connectivity, various pools of neural progenitors were maintained until 3 months in culture 

during the maturation process. The maintenance of a neural progenitor niche during CNS 

development is an important biological process achieved by the microenvironmental cues 

as well as cell-cell interactions, which are able to balance stem cell quiescence with 

proliferation and to direct neurogenesis versus gliogenesis (Conover and Notti, 2008). Also 

during cerebellar development, different niches of cerebellar progenitor cells are observed, 

the first in the ventricular zone and the second in the external granule layer (ten Donkelaar 

et al., 2003; Wingate, 2001). SOX2+ progenitor niche is present in the ventricular zone, 

where this protein is highly expressed from the 20th up to the 24th week of gestation being 

down-regulated in developing human cerebellum, with undetectable expression at the 38th 

week (Pibiri et al., 2016). On the other hand, external granular layer expressing PAX6 is 

observed by 20 to 38 weeks of gestation (Pibiri et al., 2016). Therefore, our 3D culture 

system recreated better the in vivo microenvironment when compared to re-plating cultures 

(as seen in the chapter II), and the temporal dynamic changes in the cerebellar progenitor 

niche appeared to be recapitulated using our approach, in which a pool of PAX6+ progenitors 

was maintained. However, further studies are needed in order to characterize the generated 

stem/progenitor cell niche and to compare it with the embryo-fetal development of the 

human cerebellum. 

Here, we describe for the first time the continuous and scalable generation of human 

iPSC-derived neural organoids that display cerebellar identity, as well as the generation of 

functional cerebellar neurons that were maintained in suspension for as long as 3 months. 

These culture conditions permit better monitoring of key culture parameters leading to 

increased reproducibility between experiments. Moreover, the possibility of large-scale 

production of neural organoids is reached, allowing their applicability in high-throughput 

processes, including drug screening and toxicological tests, as well as to study important 



196 
 

aspects of human cerebellar embryonic development and pathological pathways involved in 

cerebellar dysfunction.   
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V.1 GENERAL DISCUSSION  
 

During this project, we aimed to generate new bioengineering tools to model cerebellar 

ataxias. Cerebellar ataxias represent a heterogeneous group of disorder for which no cure 

is available, with an urgent need to create an effective therapy (Anheim et al., 2012; Manto 

and Marmolino, 2009a). For that, efforts to uncover the pathological mechanisms involved 

in cerebellar degeneration have been made. However, most of the current knowledge has 

been based on human post mortem tissues, animal models and immortalized cell lines, 

which do not recapitulate the physiological and mechanistic characteristics of human organ 

(Manto and Marmolino, 2009b; Tiscornia et al., 2011). With advances in iPSC technology 

and their in vitro differentiation towards the neural lineage, the generation of cerebellar 

neurons as well as in vitro embryonic cerebellar neuroepithelium recapitulation has been 

demonstrated (Erceg et al., 2012; Muguruma et al., 2010, 2015; Tao et al., 2010; Wang et 

al., 2015).  

However, excessive variability was reported during the generation of cerebellar 

neurons from PSCs, particularly associated with the use of feeder cells to promote the 

maturation. Therefore, we aimed to generate cerebellar neurons using chemically-defined 

conditions and without the need for co-culturing. We first controlled the size of 3D cell 

aggregates as previously described (Ungrin et al., 2008), leading to an efficient neural 

commitment (Bauwens et al., 2008; Miranda et al., 2015). Our organoids were able to form 

neural tube-like structures organized in layers with apico-basal polarity. Most interesting, 

compared to findings from a previous study (Muguruma et al., 2015), the organoids in our 

cultures exhibited an earlier neuronal maturation pattern, expressing the GAD65 protein 

present in presynaptic terminals already at the day 35 (Esclapez et al., 1994). Because the 

onset of GAD65 expression in the cerebellum occurs after synaptogenesis (Greif et al., 

1991), we conclude that an interconnected neuronal network has been formed in organoids 
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by day 35. By using a defined basal medium optimized for neuronal cell culture (Bardy et 

al., 2015), re-plated cerebellar progenitors were able to mature into distinct cerebellar 

neurons without the need for co-culturing, including Purkinje cells with a characteristic long 

axon and highly arborized dendrites stained for CALB (Nag and Wadhwa, 1999; Whitney et 

al., 2008). Based on dendritic spine morphology analyses, calcium imaging, and 

electrophysiological evaluations, we demonstrated that an efficient maturation of cerebellar 

precursors was achieved in our cultures. Therefore, we showed for the first time that is 

possible to generate different types of electrophysiologically functional cerebellar neurons 

in feeder free long-term cultures.  

Since reported protocols for Purkinje cell generation yielded low differentiation 

efficacies (Muguruma et al., 2015; Su et al., 2006; Tao et al., 2010; Wang et al., 2015), our 

next effort was focused on increasing the yield of cerebellar GABAergic neurons as well as 

efficient Purkinje cell differentiation and maturation. In an innovative study, we were able to 

generate large quantities of OLIG2+ progenitors, which in cerebellar ventricular zone 

originate Purkinje cell progenitors (Ju et al., 2016; Seto et al., 2014). Also, a dense layer of 

GABAergic neurons was created by day 28 of differentiation. It was reported that SDF1 

addition leads to a significant down-regulation of ventral markers, suggesting a moderate 

dorsalizing effect, in PSC-derived cerebellar organoids (Muguruma et al., 2015). Thus, we 

trust that combination of FGF19 and SAG used in our study is enough to create a larger 

amount of GABAergic progenitors preceded by the generation of continuous cerebellar 

neuroepithelium by day 28, without requiring SDF1 addition. During the maturation protocol, 

we observed that the addition of 5-HT, which was reported to be involved in dendritic growth 

and synapse formation in Purkinje cells (Kondoh et al., 2004; Oostland and van Hooft, 2013; 

Oostland et al., 2013), increased the Purkinje cell survival, probably by mimicking signals 

that are generated by granule cells during cerebellar development (Baptista et al., 1994; 

Miquel et al., 1994; Morrison and Mason, 1998). Furthermore, the addition of 5-HT to re-
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plated cells, derived from cerebellar organoids, stimulated an enhanced expression of 

Purkinje cell-specific markers, L7 and GRID2, showing a relevant role of serotonin in 

Purkinje cell generation and maturation. Thus, a robust generation of cerebellar GABAergic 

progenitors can be reached by manipulation SHH signaling as well as differentiation and 

maturation of Purkinje cells by 5-HT-derived stimulation.  

Since one of the major limitation of organoid production is the possibility for scaling 

up, because the neural-derived organoids have been produced in static conditions, 

encapsulated in Matrigel and then transferred to spinner flasks (Lancaster et al., 2012),  we 

attempted to develop a novel dynamic 3D culture system to generate cerebellar organoids 

and promote their maturation in this 3D conditions. For that, cerebellar organoids were 

cultured in chemically-defined and feeder-free conditions in the novel PBS 0.1 (100 mL) 

Vertical-Wheel single-use bioreactor. With this dynamic culture system, we were able to 

generate a significant number of organoids with a high percentage of cell survival and 

uniform size and shape. The generated neural tissue using PBS MINI 0.1L promoted an 

efficient expression of FGF8 and EN2, transcripts involved in mid-hindbrain specification as 

well as other transcription factors involved in forebrain/midbrain (OTX2) and hindbrain 

(GBX2) commitment. We suggest that exogenous stimulation by FGF2 as well as 

endogenous stimulus by FGF and WNT signaling were enhanced by a high mass transfer 

within the organoids promoted by the bioreactor design, leading to a uniform diffusion of 

signaling molecules (Croughan et al., 2016). Besides that, an effective cerebellar induction 

and an efficient maturation of cerebellar progenitors into functional cerebellar neurons by 

using a defined neuronal medium was achieved in our 3D dynamic system. In the maturation 

process a functional neuronal network connectivity was observed and distinct pools of neural 

progenitors were maintained until 3 months in culture during the maturation process. 

Therefore, this dynamic culture appeared to better recapitulate temporal changes in the 

cerebellar progenitor niche as seen during cerebellar development (Pibiri et al., 2016). Thus, 
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this work opened the possibility of large-scale production of neural organoids, which is 

necessary for high-throughput applications, including drug screening and toxicological tests.   

 

 

 

V.2 CONCLUSIONS 
 

 

This work represents an important contribution to the advancement of cerebellar 

ataxias disease modeling using iPSC technology. Here, we showed the optimization of a 

cerebellar differentiation protocol allowing to obtain reproducible long-term cerebellar 

differentiation using chemically-defined and feeder-free culture conditions. Besides that, 

important insights on increasing the efficiency of cerebellar GABAergic progenitor 

generation and further differentiation and maturation of Purkinje cells were made. Thus, a 

promising platform for studying the preferential degeneration of Purkinje cells in cerebellar 

dysfunction has been created. The scalable generation of cerebellar organoids was also 

accomplished in this work, representing a valuable tool for studying pathological pathways 

involved in cerebellum degeneration, starting from its embryonic development and going 

towards functional cerebellar neuronal generation. Furthermore, high throughput screening 

for identifying molecules that restore cerebellar function may be performed using cerebellar 

organoids obtained using this scalable system.   

Thus, this project sets the foundation for the possibility of efficient generation of 

cerebellar neurons from patient-derived iPSCs, which can then be used to model 

neurogenerative diseases that are caused by cerebellar dysfunction. 
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V.3 FUTURES TRENDS 
 

Modeling cerebellar ataxias by using iPSC technology has been a challenge due to 

the complexity of generation of specific cerebellar neurons, particularly Purkinje cells, as 

well as low efficiency of the differentiation protocols. Here, we demonstrated novel 

experimental systems and methodologies that offer the opportunity to model this group of 

cerebellar disorders. However, the proof-of-concept for the optimized protocols is lacking. 

Thus, the application of these novel methods for human iPSC-based cerebellar ataxia 

modeling will be the next step. Moreover, the effect of some pharmacological compounds 

that modulate signaling pathways involved in the cerebellar degeneration could be 

evaluated.  

Specifically, for different group of results, additional studies could be addressed in 

order to clarify some relevant issues.  

 

 

Chapter II: Generation of mature cerebellar neurons from human induced pluripotent 

stem cells under defined and feeder-free conditions 

An important contribution of this thesis was the establishment of a defined and feeder-

free differentiation protocol to generate cerebellar neurons from human iPSCs. To better 

characterize this novel approach, the quantification of distinct subtypes of cerebellar 

progenitors should be addressed. In addition, the quantification of each subtype of cerebellar 

neurons after the initial stage of maturation could unravel the proportion of progenitor 

proliferation and neuronal maturation. A main limitation of this study is the level of Purkinje 

cell maturation, which did not reach the maturation level as seen in the post-natal human 

cerebellum. Further studies to investigate signaling molecules that are involved in the 



210 
 

dendritic formation and synaptic development could promote a more complete maturation 

of Purkinje cells. 

 

Chapter III: Controlling the regional identity of human pluripotent stem cell-derived 

cerebellar organoids 

Although important steps were made in this chapter for increasing the efficiency of 

functional Purkinje cell generation, these results should be validated using different human 

PSC lines from those used in the study. Here, we demonstrated an effective mid-hindbrain 

patterning before adding SAG, but it would be important to investigate the presence of 

oligodendrocytes at later stages of organoids generation to prove that a robust cerebellar 

differentiation was in fact achieved. Besides that, we believe that SDF1 can alter the 

expression of ventral markers in our ventral cerebellar differentiation, thus further 

investigation should be done to understand its effects. In addition to Purkinje cell markers, 

the evaluation of other ventral as well as dorsal markers should be performed to confirm the 

robustness of the induced ventralization. 

At day 28 of differentiation, we observed that a dense layer of OLIG2+ progenitors was 

formed, however the expression of CORL2 was not evaluated, which could provide 

important information about the Purkinje cell progenitor generation at this time-point. We 

also proposed that the combination of FGF19 and SAG is sufficient to promote continuous 

cerebellar neuroepithelium generation, but more experiments should be made to quantify 

the proportion of distinct subtypes of cerebellar progenitors as well as a rigorous comparison 

between day 28 and day 35, using the protocol developed in chapter II.  

During maturation, 5-HT appeared to have effect on Purkinje cell generation. A more 

detailed analysis of 5-HT effect should be done as well. Beyond quantification of Purkinje 

cell number in treated and non-treated culture, the maturation level of differentiated Purkinje 
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cells must be evaluated. For example, the expression of GRID2 and L7 protein should be 

quantified to validate data from gene expression analysis.  Functional analysis of generated 

Purkinje cell is required to assess the effect of 5-HT on the generation of functional neurons.  

 

 

Chapter IV: Scalable generation of mature cerebellar neurons from human pluripotent 

stem cells using Single-Use Vertical-WheelTM bioreactors 

In the last chapter, we proposed the scalable generation of mature cerebellar neurons. 

Here, we need to better understand the effect of bioreactor design on the initial mid-hindbrain 

commitment and further cerebellar specification. In addition, the maturation of cerebellar 

neurons using this novel dynamic system should be validated using different human PSC 

lines. For the functional analysis, we proceeded to cell dissociation and re-plating on laminin-

coated plates. For this, a more robust technique could be applied, in which slices of 

organoids could be used to maintain the cell organization, allowing to investigate the 

functional proprieties of cells localized near luminal side or on the surface of the organoid. 

During the maturation process, we observed a conserved progenitor niche until day 90. It 

would be interesting to perform a more detailed characterization of these progenitors and 

try to compare their molecular profile with the different stages of human cerebellar 

development. Lastly, to better clarify the overall effect of this dynamic culture condition in 

the differentiation process a robust comparison between static and dynamic culture 

conditions could be made. 
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