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Abstract 

The limited access to human neurons has hindered the development of accurate models to 

mimic human central nervous system (CNS) disease, and consequently the development of 

efficient therapies for neuropathologies. The current models rely on animal models or on two-

dimensional in vitro models that often fail in mimicking human in vivo phenotype. The 

emergence of human induced pluripotent cells (hiPSC) technology provided an unlimited source 

of neural precursor cells (NPC) with the ability to differentiate into the neural lineage, including 

neurons and glia. The possibility to develop in vitro three-dimensional (3D) models that include 

complexity of microenvironment conditions and interactions, such as cell-cell and cell-

extracellular matrix (ECM) interactions, make CNS modeling closer to the in vivo 

microenvironment. 

The aim of this work was the development of a novel 3D human CNS model using NPC 

derived from hiPSC (hiPSC-NPC) as a cell source to obtain differentiated neural cells. 

Firstly, the characterization of hiPSC-NPC line used in this work was performed in 2D 

adherent culture, namely phenotype and monotypic differentiation into neurons and astrocytes. 

The cell line presented an NPC phenotype expressing nestin, sox-2, and vimentin markers, and 

the expected multipotent differentiation potential, generating mature astrocytes and neurons. 

A 3D approach using computer-controlled stirred-tank bioreactor system was developed to 

generate size-homogeneous neurospheres, which were efficiently differentiated into the neural 

lineages. Differentiated neurospheres were enriched in mature and functional neurons, including 

glutamatergic, GABAergic, and dopaminergic neurons identified by vGlut1, GAD 65&67 and 

TH markers, respectively. Moreover, neurospheres presented astrocytic cells expressing GFAP, 

GLT-1 GLAST and S100β.  

The developed culture strategy results in a robust differentiation process that can be applied 

to patient-derived cell lines, being a powerful tool for disease modeling. 

 

Keywords: hiPSC, human neural stem cells, neural differentiation, stirred-tank bioreactors, 

3D cell models, central nervous system. 

 

 

 

 

 

 

  



VI 

 

  



VII 

 

Resumo 

O acesso limitado a neurónios humanos tem dificultado o desenvolvimento de modelos que 

mimetizem com rigor doenças relacionadas com o sistema nervoso central (SNC), bem como o 

desenvolvimento de terapias eficientes para neuropatologias. Actualmente, os modelos de SNC 

incluem modelos animais ou modelos de cultura bi-dimensionais (2D), que dificilmente 

mimetizam o fenótipo humano in vivo. O aparecimento da tecnologia de células estaminais 

pluripotentes induzidas humanas (hiPSC) proporcionou uma fonte ilimitada de células 

progenitoras neurais (NPC) com capacidade para diferenciação em neurónios e glia. O 

desenvolvimento de modelos in vitro em sistemas de cultura tri-dimensionais (3D) permite 

mimetizar a complexidade do SNC através de interacções célula-célula e célula-matriz 

extracelular, o que os torna mais semelhantes ao in vivo.  

O objectivo principal deste trabalho foi o desenvolvimento de um modelo 3D de SNC 

usando NPC derivadas de hiPSC para obtenção de células neurais. 

Com este objectivo, primeiramente a caracterização da linha celular hiPSC-NPC utilizada 

neste trabalho foi efectuada num sistema de cultura aderente em 2D. A linha celular apresentou 

um fenótipo de precursores neurais, caracterizado pela expressão de marcadores como nestina, 

sox-2 e vimentina, e multipotente capacidade de diferenciar em neurónios e astrócitos.  

Posteriormente, o desenvolvimento de um sistema de cultura 3D usando bioreactores de 

tanque agitado em condições de cultura controladas, permitiu a obtenção de neurosferas de 

tamanho homogéneo que diferenciaram eficientemente nas duas maiores populações do SNC, 

astrócitos e neurónios. Nas neurosferas diferenciadas, neurónios maturos e funcionais de 

diversos tipos, foram identificados como glutamatérgicos, GABAérgicos e dopaminérgicos pela 

detecção de vGlut1, GAD 65&67 e TH, respectivamente; e a presença de população astrocítica 

foi identificada pela detecção de GFAP, GLT-1, GAST e S100β. 

A estratégia de cultura desenvolvida neste trabalho deu origem a um processo de 

diferenciação robusto e reprodutível que poderá ser aplicado a hiPSC derivadas de pacientes, 

sendo uma estratégia promissora para desenvolver modelos de doença. 

 

 

 

 

Palavras-chave: hiPSC, células neurais humanas, differenciação neural, bioreactores de 

tanque agitado, modelos celulares 3D, Sistema nervoso central. 
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1. Introduction 

1.1. The Central nervous system cellular components 

Central Nervous System (CNS) is one of the most complex systems in the organism 

composed by many different cells interconnected in large networks along the spinal cord and the 

brain. CNS is constituted by three major cell lineages: neurons, macroglia (astrocytes and 

oligodendrocytes) and microglia (Martini et al. 2012) (Figure 1.1).  

 

Figure1.1 - Central nervous system's neuroglia and its functions (adapted from Martini et al. 2012). 

Neurons are the functional basic units of the CNS and are responsible for the transmission 

of nerve impulses as way of neuronal communication. Its morphology includes three main 

structures (Figure 1.2): (i) dendrites, the receptor ends where specific neurotransmitter receptors 

receive the nervous impulses; (ii) the cell body, which contains the nucleus and most organelles 

(iii) and the axon, the structure responsible for the transmission of nerve impulses. 

 

Figure1.2 - Representative scheme of neuronal morphology (adapted from Martini et al. 2012). 

Neurons can be classified by their effect on other neurons, including the neurotransmitters 

used for signaling (Martini et al. 2012). Among them, the most abundant are glutamatergic 

neurons, that release glutamate which has an excitatory effect on the target neurons (inducing 
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the opening of calcium channels and promoting synaptic activity) and GABAergic neurons, that 

make short-distance synapses releasing GABA, which produces an inhibitory effect by the 

closing of calcium channels and inhibition of neurotransmitter release (Martini et al. 2012). 

Other type of neurons are present in different areas of the brain, including dopaminergic 

neurons, which release dopamine, cholinergic neurons that release acetylcholine and 

serotonergic neurons that use serotonin as neurotransmitter (Martini et al. 2012). 

Astrocytes are the largest and most abundant cells of neuroglia having a very important role 

in support neuronal development, metabolic and synaptic energetic demands (Allaman et al. 

2011).  

They are characterized by stellate morphology (Figure 1.3) and contain several 

branches/extensions of two types: vascular extensions which mainly allow astrocytes to sustain 

neuronal development and metabolism, and perisynaptic extensions with which astrocytes 

reinforce neuronal synaptic activity (Bélanger et al. 2011).   

 

Figure1.3 - Representative image from CNS constituents and its interactions. Representation of the interaction 

between neurons and capillaries mediated by astrocytes, the interconnection of different axons by oligodendrocytes 

connection and ependymal cells and microglial cells in the system. All features mentioned in the text are also explicit 

in this image, namely extensions and soma’s sizes (from Martini et al. 2012). 

Vascular extensions almost totally enwrap intracerebral blood vessels providing a rapid 

transport system for nutrients, ions and other essential substances dissolved in the blood stream 

(Martini et al. 2012). At the same time, vascular astrocytic membrane has highly selective 

permeability, contributing to brain protection by the blood brain barrier (BBB) to specific 

molecules, such as amino acids and hormones that can influence neuronal function (Tortora & 

Derrickson 2012). Due to their close location to the blood vessels, vascular extensions are 

characterized by a high density of glucose transporters responsible for glucose uptake from the 

blood stream. Astrocytes convert glucose mainly to lactate through glycolysis (Bélanger et al. 

2011), which is afterwards released and used as carbon source by neurons at increased 

metabolic requirement situations (Figure 1.4) (Bélanger et al. 2011).  
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Figure1.4 - Representation of specific neuron and astrocyte metabolic interactions, relevant for efficient 

neuronal function (from Bélanger et al. 2011). 

Astrocytes can also act as a neuronal energy reservoir mediating the glycogen synthesis and 

breakdown for these cells (Despopoulos & Silbernagl 2003). On the other hand, perisynaptic 

extensions enclose most neuronal synapses and it is in these extensions that astrocytes contain 

specific glutamate transporters such as GLAST (glutamate aspartate transporter)  and GLT-1 

(excitatory amino acid transporter-1) (Matsugami et al. 2006). Glutamate is one of the most 

abundant neurotransmitters and when in excess at the synaptic cleft it is excitotoxic, reason why 

it has to be recycled (Bélanger et al. 2011). Astrocytes uptake glutamate through GLT-1  and 

GLAST  avoiding neuronal excitotoxicity and enabling neuronal availability to the next nerve 

impulse (Matsugami et al. 2006). Glutamate is converted in astrocytes to glutamine, which is 

released to the extracellular medium and will be used by neurons to glutamate neurotransmitter 

synthesis (Figure 1.4), completing glutamate recycling (Bélanger et al. 2011). The conversion of 

glutamate to glutamine is mediated by glutamine synthetase, an enzyme expressed in astrocytes 

but not in neurons). Finally, astrocytes are able to produce glutathione, the most antioxidative 

molecule in the brain, involved in ion homeostasis along with glutamate transport (Bélanger et 

al. 2011).  

The other macroglia constituents are oligodendrocytes that have smaller but denser cell 

body and cytoplasm, comparatively to astrocytes (Figure 1.3). Typically, oligodendrocytes 

present several extensions that contact with neurons, both at cell body and axon (Baumann & 

Pham-Dinh 2001; Martini et al. 2012). Axonal extensions are responsible for the main function 

of these cells, the myelination process. Near the terminal of each extension, the plasma 

membrane expands to form an enormous and thin pad that surrounds the axon, named myelin 

sheath (Martini et al. 2012). Myelin sheath’s rich composition in lipids, low content of water 

and segmental structure (alternated with unmyelinated parts of the axon - Ranvier nodes), 

enable it to support the fast and saltatory conduction of nerve impulses. Each oligodendrocyte 
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myelinates various segments of different axons (Figure 1.3), contributing also to structural 

organization of the CNS (Baumann & Pham-Dinh 2001). Once BBB gets established, 

oligodendrocytes are also the source of transferrin to neural cells. This protein transports iron 

and has been demonstrated to be a trophic and survival factor of neurons and astrocytes, 

indicating another role of oligodendrocytes (Baumann & Pham-Dinh 2001). 

Microglia are the less abundant and smallest cells in neuroglia (Figure 1.3). Their main 

function is the phagocytosis of damaged tissue, waste products and pathogens, being considered 

the neural counterparts of macrophages (Martini et al. 2012). Microglia are derived from the 

myeloid lineage (Ginhoux et al. 2013) and upon injury migrate to the affected zone constituting 

the first line of combat to CNS injuries (Martini et al. 2012). 

 

1.2. Available models of CNS 

Brain disorders are becoming an enormous economic and social burden around the world 

due to increasing incidence rate and lack of therapeutic solutions (Lunn et al. 2011). However, 

for most of neurodegenerative diseases the mechanisms underlying its etiology are not 

completely understood, which makes it difficult to develop therapies for more than palliative 

benefit (Dantuma et al. 2010). These difficulties are consequence of the lack of accurate models 

where the disease is faithfully represented at early pathological stage in order to be studied and 

predict drug response in patients (Schüle et al. 2009; Breslin & O’Driscoll 2013).  

 

1.2.1.  Cell sources/ starting material 

The available CNS models include in vivo or in vitro approaches. In vivo models are 

currently the gold standard to CNS modeling, since every promising therapeutic target is 

validated in animal models (Strome & Doudet 2007; Yuan et al. 2013). For disease modeling, 

genetically engineered or chemically induced approaches are commonly used (Strome & 

Doudet 2007). In animal models, molecular biochemical machinery and interactions are present, 

including the major constituents that have impact in CNS functions and response, such as 

microglial cells, vascularization and BBB (Carson et al. 2008; Lippmann et al. 2013). However, 

animal models often fail in mimicking the human phenotype; physiological and 

neuropathological conditions are only partially represented, leading to different phenotypes and 

drug responses (Schüle et al. 2009). Furthermore, the use of animals always raises ethical 

concerns, which limits its use in research activities (Schüle et al. 2009). 

To overcome the interspecies differences and reduce animal sacrifice, human cell-based in 

vitro models are a good alternative. In vitro models are more amenable for genetic manipulation 

and the use of human cells enable the investigation of pathophysiological characteristics in a 

human genome-based system, less complex than intact tissues (Schüle et al. 2009; Casarosa et 

al. 2013). Although human neurons are scarce, a diversity of human cell sources is available.  
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Immortalized cell lines have long been used, as they provide a robust system for stable cellular 

maintenance and differentiation in vitro (Breslin & O’Driscoll 2013). These cell lines are either 

derived from tumor cells or are immortalized by genetic or epigenetic strategies that induce the 

permanent expression of immortalizing oncogenes and repression of developmental genes (De 

Filippis et al. 2007) possessing virtually unlimited proliferation capacity (Casarosa et al. 2013). 

Although being very advantageous cell sources in terms of longevity, the high expression of 

transforming oncogenes may lead to the loss of main target tissue features, decreasing the 

physiological relevance of these cell lines (Gorba & Conti 2013). 

Human neural precursor cells (NPC) also named neural stem cells (NSC) are multipotent 

stem cells with self-renewal capacity and can differentiate into the three differentiated neural 

lineages – neurons, astrocytes and oligodendrocytes (Gage 2000). NPC are the first progenitor  

cells of CNS, and since they were discovered to reside in niches of fetal and adult brains, they 

were suggested as a choice to produce more reliable human CNS in vitro models (Gorba & 

Conti 2013). NPC can be isolated directly from aborted fetuses or from adult post-mortem 

tissues and are able to proliferate and differentiate in vitro (Ray et al. 2014). However, ethical 

controversies raised by the use of human fetuses-derived material and the fact that these cells 

present limited proliferation ability compromise its availability and applicability (Jakel et al. 

2004). NPC can also be derived from human embryonic stem cells (hESC), which are isolated 

from the inner mass of blastocyst during embryonic development. hESC are pluripotent, with 

capacity to differentiate into cells of the three germ layers (endoderm, ectoderm and mesoderm) 

(Itskovitz-Eldor et al. 2000). These cells are able to maintain their high proliferation capacity 

and differentiation potential in vitro, for long periods of time (Falk et al. 2012). An important 

advantage of these cells is the possibility to build disease-specific models from cells obtained 

from morula stage of pre-implantation embryos in genetic disease screening or by the 

transference of nuclei from patient somatic cells into enucleated oocytes (reviewed by 

Kunkanjanawan et al. 2011). However, these procedures revealed to have low efficiency and 

highly challenging technical issues, with limitations associated to the lack of oocytes donors and 

hampered by the ethical issues concerning human embryos manipulation (Kunkanjanawan et al. 

2011). 

The recent development made by Takashi and Yamanaka in 2007 (Takahashi et al. 2007) 

introduced the possibility to reprogram human somatic cells from their differentiated state to an 

induced pluripotent state, the so called induced pluripotent stem cells (iPSC). This have 

provided an additional source of NPC and revolutionized the field of in vitro human disease 

neural models (Saporta et al. 2011). The iPSC technology consists of inducing any somatic cell 

to become pluripotent by the forced expression of key pluripotent transcription factors such as 

Oct-4, c-Myc, Sox-2 and Klf-4 (Takahashi et al. 2007). iPSCs were initially generated by viral 

transduction or transfection of transcription factors coding genes, which presented the drawback 
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of potentially introducing viral genes  and oncogenes (Faiz & Nagy 2014). Alternative 

reprogramming technologies have been developed, such as: less oncogenic gene combinations 

(Faiz & Nagy 2014); non-integrating viral vectors, which are able to reprogram cells avoiding 

insertional mutagenesis; DNA-free methods, which are based in a direct delivery of RNA, 

avoiding the use of virus and DNA; and nucleic acid-free technologies which consists of 

peptide-based delivery of the transcription factors (reviewed by Silva et al. 2015). DNA-free 

technologies have been described as safer and more efficient, but the high cost demands hamper 

its use as standard protocols (Silva et al. 2015).  

hiPSC, being pluripotent cells can be maintained indefinitely in vitro and are able to 

differentiate in any cell type of all three germ layers, providing a limitless amount of well 

characterized cells (Hungsberg et al. 2013). Furthermore these cells can be generated from 

potentially any somatic cell from any individual at any time point which enables the production 

of cell models carrying genetic information from patients with a specific mutation (Zeng et al. 

2014). This enables the study of how specific sets of mutations lead to the respective 

neurological disease across a lifetime, which was not possible with non-iPSC models (Zeng et 

al. 2014). 

To date, many studies using normal and patient-derived hiPSCs have already been 

developed (Zeng et al. 2014) demonstrating that some common challenges remain. These 

challenges include a resulting heterogeneous population, low reproducibility between lines from 

the same and between patients (Dolmetsch & Geschwind 2011) and the lack of a mature disease 

phenotype. Regarding the latter, in some pathology studies, such as late-onset Parkinson 

disease,  the immature disease phenotype was circumvented by adding progerin as a stressor to 

the culture, which led to the development of an aged related phenotype (Miller et al. 2013). 

However some pathophysiological features may require at least a partial recapitulation of CNS 

architecture which is not achieved in traditional monolayer cultures (Choi et al. 2014; Saporta et 

al. 2011; Hungsberg et al. 2013). With the aim to overcome the mentioned limitations, 

differentiation protocols must be improved, in order to achieve standardization. This could lead 

to homogeneous populations and more mature phenotypes in a reproducible way.  To overcome 

the genetic diversity between lines it is possible to take advantage of the fact that hiPSC lines 

are an unlimited cell source that can be generated from any cell type and any individual, 

offering the opportunity to generate multiple lines from the same cell source or multiple lines 

derived from different individuals with the same pathology (Hungsberg et al. 2013). 

Consequently, it would lead to a diversity panel covering the epigenetic divergences reproduced 

along culture and covering the allelic spectrum across a specific disease (Hungsberg et al. 

2013). This is an interesting tool to evaluate disease progression with higher accuracy, since 

variability between individuals within a specific pathology would be considered. Moreover the 

possibility of having indicative variability between individuals with the same pathology in a 
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statistically relevant number of cell lines, would allow to take into account these divergences 

(Hungsberg et al. 2013) in the development of new therapeutics. 

 

1.2.2. Cell fate specification 

Generation of functional human neural cells in vitro is quite challenging. Based on the  

knowledge on mammalian CNS developmental processes, strategies to the specification of these 

lineages have been developed; nonetheless, these are still suboptimal (Dhara & Stice 2008). 

 Neurons and astrocytes derive from the same progenitor cells in different developmental 

time (Zhang 2006) and under specific conditions (Figure 1.5). hPSC (either hESC or hiPSC) can 

be differentiated into the ectoderm lineage by: (i) removal of self-renewing factors (such as 

feeder-layers) (Liu & Zhang 2011), which reduces proliferation and induces differentiation; (ii) 

fibroblast growth factors (FGF) addition (Zhang et al. 2001) which induces neural state (Zhang 

2006); and (iii) inhibition of bone morphogenic proteins (BMPs) (Lavaute et al. 2009) and Wnt 

signaling. The latter is required for subsequent modulation of neural differentiation by FGF-2 

and anti-BMP signaling (Bengoa-Vergniory & Kypta 2015; Zhang 2006).  

 

Figure1.5 - Representation of different populations of CNS and its development. (A) Differences in expressed 

markers of different intermediates from hPSC to astrocytes and neurons, under specific conditions (exposure to 

specific developmental factors). (B) Representation of the currently applied protocols (and enhancers) to specify 

differentiation towards specific neuronal lineages (adapted from Liu & Zhang 2011). 
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Upon differentiation to the neural lineage, the first neural progenitor cells are 

neuroepithelial cells (NE) (Nat et al. 2007). NE are normally expanded under FGF-2 and EGF 

conditions and gradually lose epithelial morphology, such as tight junctions, acquiring a radial 

morphology to give rise to more mature progenitors such as, neural progenitor cells (NPC) and 

radial glia (RG) (Barry et al. 2014). NPCs cells are able to generate neurons in a first neurogenic 

phase and astrocytes later in development, under regulation by specific stimuli (Figure 1.5).   

Different neuronal subtypes require different stimuli to induce specification, such as the 

inhibition of sonic hedgehog (Shh) signaling for glutamatergic neurons, whereas Shh activation 

in the presence of FGF-2 enables specification in gabaergic (Vazin et al. 2014). FGF-8 and Shh 

are a stimulus which develops NPC into dopaminergic neurons. All the mentioned pathways can 

be potentiated by the addition of enhancers such as, brain-derived neurotrophic factor (BDNF), 

Glial cell-derived neurotrophic factor (GDNF), ascorbic acid (AA) and cAMP (Stanslowsky et 

al. 2014; Simão et al. 2015). Astrocytes can be generated with high efficiency by BMP-4 and 

FGF-2 action (Jiang et al. 2013), and the addition of CNTF (ciliary neurotrophic factor) in the 

medium has been reported to enhance the differentiation process (Shaltouki et al. 2013). 

 

1.2.3.  Two and three-dimensional in vitro culture systems  

CNS comprises a complex architecture where cells present specific morphology, 

polarization and interactions to attain their function. Most of cellular processes in vivo are 

highly regulated by cell-cell and cell-extracellular matrix interactions (Ma et al. 2008). These 

interactions, as well as the exposure to soluble factors, allow cells to recognize and activate 

specific signaling pathways, in order to differentiation or proliferation to occur (Ma et al. 2008; 

Kothapalli & Kamm 2013). The ideal in vitro model would be composed by the best cellular 

source coupled to the culture system that allows reproducing these essential components and 

architecture as they happen in vivo. 

Two dimensional (2D) in vitro culture systems have been the traditional platforms for high-

throughput screenings in drug development as well as to study cell behavior in well-defined 

conditions (Tibbitt & Anseth 2009). In these easy-handling platforms, cells grow as a 

monolayer on adherent flat surfaces that present low resistance and high surface area, sustaining 

cells rapid proliferation (Tibbitt & Anseth 2009). However, as a monolayer, there is only partial 

contact of the cell membrane with extracellular matrix (ECM) and neighboring cells. The rest of 

the cell is in contact with the bulky culture medium, where the soluble factors are diluted. This 

leads to an unnatural polarization that affects ECM dependent-activation of signaling pathways 

as well as cellular phenotypic fate (Tibbitt & Anseth 2009). Moreover, small molecules 

influence cell migration, communication and differentiation in a concentration-dependent 

manner, as they are present in vivo in gradients not accomplished in 2D cultures (Tibbitt & 

Anseth 2009). Therefore, although largely used due to their ability to stably reproduce a specific 
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feature of interest in defined conditions, 2D culture systems often diverge considerably from in 

vivo target tissue’s phenotype (reviewed by Pampaloni et al. 2007). 

Three dimensional (3D) culture systems add complexity to in vitro cultures by providing 

specialized cell-cell contact in 3D (Breslin & O’Driscoll 2013). Cell-cell interactions in 

suspension stimulate NPC production of ECM and soluble factors, which enhance cellular 

signaling pathways, such as differentiation (Schwindt et al. 2009). This leads to a differentiated 

phenotype closer to cellular microenvironment in a complex architecture more closely 

resembling the in vivo microenvironment (Tang-Schomer et al. 2014; Simão et al. 2015; Liu et 

al. 2013).  

3D culture systems include scaffold-based and scaffold-free systems. In scaffold-based 

systems cells are embedded within or on the top of scaffolds which provides an initial support to 

seeded cells and promotes cellular migration up to a 3D architecture (Breslin & O’Driscoll 

2013; Li & Cui 2014). Scaffolds can be directly extracted from natural sources such as animal 

tissues by decellularization, presenting a specific organ complexity but undefined composition 

(Li & Cui 2014), as well as limited access. Recent advances have already enabled 

decellularization of murine lung, kidney and heart (reviewed by Li & Cui 2014), however this 

hasn’t been described yet for brain tissue. Alternatively, scaffolds can be synthetically 

fabricated, normally porous with adequate spaces for cell migration. Its combination with ECM 

and adhesion molecules or soluble factors results in a strategy that provides the required signals 

to mimic and induce several cellular processes, such as proliferation or differentiation (Serra et 

al. 2011; Tang-Schomer et al. 2014; Kim et al. 2015). Although having a defined composition, 

these scaffolds do not have the close relation to the organ specific complexity as decellularized 

scaffolds (reviewed by Li & Cui 2014). Nonetheless, diverse scaffold-based 3D cultures have 

been able to recapitulate specific features of the complex neural tissue architecture. Tang-

Schomer et al. engineered a porous silk-based scaffold with the adequate stiffness to support rat 

embryonic neurons anchoring; coating with soft ECM matrix enabled penetration and expansion 

to develop  a six-layered structure,  mimetic of the of neural cortex. The authors attained a 

complex architecture composed by electrophysiological functional neurons and few glial cells 

with long-term viability (Tang-Schomer et al. 2014). Scaffolds enable retaining proteins 

necessary to mimic disease phenotypes, such as β-amyloid- accumulation in hNPC culture to 

mimic Alzheimer’s phenotype (Kim et al. 2015) which was not possible in 2D adherent systems 

due to diffusion of the peptide into the bulky media. Furthermore, scaffolds protect cells from 

shear stress (Serra et al. 2011) and may present porosity necessary to attain good oxygenation 

levels and access to nutrients (Li & Cui 2014). These parameters are essential to obtain mature 

and homogeneous differentiated phenotype throughout the 3D structure and enhance the long-

term survival of the culture (Lei et al. 2014).  
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However, it is possible to mimic tissue complex architectures without the aid of any 

exogenous matrix by culturing cells in a scaffold-free environment. These culture systems take 

advantage of the potential of many cell types to self-organize into 3D structures named cell 

aggregates, spheroids or neurospheres, the latter if composed of neural cells. The strategy 

consists of promoting aggregation by inducing cell-cell interaction (Breslin & O’Driscoll 2013).  

 

Figure1.6 – Cell aggregation approaches. (A) agitation-based method or (B) Hanging drop method. (C) 

aggregation in low adherent surfaces method (adapted from Breslin & O’Driscoll 2013) 

Cellular aggregation can be attained by several strategies, e.g., by culturing cells in non-

adherent surfaces, by restricting cells to a small volume in a suspense drop or by culturing 

single cells in constant motion (Figure 1.6). In the latter,  motion prevents adherence and 

promotes cell-cell interactions that consequently lead to aggregation (reviewed by Breslin & 

O’Driscoll 2013). In aggregates, cells are in a complex mutual contact similar to their in vivo 

microenvironment, which stimulates the production of their native ECM and exchange of 

soluble factors, enhancing (Tieng et al. 2013) proliferative and differentiation capacity (Serra et 

al. 2012). Thus, an important advantage of scaffold-free 3D culture approaches is the possibility 

to efficiently generate differentiated neural cells with no addition of exogenous ECM 

components, inducing cells to recreate their own environment. In principle, this will be more 

recapitulative of in vivo conditions (Serra et al. 2012); demonstrated by recent reports of 

efficient  generation of specific types of neurons, astrocytes and oligodendrocytes in scaffold-

free-conditions (Simão et al. 2015; Terrasso et al. 2015; Paşca et al. 2015). Cell aggregates are a 

versatile culture approach as it is compatible with high throughput techniques and scale-up 

systems. They can be cultured within high throughput platforms such as multi-well plates and 

microfluidic devices which are amenable to automated procedures (Breslin & O’Driscoll 2013) 

and in scale-up systems such as bioreactors, which allow mass production of homogeneous 

batches of aggregates  (Serra et al. 2012; Breslin & O’Driscoll 2013). Some limitations of static 

aggregate cultures include the low size control  which can be overcome by seeding cells in 

micro well plates, or modulating cell density of seeding to control aggregate size (Breslin & 

O’Driscoll 2013; Li & Cui 2014). Furthermore studies developed with neural single cells in 

agitation-based culture systems have shown that aggregate size is easily controllable by the 

manipulation of agitation rate in the initial times of culture, resulting in a generally sized 

homogeneous culture (Terrasso et al. 2015; Simão et al. 2015; Miranda et al. 2015).  
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Another limitation reported is the lack of nutrients and oxygen diffusion deeper into the 

aggregate, creating necrotic centers and accumulation of by-products (Dan Ge 2012), which 

mainly affects cell viability (Serra et al. 2012). Nonetheless, neurospheres have been generated 

successfully without necrotic centers by using agitation-based culture systems (Simão et al. 

2015; Terrasso et al. 2015) that present improved mass and gas transfer (Serra et al. 2012). 

 

1.2.4.  Bioreactor culture systems 

In the recent years advances have been made in the development of strategies to generate 

scalable and reproducible 3D culture systems. Among them, the use of bioreactors to culture 

cell spheroids have been reported to improve cell survival, proliferation and differentiation 

relatively to 2D culture systems (Serra et al. 2009; Rodrigues et al. 2011).  

Stirred-tank bioreactors are dynamic systems that typically comprise: a vessel with a head-

possessing top rotatory paddle, incorporated O2, CO2, temperature and pH sensor probes and an 

automated control device that allows the constant monitoring and control of culture conditions. 

Bioreactor design enables gas exchange and liquid exchange (Figure 1.7). Finally there is easy 

access to the culture suspension which enables non-destructive sampling (Serra et al. 2012). 

 

Figure1.7 - Schematic diagram of stirred-tank bioreactor. (a) - glass vessel, (b) – impeller, (c) – Temperature 

sensor (d) - pH electrode (e) - pO2 electrode. (adapted from Serra et al. 2012) 

Cell culture in stirred-tank bioreactors provides a number of parameters that can improve 

recapitulation of tissue physiological conditions. Agitation has an important role in granting a 

homogeneous distribution of media components along culture area, which enhances mass 

transfer and promotes cell-cell contacts that favor aggregation (Kinney et al. 2011; Serra et al. 

2012).  

The presence of sensor probes coupled to the automated control gives the possibility to 

define parameters such as dissolved oxygen, CO2 percentage, pH and temperature, which 

enables the achievement of an optimal culture environment more similar to the in vivo. Finally, 

bioreactors can be operated in perfusion culture mode in which cells are seeded and the media is 

partially replaced continuously along culture time. The perfusion system improves cell survival 
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and extends culture time, since there is constant removal of toxic metabolites and supply of 

nutrients and oxygen (Serra et al. 2009; Serra et al. 2010; Li & Cui 2014). Additionally, 

perfusion enables biomolecular gradients which, as already mentioned, act as regulators on cell 

processes such as migration, proliferation and differentiation. These parameters allow a better 

defined and therefore more reliable cell culture (Li & Cui 2014). 

Notwithstanding, stirred-tank bioreactor systems also present limitations such as 

hydrodynamic shear stress derived from the agitation. Its effect is dependent of agitation rate, 

impeller geometry and position and finally, the presence of probes (Kinney et al. 2011). 

However, there is an optimal cellular condition, when these variables are in equilibrium do not 

harming cell culture but, on the contrary inducing cellular proliferation and/or differentiation 

(King & Miller 2007; Serra et al. 2012), (Terrasso et al. 2015; Brito et al. 2012)  

In conclusion, aggregate culture in stirring-tank bioreactors is a very advantageous in vitro 

culture strategy that can recapitulate the chemical, mechanical and biochemical in vivo 

microenvironment with higher physiological relevance. Due to this, it was the chosen system in 

this work to develop a 3D in vitro model of CNS derived from hiPSC-NPC. 

 

1.3. Thesis aim 

The aim of this work was to explore the potential of neural progenitor cells derived from 

hiPSC (hiPSC-NPC) to differentiate towards mature neural cells in order to develop an in vitro 

cell model able to recapitulate human the brain and its features. 

The first objective consisted in the characterization of multipotent phenotype of hiPSC-NPC 

in a 2D adherent culture system. For this, self-renewal capacity and differentiation potential into 

neuronal and astrocytic lineages were assessed. In parallel, neuronal differentiation protocol and 

analytical tools were validated for further implementation in the 3D culture system. 

The second objective was focused on the implementation of a robust and reproducible 

hiPSC-NPC-derived 3D in vitro CNS model able to recapitulate the target tissue 

microenvironment and cellular processes. To accomplish this, a computer-controlled bioreactor 

culture system, operating under perfusion mode was optimized for an efficient aggregation of 

homogeneous hiPSC-NPC neurospheres. The integration of this strategy with a differentiation 

step was performed to enable the generation of neuronal and astrocytic cells from hiPSC-NPC 

neurospheres. Finally, in order to assess the mature and functional phenotype, a detailed 

characterization was performed along bioreactor culture. 
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2. Materials and methods 

2.1. Cellular culture systems 

2.1.1. Cell source 

hiPSC-derived NPC (hiPSC-NPC) were kindly supplied by Dr. Tomo Saric from University 

of Cologne, Germany.  

 

2.1.2. Cellular expansion in 2D culture system 

hiPSC-NPC were propagated on adherent surfaces of t-flasks (Falcon) previously coated 

with Poly-L-Ornithine (0.0016 %, Sigma-Aldrich) and Laminin (1 µg/mL, Sigma-Aldrich) 

(PLOL-coated) in expansion medium (EM, see Table 2.1). 

  

Table 2.1- Expansion Medium (EM) composition. 

Product Brand Concentration in Medium 

DMEM/F12 Life Technologies 1X 

N-2 Supplement (100X) Life Technologies 1 % (v/v) 

B-27 Supplement (50X) Life Technologies 0.1 % (v/v) 

Glucose Sigma-Aldrich 1.6 µg/mL 

Insulin Sigma-Aldrich 20 µg/mL 

FGF-2 Peprotech 20 ng/nL 

EGF Sigma-Aldrich 20 ng/mL 

DMEM is Dubelco’s modified Eagle’s medium, F12 is Ham’s F12 Nutrient mixture, FGF-2 is fibroblast 

growth factor 2 and EGF is epidermal growth factor 

Cells were splitted at 90 % confluence, typically every 4 days. Cell monolayers were rinsed 

with phosphate-buffered saline (PBS; Life Technologies), followed by incubation with 0.05 % 

Trypsin-EDTA (Ethylenediamine tetraacetic acid, Life Technologies) for 1-2 minutes at room 

temperature. Cells were ressuspended in DMEM supplemented with 10 % fetal bovine serum 

(both from Life Technologies) and centrifuged at 300x g for 5 minutes, with slow brake. The 

cell pellet was ressuspended in a small volume of EM with a 1 mL pipette to obtain a 

homogeneous single cell suspension. Cell concentration and viability were determined by the 

trypan blue exclusion assay (section 2.2.1.). The cell suspension was used to inoculate PLOL-

coated t-flasks, at a cell density of 3x104 cell/cm2. A 50 % media exchange was performed at 

day 2 of culture. Cells were maintained under humidified atmosphere, in a multi-gas cell 

incubator (Sanyo), with 5 % CO2 and 3 % O2, at 37 °C.  
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2.1.3. Assessment  of hiPSC-NPC growth profile in 2D culture system  

hiPSC-NPC were seeded at 3 x104 cell/cm2 in 10 t-flasks with 25 cm2 of culture surface, as 

described in the previous section. During 7 consecutive days, one t-flask was trypsinized every 

24 hours, except for days 2, 3 and 4 of culture, during which 2 t-flasks were tripsinized, in order 

to follow more accurately the exponential phase. Cell density determination was performed by 

the trypan blue exclusion assay (section 2.2.1.). 

Samples of culture medium were collected for quantification of extracellular metabolites: 

from each t-flask used for cell density determination, 1 mL of culture supernatant was collected, 

centrifuged at 1000x g for 5 min and stored at -20 °C for further analysis.  

 

2.1.4. hiPSC-NPC neural differentiation in 2D culture system 

Two differentiation protocols were performed in 2D culture systems, in order to obtain 

monotypic cultures of neurons and astrocytes. In both cultures, cells were plated on PLOL-

coated plates and maintained in a multi-gas cell incubator (Sanyo) at 37 ºC, in a humidified 

atmosphere of 3 % O2 and 5 % CO2.  

 

2.1.4.1. Neuronal differentiation of hiPSC-NPC:  

Cells were plated at a cellular density of 3x104 cell/cm2, in EM; 24 hours after plating, EM 

was replaced by neuronal differentiation medium (nDM, see Table 2.2) and cells further 

cultured for 7 days, with half of the volume of medium exchanged every 48 h.  

 

Table 2.2 - Neuronal differentiation medium (nDM) composition.  

Product Brand Concentration in Medium 

DMEM/F12 Life Technologies 1X 

B-27 Supplement (50X) Life Technologies 2 % (v/v) 

Glucose Sigma-Aldrich 1.6 µg/mL 

Insulin Sigma-Aldrich 10 µg/mL 

Ascorbic Acid  Wako 200 nM 

Putrescine Sigma-Aldrich 10 µg/mL 

Progesterone Sigma-Aldrich 63 ng/mL 

Apotransferin Sigma-Aldrich 50 µg/mL 

Sodium Selenite Sigma-Aldrich 50 ng/mL 

 

At day 8 of culture, cells were trispsinized as previously described, replated at a cellular 

density of 5x104 cell/cm2 and maintained for additional 15 days with half of the volume of 
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medium exchanged every 48 h. Along differentiation, samples were collected at days 8, 15, 20 

and 25 of culture, in order to characterize cellular differentiation.  

 

2.1.4.2. Astrocytic differentiation of  hiPSC-NPC: 

Cells were plated at a cellular density of 5x104 cell/cm2 in astrocytic differentiation medium 

(aDM, see Table 2.3) and cultured for 36 days. 

 

Table 2.3 - Astrocytic differentiation medium (aDM) composition. 

Product Brand Concentration in Medium 

DMEM/F12 without 

glutamine 

Life Technologies 1X 

B-27 Supplement without 

RA (50X) 

Life Technologies 2 % (v/v) 

N-2 Supplement (100X) Life Technologies 1 % (v/v) 

BMP-4 Peprotech 10 ng/mL 

FGF-2 Peprotech 20 ng/nL 

RA is retinoic acid, BMP-4 is bone morphogenic 4 and FGF-2 is fibroblast growth factor-2. 

Along this time, a 75 % medium exchange was performed every 48 h. When 95 % 

confluency was attained cells were replated by trispsinization as previously described and 

seeded at a cellular density of 5x104 cell/cm2. Cells were maintained in a multi-gas cell 

incubator (Sanyo) at 37 ºC, in a moisted atmosphere of 3 % O2 and 5 % CO2. Cellular samples 

were collected at days 4, 10, 16, 23, 30 and 36 of culture in order to characterize differentiation 

progress. 

 

2.1.5. hiPSC-NPC  neural differentiation in 3D culture system 

hiPSC-NPC were expanded as described in section 2.1.2., dislodged with trypsin and passed 

through a 70 µm nylon strainer (Millipore) in order to eliminate cell clumps.  

The obtained single cell suspensions were diluted for a cell density of 4x105 cell/mL in 

aggregation medium (AM), with the same composition as EM, except for reduced EGF/FGF 

concentration (5 ng/mL). At inoculation, AM was further supplemented with 5 μM Y-27632, a 

rho-associated protein kinase (ROCK) inhibitor, in order to prevent dissociation-induced 

apoptosis (Watanabe et al., 2007; Koyanagi et al., 2008). Cells were then inoculated into 

computer controlled stirred-tank Bioblock bioreactor system (DASGIP, Eppendorf). Culture 

conditions were set to maintain cells under 3 % dissolved oxygen (15 % of air saturation), pH 

7.4, 37 ºC and a stirring rate of 70 rpm. In order to control the aggregate size and avoid 
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aggregate fusion, the stirring rate was increased up to 80 rpm, based on visual inspection of the 

culture. 

After 48 h of culture, gradual media exchange was performed through the perfusion system, 

at a perfusion rate of 0.33 day-1 (i.e., 33 % medium exchange per day). For the first 7 days of 

culture, the perfusion medium was AM and from that day up to day 30 of culture nDM was 

used.  

 

2.2. Cell concentration and viability determination 

2.2.1. Trypan blue exclusion assay 

To determine cell concentration and viability, single cell suspensions were diluted in 0.1 % 

(v/v) Trypan Blue (Life Technologies) in PBS. This blue membrane impermeant dye is 

excluded by viable cells and enters in non-viable cells that present damaged membranes. This 

method allows a quantitative determination of cell concentration and viability after cell counting 

in Fuchs-Rosenthal haemocytometer counting chamber. 

 

2.2.2. Fluorescence-based live/dead cell assay 

To determine the cell viability of 3D cultures, cells were incubated with a solution 

composed by two fluorescent probes: fluorescein diacetate (FDA, 1:1000) and propidium iodide 

(PI, 1:1000). FDA is a cell permeant molecule that, when internalized by viable cells, is 

processed by esterases originating fluorescein, a fluorophore of green color, allowing 

identification of viable cells. Propidium iodide (PI) is a membrane impermeant fluorophore that 

only penetrates cells with damaged membrane, coloring them red upon intercalation between 

DNA bases. 

 

2.2.3. DNA quantification-based cell concentration determination 

To determine cell density within neurospheres, these were collected from culture, 

centrifuged at 1000 x g, at room temperature and ressuspended in water. Cellular lysis was 

achieved through a freeze-thaw cycle in liquid nitrogen coupled to 15 min sonication into an 

ultrasound bath at 35 kHz. DNA quantification was performed using the Quant-iT™ 

PicoGreen® dsDNA Assay Kit (Life Technologies), according to the manufacturer’s 

instructions. Briefly, picogreen dye which is an ultrasensitive double stranded DNA binding 

fluorescent molecule, was added to the cell lysate. Fluorescence intensity was measured in 

spectrofluorometer at 480 nm excitation wavelength and 520 nm emission wavelength.  

 

2.3. Extracellular metabolite quantification 

The determination of glucose, lactate, glutamate and glutamine concentration was 

performed using automated YSI 7100 Multiparameter Bioanalytical System (YSI Life 
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Sciences). The method is based on immobilized enzyme membranes that oxidize metabolites 

into hydrogen peroxide, producing an electron flow proportional to the concentration of 

metabolite.  

 

2.4. Aggregate size determination 

Neurosphere size determination was performed by phase contrast imaging analysis. This 

was performed in ImageJ software (version 1.49g), by manually adjusting the threshold that 

defines the aggregate boundaries for automatically calculation of Feret’s diameter for each one 

of the aggregates. 

 

2.5. Differentiation Characterization 

2.5.1. Cell proliferation  

In order to determine the percentage of proliferative cells within neurospheres, 

immunostaining analysis of EdU (5-ethynyl-2´-deoxyuridine) integration was performed using 

the Click-iT® EdU Alexa Fluor® 488 Assay Kit (Life Technologies). EdU is a nucleoside, a   

thymine analog which is inserted in DNA during DNA cellular replication. Briefly, 

neurospheres were allowed to adhere to PLOL-coated glass coverslips and incubated with 10 

µM EdU in culture media for 20 h. After incubation, cells were fixed with 4 % 

paraformaldehyde (PFA) and 4 % sucrose in PBS for 20 min, washed twice with PBS with 1 % 

bovine serum albumin (BSA) and permeabilized with saponin-based working reagent for 20 to 

30 min, depending on neurosphere size. Cells were incubated with AlexaFluor488 anti-EdU 

antibody, according to manufacturer’s instructions, for 45 min to 1 h 15 min, depending on 

neurosphere size. Coverslips were mounted in ProLong Gold antifade reagent with DAPI (Life 

Technologies). Preparations were visualized in spinning disk microscope (Nikon Eclipse Ti-E, 

confocal scanner: Yokogawa CSUx1) and resultant images processed in ImageJ software 

(version 1.49g) by the cell counter plug-in, for quantitative analysis of labeled cells. 

 

2.5.2. Immunofluorescence microscopy 

Neurospheres were plated in PLOL-coated glass coverslips or µ-Slide 4 Well (Ibidi) until 

adherence and then processed for immunostaining. Cells were fixed in 4 % paraformaldehyde 

(PFA) and 4 % sucrose in PBS for 20 min. For intracellular epitopes, fixation was followed by 

permeabilization in 0.1 % (w/v) Triton X-100 (Sigma-Aldrich) in PBS. A blocking step was 

then performed, by incubation with 0.2 % (w/v) fish skin gelatin (FSG, Sigma-Aldrich) for 30 

min. Subsequently, incubation with primary antibodies (Table 2.4) diluted in 0.125 % (w/v) 

FSG only for surface epitopes or 0.125 % (w/v) FSG and 0.1 % (w/v) TX-100 for intracellular 

epitopes, was performed for 2 h at room temperature.  
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Table 2.4 - List of primary antibodies used for immunofluorescence microscopy. 

 

Antibody Host Supplier Dilution Cell Type 

Anti-Nestin Rabbit Millipore 1:200 Neural precursor cells 

Anti-Sox2 Rabbit Millipore 1:200 Neural precursor cells 

Anti-Vimentin Mouse Sigma-Aldrich 1:200 Neural precursor cells 

Anti-Ki-67 Mouse Millipore 1:200 Proliferating cells 

Anti-βIII-tubulin Mouse Millipore 1:200 Neurons 

Anti-Synaptophysin Mouse Millipore 1:200 Neurons 

Anti-MAP-2 Chicken Abcam 1:10 000 Neurons 

Anti-TH Rabbit Santa Cruz 1:200 Neurons 

Anti-vGlut1 Rabbit Abcam 1:200 Neurons 

Anti-ChAT Mouse Millipore 1:200 Neurons 

Anti-GAD 65&67 Rabbit Millipore 1:200 Neurons 

Anti-GLAST Rabbit Frontier Science 1:500 Astrocytes 

Anti-GLT-1 Mouse Millipore 1:200 Astrocytes 

Anti-GFAP Rabbit Millipore 1:200 Astrocytes 

 

Coverslips were washed two times in PBS and then incubated for 1 h, at room temperature, 

in the dark with fluorescently labeled secondary antibody (AlexaFluor 488 goat anti-mouse IgG, 

AlexaFluor 594 goat anti-chicken IgY or AlexaFluor 594 goat anti-rabbit IgG, Life 

Technologies) diluted 1:500 in 0.125 % (w/v) FSG in PBS. After 2 washes with PBS, nuclei 

were counterstained with DAPI and/or DRAQ5 (both from Life Technologies). Coverslips were 

mounted in ProLong Gold antifade reagent with DAPI (Life Technologies). Preparations of 2D 

cultures were visualized using a fluorescence microscope (DMI6000, Leica), while preparations 

of 3D cultures were visualized in point scan confocal microscope (SP5, Leica). The obtained 

images were processed using ImageJ software (version 1.49g) and only linear manipulations 

were performed. For cell quantifications, the number of positively labeled cells was quantified 

by counting 4 to 5 randomly selected fields of approximately 100 cells or 4 to 5 neurospheres of 

at least two independent experiments. 

 

2.5.3. Western blot analysis 

Cells were collected and sedimented by centrifugation at 500x g for 5 minutes, room 

temperature. Resultant pellet was snap-freezed by immersion in liquid nitrogen and stored at -80 

ºC until protein extraction. For protein extraction, 100 µL of Lysis buffer (50 mM Tris, 5 mM 

EDTA, 150 mM NaCl, 1 % TX-100 (w/v) and 1X complete protease inhibitors cocktail (Roche) 

was added to the pellets and incubated for 45 min at 4 ºC under occasional vortex. In order to 
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separate cell debris from solubilized proteins, extracts were centrifuged for 15 min at 15 000x g 

at 4 ºC.  

Total protein was quantified using Micro BCA Protein Assay Kit (Pierce), according to 

manufacturer’s instructions. Quantification was based in reference to absorbance values 

obtained by Infinite® 200Pro (TECAN) at 562 nm for standard BSA solutions with known 

concentrations up to 100 µg/mL. 

Proteins were then precipitated by overnight incubation in ethanol at a final concentration of 

80 % and sedimented by centrifugation at 15000x g for 15 min. Supernatant was discarded and 

protein pellet was solubilized in NuPAGE sample buffer with reducing agent (Life 

Technologies). Samples were heated at 70 °C for 10 min and resolved on a NuPAGE Bis-Tris 

gel (Life Technologies) with MES as running buffer (Life Technologies), at 200 V for 45 min. 

Transference of gel proteins into a polyvinylidene difluoride (PVDF) membrane was performed 

in iBlot dry system (Life Tecnologies) for 7 min according to manufacturer’s instructions. 

Membranes were blocked for at least 1 h at room temperature with Tris-buffered saline with 0.1 

% (w/v) Tween 20 (TPBS) and 5 % non-fat dried milk powder (blocking solution). Membranes 

were then incubated with primary antibodies (Table 2.5) overnight under constant gentle 

agitation, at room temperature, diluted in blocking solution with 0.1 % sodium azide. 

 

Table 2.5 - List of primary antibodies used for Western blot protein detection.  

Antibody Host Supplier Dilution Cell Type 

Anti-Nestin Rabbit Millipore 1:1000 
Neural precursor 

cells 

Anti-GLAST Rabbit Frontier Science 1:1000 Astrocytes 

Anti-GLT-1 Mouse Millipore 1:1000 Astrocytes 

Anti-GFAP Rabbit DAKO 1:1000 Astrocytes 

Anti-α tubulin Mouse Sigma-Aldrich 1:5000 
All Cell types  

(loading control) 

 

After 4 washes with TPBS buffer for 5 min, membranes were incubated with horseradish 

peroxidase-coupled ECL secondary antibody anti-rabbit IgG or anti-mouse IgG (GE Healthcare) 

diluted 1:5000 in blocking solution, for 2 h, at room temperature. Chemiluminescence detection 

was performed by incubating the membranes with Amersham ECL Prime Western blotting 

detection reagent (GE Healthcare) and analyzed under ChemiDoc XRS System (Bio-Rad). For 

stripping, membranes were incubated twice with mild stripping buffer (15 g/L glycine, 1 g/L 

SDS, 1 % Tween20, pH 2.2) for 10 min, followed by 2 washes with PBS for 10 min and 2 
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washes with TPBS for 5 min. Membranes were then incubated with a different primary antibody 

in blocking solution and 0.1 % sodium azide. 

 

2.5.4. Real-time quantitative polymerase chain reaction (RT-qPCR) 

Cells were collected and sedimented by centrifugation at 500x g for 5 min, room 

temperature. Resultant pellet was snap-freezed by immersion in liquid nitrogen and stored at -80 

ºC until RNA extraction. 

RNA extraction was performed using High Pure RNA Isolation Kit (Roche) according to 

manufacturer’s instructions. The resultant RNA was quantified by NanoDrop 2000c (Thermo 

Scientific) and used directly for cDNA synthesis. For cDNA synthesis, the concentrations of all 

RNA samples were normalized by dilution in sterile deionized water. cDNA synthesis was 

performed using Transcriptor High Fidelity cDNA Synthesis Kit (Roche) which contains the 

Anchored-oligo(dT)18 Primer that is bound to Poly-A chain after denaturation of RNA for 10 

min at 65 ºC. Reverse transcriptase reaction occurred for 30 min at 55 ºC and enzyme 

inactivation at 85 ºC for 5 min, stopping the reaction. cDNA was quantified in NanoDrop 2000c 

(Thermo Scientific) and directly used for RT-qPCR or stored at -20 °C.  

RT-qPCR was performed according to LightCycler 480 SYBR Green I Master Kit (Roche), 

in 20 μL reactions with 1:2 diluted cDNA template and 5 μM primers (Table 2.6), in triplicates. 

Reaction mix and cDNA were loaded in white 96-well plates, always maintaining reagents and 

plates on ice. qPCR reactions were performed using LightCycler 480 Instrument II 96-well 

block (Roche). Cycle threshold (Ct) and melting curves were determined using LightCycler 480 

Software version 1.5 (Roche). All data was analyzed using the 2-ΔΔCt method for relative gene 

expression analysis (Livak & Schmittgen 2001). Changes in gene expression were normalized 

using the housekeeping gene RPL22 (encoding for ribosomal protein L22) as internal control in 

2D cultures and RPL22 and GAPDH (encoding for glyceraldehyde 3-phosphate dehydrogenase) 

geometric mean for 3D cultures.  

 

 

 

 

 

 

 

 

 

http://www.ebi.ac.uk/interpro/entry/IPR020830
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 Table 2.6 - List of primers used for RT-qPCR analysis. 

Gene 
Primer Forward (Top) 

Primer Reverse (Bottom) 

RPL22 
CACGAAGGAGGAGTGACTGG 

TGTGGCACACCACTGACATT 

GAPDH 
AATGAAGGGGTCATTGATGG 

AAGGTGAAGGTCGGAGTCAA 

PCNA 
CGGAGTGAAATTTTCTGCAAG 

TTCAGGTACCTCAGTGCAAAAG 

NES 
TAAGGTGAAAAGGGGTGTGG 

GCAAGAGATTCCCTTTGCAG 

TUBB3 
GGGCCTTTGGACATCTCTTC 

CCTCCGTGTAGTGACCCTTG 

SYP 
TTTGTGAAGGTGCTGCAATG 

GCTGAGGTCACTCTCGGTCT 

NURR1 
CGACCAAGACCTGCTTTTTG 

ATTGCAACCTGTGCAAGACC 

TH 
AGCCCTACCAAGACCAGACG 

GCGTGTACGGGTCGAACTT 

GAD 67 
ACCAGAAAACTGGGGCTCA 

GCAGGTTCTTGGAGGATTG 

VGLUT1 
GTTCTGGCTGCTCGTCTCCT 

ATGAGTTTCGCGCTCTCTCC 

GFAP 
AGAGAGGTCAAGCCAGGAG  

GGTCACCCACAACCCCTACT  

GLT-1 
CCAGGAAAAACCCCTTCTCC 

TCTTCCAGGCAACGAAAGGT 

GLAST 
TACCATCCATGGAGCACGAG 

ACCTGGTGACCACCACACAC 

S100B 
GGAGACGGCGAATGTGACTT 

GAACTCGTGGCAGGCAGTAGTAA 
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2.6. Neuronal functionality assessment 

2.6.1. Imaging of synaptic vesicle exocytosis  

Differentiated neurospheres were allowed to adhere overnight to PLOL-coated surfaces, 

washed with PBS and exposed to a high potassium depolarizing solution (100 mM KCl buffer: 

Hepes-NaOH (5 mM), Glucose (10 mM), CaCl2 (2.5 mM) MgCl2 (1 mM) KCl (100 mM) NaCl 

(37 mM)), for 5 min to stimulate exocytosis. Afterwards, neurospheres were incubated with 10 

μM FM 1-43 dye (Life Technologies) dissolved in low saline solution (5 mM KCl buffer: 

Hepes-NaOH (5 mM), Glucose (10 mM), CaCl2 (2.2 mM), MgCl2 (1 mM), KCl (5  mM), NaCl 

(137 mM)) for 15 min (to allow endocytosis and incorporation of the dye). FM 1-43 is a dye 

highly anphipatic that is inserted into the lipidic membrane and its fluorescence increases 100-

fold. Cells were then washed with ADVASEP-7 (Sigma-Aldrich) quencher dissolved in 5 mM 

KCl buffer (2.163 mg/mL) for 1 min to reduce background fluorescence. After 3 washes of 1 

min with 5 mM KCl buffer, exocytosis was stimulated with 100 mM KCl buffer. Samples were 

imaged live in a fluorescence microscope (DMI6000, Leica) for monitoring of fluorescence 

intensity after exocytosis stimulus for 60 min. Fluorescence intensity was measured using 

ImageJ software(version 1.49g) (Simão et al. 2015). 

 

2.6.2. Calcium transients assay 

Neurospheres were incubated with 1X Fluo-4 Direct calcium reagent (Life Technologies) 

for 30 min at 37 ºC, 5 % CO2 and 3 % O2 and afterwards 15 min at room temperature.  Fluo-4 is 

a cell permeant with high affinity to Ca2+ and its fluorescence is 100-fold increased at 488nm 

upon Ca2+ binding. Samples were imaged live in a spinning disk microscope (Nikon Eclipse Ti-

E, confocal scanner: Yokogawa CSUx1). Fluorescence intensity change over time was defined 

as ∆F/F0 = (F - F0)/F0, where F represented the fluorescence at any time point, and F0 the 

baseline fluorescence determined by baseline fitting across the whole movie for each cell using 

PeakFit Software (v4.12)(Simão et al. 2015). 

 

2.6.3. Glutamate-Glutamine assay 

Neurospheres from day 30 of culture were distributed in 6-well plates and incubated in the 

nDM using DMEM/F12 without glutamine (Life Technologies) in the presence or absence of L-

Glutamate 5 mM. Samples of extracellular medium were collected at 0, 24, 48 at 72 h and 

glutamate and glutamine concentrations were evaluated using an YSI 7100 MBS equipment 

(YSI, Life Sciences). 
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3. Results and Discussion 

3.1. Characterization of hiPSC-NPC line  

The first step of this work thesis aimed to characterize the hiPSC-derived NPC (hiPSC-

NPC) cell line. In a first approach the cell growth dynamics and basic metabolic requirements 

were assessed. Moreover, hiPSC-NPC phenotypic identity was characterized, by analyzing the 

presence of typical NPC markers and their multipotency. 

 

3.1.1. Cell growth profile assessment 

Cell growth profile of hiPSC-NPC in 2D adherent culture system was followed during 7 

days (Figure 3.1-A).  

 

Figure 3.1- Cell growth and metabolite production/consumption profiles obtained for hiPSC-NPC cultured in 

2D culture system. (A) hiPSC-NPC growth profile during 7 days in culture. Error bars denotes a 10 % error 

associated with the cell counting method. Table below indicates the determined cell growth rate and duplication time. 

(B) Extracellular glucose (black circles) and lactate (white diamond) concentration profiles for 7 days in culture. 

Table below indicates the determined specific glucose uptake rate (qGlc), lactate release rate (qLac) and the molar ratio 

between glucose/lactate metabolic rates (YLac/Glc). Cell growth and metabolic profiles shown are from one 

representative experiment of two independent experiments. Cell growth and metabolic rates are mean ± SD of two 

independent experiments. 

An initial lag phase in cell growth was observed during the first 24 h of culture. 

Subsequently, cells proliferated exponentially for 96 h with a determined growth rate of 0.024 ± 

0.002 h-1, which corresponds to 29.6 ± 2.1 h of duplication time (Figure 3.1-A). These values 

are within the range previously reported observed for other hiPSC-NPC lines in adherent culture 

system (Falk et al. 2012). The maximum cell density was obtained at 120 h of culture with 

24x104 cell/cm2, corresponding approximately to an 8 fold-increase in cell concentration after 5 

days of culture. Afterwards, cell growth arrest was observed and culture viability decreased. 

Along with cell growth profile, hiPSC-NPC metabolic activity was assessed by quantifying 

the extracellular content of glucose and lactate (Figure 3.1-B). The obtained metabolic profiles 

showed that glucose uptake and lactate release accompanied the cell growth profile. As it would 

be expected, the major metabolic demands were observed during the exponential cell growth 



24 

 

phase, during which cells presented YLac/Glc of 1.84 ± 0.01. This molar ratio denotes the amount 

of moles of lactate produced per mol of glucose consumed. The high YLac/Glc value determined 

for hiPSC-NPC culture, suggests a highly glycolytic cell metabolism, where most glucose 

molecules are channeled to lactate production and only a small portion is incorporated in the 

oxidative pathways (Candelario et al. 2013). These results are consistent with reports describing 

the reliance of neural precursor cells on glycolytic metabolism in order to sustain the high 

anabolic needs required to maintain their self-renewal capacity (Candelario et al. 2013; Folmes 

et al. 2011). 

 

3.1.2. Phenotypic assessment 

In order to characterize the phenotypic identity of hiPSC-NPC, neuroepithelial and radial 

glial cell markers were assessed, including Sox-2, nestin, vimentin and Ki-67. The obtained 

results demonstrated that most of cells expressed these markers. Immunofluorescence analysis 

revealed that more than 98 % cells were positive for Sox-2 (Figure 3.2-A and E). This 

transcription factor is expressed during early neurogenesis, being involved in the maintenance 

of stem cell self-renewal capacity (Cavallaro et al. 2008), and no longer expressed in later stages 

of neural specification (Falk et al. 2012). Nestin and vimentin were also detected in more than 

98 % of hiPSC-NPC (Figure 3.2-B, C and E). These proteins are cytoskeleton components of 

the intermediate filament (IF) family normally present in NPC, being involved in self-renewal 

mediating cytoskeleton rearrangements during mitosis (Sahlgren et al. 2001; Park et al. 2010). 

Ki-67 was detected in approximately 70 % of cells (Figure 3.2-D and E). This protein is only 

present in actively proliferating cells (Scholzen & Gerdes 2000), confirming the proliferative 

state of hiPSC-NPC. 
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Figure 3.2 - hiPSC-NPC phenotype characterization by immunofluorescence microscopy. Detection of Sox-2 

(A), nestin (red) and βIII-tubulin (green) (B), vimentin (green) (C), Ki-67 (green) (D). Nuclei were counterstained 

with DAPI (blue). Scale bars represent 100 µm. Data from one representative experiment of two independent 

experiments. (E) Quantification of positive cell percentage was performed by counting approximately 100 cells in 5 

different random optical fields of two technical replicates, using the cell counter plug-in of ImageJ software. Data are 

mean ± SD of two independent experiments. 

βIII-tubulin immunostaining demonstrated a low percentage of positive cells, approximately 

7 % (Figure 3.2). This protein is expressed in immature neurons and along differentiation, being 

associated with microtubule stability in axon and in neuronal cell body (Guo et al. 2011). The 

presence of a small population of βIII-tubulin-positive cells indicates spontaneous neuronal 

differentiation processes during hiPSC-NPC culture, which is typically observed also for other 

hiPSC-NPC (Falk et al. 2012) and hESC-NPC (Nat et al. 2007). 
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These results showed that hiPSC-NPC can be maintained in culture, retaining their 

proliferative capacity and cell identity. This is mainly supported by the media composition, 

which contains insulin present in N-2 supplement that induces PI3K/Akt pathway activation , 

promoting NPC proliferation (Rhee et al. 2013; Chan et al. 2013). Moreover, the presence of 

FGF-2 and EGF mitogens in the culture medium, is reported to play a pivotal role in  supporting 

neural precursor cell expansion through the activation of MAPK/Erk signaling pathway 

(Tarasenko et al. 2004; Chan et al. 2013). 

 

3.1.3. Differentiation potential assessment 

 hiPSC-NPC multipotent ability to differentiate into different neural lineages, namely 

neurons and astrocytes was addressed by directed differentiation in 2D adherent culture. 

 

3.1.3.1. hiPSC-NPC neuronal differentiation 

Neuronal differentiation was assessed by culturing hiPSC-NPC in a neurogenic media, 

withdrawing the presence of growth factors (FGF-2 and EGF) and providing small molecules 

that can promote neuronal differentiation (Table 2.2). Thus no directed specification was 

induced towards any subtype of differentiated cell (see materials and methods for medium 

composition, Table 2.2).  hiPSC-NPC differentiation was evaluated by analyzing the presence 

of NPC markers and neuronal markers at transcript and protein level along culture time. 

During the differentiation process significant morphological changes were observed (Figure 

3.3). The typical hiPSC-NPC morphology was gradually lost along culture time, with the 

development of a cell body of lower cytoplasmic volume from which the outgrowth of several 

membrane projections or neurites became visible (Figure 3.3). 
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Figure 3.3 - hiPSC-NPC morphological characterization during neuronal differentiation. Images acquired at 

day 1 (A) day 9 (B) day 14 (C) and day 25 (D) of culture. Representative images from one experiment of three 

independent experiments. 

This process of neurite branching and outgrowth occurred in three phases: (i) neurite 

formation, visible at day 9 (Figure 3.3-B); (ii) neurite elongation, observed at day 14 (Figure 

3.3-C); and (iii) development of a wide interconnected neurite network between neurons, 

evident at day 25 (Figure 3.3-D). The establishment of these interconnected cellular networks 

are likely to sustain synaptogenic processes, which as described in the introductory section, play 

a fundamental role during neural development, since synaptic sites are developed upon neurite 

contact of neighbor neurons (Fletcher et al. 1991). These morphological rearrangements 

observed during hiPSC-NPC represent typical features of cell neuronal specification, which 

have been previously reported for neuronal differentiation of NPC (Nat et al. 2007; Stockmann 

et al. 2013).  

Gene expression analysis demonstrated a down-regulation along culture time in the 

expression levels NPC associated genes, PCNA and NES. For PCNA a 21-fold decrease was 

observed after 25 days of differentiation, as compared with the expression levels of 

undifferentiated hiPSC-NPC (Figure 3.4-A). This gene encodes for the proliferating cell nuclear 

antigen (PCNA) a cofactor of human DNA polymerase δ, which ensures the DNA replication 

fidelity during the S phase of cellular cycle interphase (Strzalka & Ziemienowicz 2011). Thus, 

PCNA is typically present in actively proliferative cells, such as NPC and is reduced along 

neuronal differentiation, as cells exit cell cycle progressing towards postmitotic neurons (Brito 

et al. 2012). Gene expression of NES, which encodes for nestin protein, was also downregulated 

during neuronal differentiation, with a 10-fold decrease being observed at day 25 of culture in 
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comparison with undifferentiated hiPSC-NPC (Figure 3.4-A). Western blot analysis, further 

confirmed a decrease in nestin, as the high intensity bands observed in early differentiation 

stages decreased along culture time (Figure 3.4-B). The two bands detected, at ~220 and ~200 

kDa, are most probably related with the presence of nestin full length protein and a smaller 

degraded form of the protein, which was previously observed by Sahlgren et al., 2001 and Lobo 

et al., 2004 during NPC differentiation.  

 

Figure 3.4 - hiPSC-NPC characterization during neuronal differentiation by RT-qPCR and Western blot. (A) 

RT-qPCR analysis of PCNA and NES expression. Fold changes in gene expression normalized to undifferentiated 

hiPSC-NPC. Data are mean ± S.E.M of three independent experiments. (B) Western blot analysis of nestin, using α-

tubulin as loading control. Data are from one experiment. 

In accordance with the observed decrease in PCNA and nestin, the percentage of Sox-2- and 

Ki-67-positive cells was also found to decrease from day 8 to day 20, by immunofluorescence 

microscopy (Figure 3.5).  

 

Figure 3.5 – hiPSC-NPC neuronal differentiation characterization by immunofluorescence microscopy. 
Detection of Sox-2 (red) and Ki-67 (green) at day 8 (A) and day 20 (B). Nuclei were counterstained with DAPI 

(blue). Scale bars: 100 µm. Data from one representative experiment of three independent experiments. 

The observed decrease in the expression of these typical NPC markers during 

differentiation, indicated a gradual loss of the neural precursor phenotype of hiPSC-NPC, as 

neuronal commitment and specialization increased. These results reflect the initiation of  

differentiation stage from day 1 forward, which happened upon growth factors withdrawal, as it 

has been seen by Schwindt et al. (2009) in neurospheres of human fetal NPC. Still, the presence 

of a residual population of Sox-2-positive cells suggested that there were few cells in culture 

maintaining the neural precursor phenotype, which is a common feature with in vivo, where 
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specific zones of the adult brain maintain a pool of neural precursor cells with neurogenic 

potential (Ferri et al. 2004). 

The detection of neuronal markers, showed that by day 8 of culture most of cells were 

already βIII-tubulin-positive, indicating their commitment towards the neuronal lineage. The 

network of βIII-tubulin-positive neurites increased during differentiation, as observed by the 

increasing density observed from day 15 to day 20 of culture (Figure 3.6-A) and 25 (data not 

shown). In general, cells where the neurite outgrowth and elongation was visible were also 

positive for βIII-tubulin, whereas those without neurites were not labeled. This increase in βIII-

tubulin-positive cells along differentiation is well described in the literature (Guo et al. 2011), 

with βIII-tubulin incorporation into microtubules happening upon neurite outgrowth. The 

increase in βIII-tubulin along differentiation shown by immunofluorescence staining, was not 

reflected in gene expression analysis that showed minimal modulation on TUBB3 gene.  This is 

probably explained by the indirect relationship between mRNA transcript levels and 

quantification of protein translated (Marcotte 2013), where NPC cells despite expressing 

TUBB3 gene can be subjected to translation repression mechanisms until activation of 

differentiation pathways. Nonetheless, both analyses are complementary representing the typical 

development of βIII-tubulin-positive cell network along differentiation (Terrasso et al. 2015; 

Simão et al. 2015). 

In order to evaluate the maturation of neuronal cells, the presence of microtubule associated 

protein-2 (MAP-2) and synaptophysin (syp) was assessed by immunofluorescence microscopy. 

From day 14 onwards, MAP-2 was detected by immunofluorescence (Figure 3.6-B). This 

protein is expressed later than βIII-tubulin during neuronal development, being incorporated in 

cellular cytoskeleton of axons and dendrites during neurite elongation and playing an important 

role in microtubule rearrangement regulation and stability (Teng et al. 2001). After neuronal 

morphological rearrangements during differentiation are completed, this protein accumulates in 

dendrites of mature neurons (Teng et al. 2001). Thus, the presence of this protein in hiPSC-NPC 

derived neurons indicates the progression of neurogenic developmental pathways towards a 

more mature phenotype. 

Concomitantly, up-regulation of the gene encoding for synaptophysin (SYP) was observed, 

with a 12.5-fold increase in expression levels at day 25 of culture, as compared with day 8 

(Figure 3.6-D). Consistent with the gene expression data, at day 25 of culture syp was detected 

in a punctuated pattern, typical of  proteins localized in synaptic vesicle membranes (Fletcher et 

al. 1991). Syp is an integral membrane protein of pre-synaptic vesicles and it is present in more 

than 90 % of pre-synaptic vesicles in human neurons (Glantz et al. 2007). Furthermore, this is a 

cholesterol binding protein that confers stability to membrane of synaptic vesicles. During 

synapse, this protein interacts with proteins involved in SNARE complex, responsible for 

vesicles exocytosis (Hinz et al. 2001) and has also an important role in vesicle endocytosis 
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(Valtorta et al. 2004). Due to its active role in synaptic regulation, its detection at day 25 in a 

vesicular pattern suggests an increase in neuronal maturation with correct synaptogenic 

development. 

 

Figure 3.6 - hiPSC-NPC characterization during neuronal differentiation by immunofluorescence microscopy 

and RT-qPCR. (A) Detection of βIII-tubulin (green) at day 8, 15 and 20 of culture. (B) Detection of MAP-2 (red) at 

day 15, 20 and 25 of culture. (C) Detection of MAP-2 (red) and syp (green) at day 25 of culture. Inset depicts typical 

morphology of vesicular localization of syp. Nuclei were counterstained with DAPI (blue). Scale bars: 200 μm (A, B) 

and 25 μm (C). Data from one representative experiment of three independent experiments. (D) RT-qPCR analysis of 

TUBB3 and SYP expression. Fold changes in gene expression normalized to hiPSC-NPC differentiated at day 8. Data 

are mean ± S.E.M of three independent experiments.  

With the aim of further characterizing hiPSC-NPC-derived neurons, the presence of specific 

neuron subtypes was evaluated. For the analysis of dopaminergic neuronal lineage, the 

expression and presence of nuclear receptor related 1 protein (NURR1) and tyrosine 

hydroxylase (TH) was evaluated. In differentiated cultures, detection of NURR1 (NURR1 

coding gene) expression was verified from day 8 onward, with a 25-fold increase at day 25 of 

culture. Along with NURR1, TH (TH encoding gene) expression was also upregulated, with a 2-

fold increase in gene expression detected by day 25 (Figure 3.7-A). The presence of TH enzyme 

at this culture time was confirmed by immunofluorescence microscopy (Figure 3.7-B). 
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Figure 3.7 - hiPSC-NPC-derived neuron subtypes characterization during neuronal differentiation by RT-

qPCR and immunofluorescence microscopy. (A) RT-qPCR analysis of NURR1, TH and GAD 67 expression. Fold 

changes in gene expression normalized to hiPSC-NPC differentiated at day 8. Data are mean ± S.E.M of three 

independent experiments. Detection of TH (red) and βIII-tubulin (green) (B), MAP-2 (red) and ChAT (green) (C), 

MAP-2 (red) and GAD 65&67 (green) (D) and MAP-2 (red) and vGlut1 (green) (E). Inset depicts typical 

morphology of vesicular localization of vGlut1, indicated by white arrows. Nuclei were counterstained with DAPI 

(blue). Scale bars: 50 μm. All images were from day 25 of culture. Data from one representative experiment of three 

independent experiments. 

Nurr1 is a transcription factor crucial in dopaminergic differentiation. Its gene expression 

starts early in the dopaminergic development, where combined with other transcription factors, 

induces the expression of TH (Hong et al. 2014). TH is the rate-limiting enzyme in dopamine 

synthesis (Abeliovich & Hammond 2007), being one of the main features that characterize 

dopaminergic neurons (Brito et al. 2012; Tieng et al. 2013; Simão et al. 2015). The expression 
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of NURR1 and TH as well as presence of TH protein at day 25 of culture, allowed to confirm 

the presence of a dopaminergic population.  

Cholinergic neurons were also identified in culture, by detection of acetylcholine transferase 

(ChAT, Figure 3.7-C) in cell bodies. ChAT is the enzyme responsible for the production of 

acetylcholine neurotransmitter and is localized in the cell body of cholinergic neurons, where 

acethylcholine neurotransmitter synthesis occurs (Matsuo et al. 2011).  

GABAergic neuronal population was identified by expression of Glutamate decarboxylase 

67 coding gene (GAD 67), which presented a significant up-regulation, with a 23-fold increase 

by day 25 of culture, as compared with day 8 (Figure 3.7-A). Protein GAD 67 as well as 65 kDa 

GAD isoform (GAD 65) were detected by immunofluorescence at day 25 of culture (Figure 3.7-

D), localized in the cell bodies and along neurites in a punctuate pattern, in accordance with 

previous reports (Esclapez et al. 1994; Glausier et al. 2014). Both GAD isoforms are responsible 

for GABA synthesis from glutamate, which is obtained from the conversion of astrocyte-

derived glutamine or an alternative source of glutamate derived from the acid tricarboxylic 

cycle (Schousboe et al. 2013). Sub-localization of GAD isoforms is different, where GAD 67 is 

mostly present in cell bodies and through neuronal cytoplasm and GAD 65 is mostly 

accumulated in axon terminals where it binds to synaptic vesicles membranes (Buddhala et al. 

2009). Due to the close localization of GAD 65 to vesicle membranes where GABA transporter 

is located, GABA synthetized by GAD 65 is thought to be used mainly for neurotransmission 

whereas GABA synthesized by GAD 67 is thought to fuel energetic demands (Schousboe et al. 

2013).  

Vesicular glutamate transporter 1 (vGlut1), was detected at day 25 of culture along neurites 

extension in a typical vesicular pattern indicated by white arrows (Figure 3.7-E). vGlut1 is an 

isoform of vGlut family transporters responsible for glutamate loading of synaptic vesicles 

(Weston et al. 2011). This protein is typically observed in glutamatergic neurons, being only 

expressed in mature neurons containing synaptic vesicles (Weston et al. 2011). 

In summary, the neuronal differentiation of hiPSC-NPC, induced by removing the presence 

of growth factors and providing neurogenic morphogens, resulted in populations of 

dopaminergic, cholinergic, GABAergic and glutamatergic neurons. Therefore, the 

differentiation protocol applied can be used to generate heterogeneous cultures, containing 

different neuronal subtypes, which can be relevant for the development of cell models targeting 

pathophysiological conditions associated with diseases affecting different neuronal subtypes. 

Furthermore, targeted differentiation into a particular neuronal subtype can be explored in future 

work by the addition of specific differentiating factors. For example, the combination of FGF-8 

and Sonic hedgehog (Shh) is reported to drive dopaminergic phenotype (Hong et al. 2014). On 

the other hand, activation of FGF-2 and modulated exposure to Shh pathway may lead to 

different phenotype (Figure 1.5): whereas in the presence of activated FGF-2, Shh inhibition 
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leads to glutamatergic neurons,  Shh activation results in specification to GABAergic phenotype 

(Vazin et al. 2014). The exposure to BDNF was also described to induce vGlut1 expression, 

further enhancing glutamatergic phenotype (Melo et al. 2013). Finally, cholinergic neurons 

generation has been reported by combinatorial effects of RA, Shh and FGF-2 resulting in 

cholinergic phenotype (Dhara & Stice 2008). 

 

3.1.3.2. hiPSC-NPC differentiation into astrocytes 

Aiming at directing hiPSC-NPC fate towards the astrocytic lineage, a previously described 

differentiation protocol that takes advantage of bone morphogenic protein 4 (BMP-4) and FGF-

2 to induce glial commitment (Jiang et al. 2013) was adapted and optimized for these cells. 

Cellular phenotypic characterization was assessed by RT-qPCR, Western blot and 

immunofluorescence microscopy. 

Gene expression of the neural precursor marker NES started to decrease when 

differentiation was induced, with a 2-fold down-regulation by day 4 and up to 4-fold decrease 

by day 30. Concomitant to gene expression, a decrease in nestin protein levels along culture 

time was observed by Western blot (Figure 3.8-B). Simultaneously, Sox-2 levels decreased 

from day 4 to day 30 of culture (Figure 3.8-C) indicating, as previously, the hiPSC-NPC loss of 

the neural precursor identity. Moreover, a decrease in the neuronal marker βIII-tubulin was 

observed from day 4 to day 30 of culture by immunofluorescence (Figure 3.8-C), suggesting 

that neuronal differentiation is being inhibited.  
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Figure 3.8 - hiPSC-NPC characterization during astrocytic differentiation by RT-qPCR, Western blot and 

immunofluorescence microscopy. (A) RT-qPCR analysis of NES, PCNA, S100B, GLAST and GLT-1 expression. 

Fold changes in gene expression normalized to undifferentiated hiPSC-NPC, with the exception for GLT-1 

(normalized to day 4). Data are mean ± SD of one experiment with three technical replicates. (B) Detection of nestin, 

GFAP, and GLT-1. α-tubulin was used as loading control. Data from one experiment. (C) Detection of Sox-2 (red) 

and Ki-67 (green) at day 4 and 30 of culture. (D) Detection of βIII-tubulin (green) at day 4 and 30 of culture. (E) 

Detection of GFAP (red) at day 10 and 30 of culture. Nuclei were counterstained with DAPI (blue). Scale bars: 200 

µm (C and D), 50 µm (E). Data of one experiment. 

A decrease in nestin and βIII-tubulin was also observed by  Haas et al., (2012) during BMP-

4-induced differentiation into astrocytes, suggesting a directed differentiation towards glial 

lineage and repression of neuronal specification. Nonetheless, the astrocytic population obtained 
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by Haas et al. (2012) presented lower proliferative phonotype than our hiPSC-NPC astrocytic 

culture. This difference might be due to the absence of FGF-2 in differentiation medium that 

was used by the author’s, probably contributing to a lower proliferative capacity of the 

differentiated culture. FGF-2 has recently been described as a good inducer of astroglial 

specification (Kang & Song 2010) and Jiang and colleagues (2013) recently generated mature 

astrocytes by inducing differentiation with these conditions.  

PCNA expression levels decreased by day 4 of differentiation to 2.6-fold reduction, and then 

were maintained until day 30. These results suggest that hiPSC-NPC culture progressed towards 

reduced proliferation capacity, due to differentiation induction, and kept proliferative 

phenotype, which is indeed typical of astrocytic population in vitro and in vivo, when 

responding to stress conditions in a process designated as reactive gliosis (Pekny & Nilsson 

2005). Corroborating proliferative phenotype, Ki-67 was detected at day 30 of culture positively 

labeled in many cells (Figure 3.8-C).   

Glial differentiation was further assessed by the expression of markers present in astrocytic 

population such as glial fibrillary acidic protein (GFAP), S100B and glutamate transporters 

GLAST (glutamate aspartate transporter) and GLT-1(excitatory amino acid transporter-1).  

During hiPSC-NPC differentiation, GFAP protein was detected in the neural precursor cells 

(Figure 3.8-E) and its detection was maintained until the day 30 of culture (Figure 3.8-E). 

GFAP is a type III filament protein and is commonly used as astrocytic marker.  Although in the 

literature GFAP has been well described in early development where it is expressed by radial 

glial cells, its expression is maintained in most of mature astrocytes (Middeldorp & Hol 2011). 

Thus, GFAP presence in the differentiated culture may indicate radial glia or astrocytic 

population, being necessary further characterization to distinguish which cell type is in culture.    

At day 0, when cells presented a neural precursor phenotype S100β gene expression 

(S100B) was already observed. Nevertheless, a 4-fold-decrease in S100B gene expression was 

observed in the first days of exposure to differentiation medium and subsequently, from day 4 to 

day 30 of culture, a 4-fold increase was observed (Figure 3.8-A). S100β is a calcium-binding 

protein, which is mainly  present in mature astrocytes, being also expressed in  radial glial cells 

(Raponi et al. 2007), where it has an important role in cell proliferation (Donato et al. 2009). 

This is consistent with results observed for hiPSC-NPC culture at day 0, which already 

presented expression levels of S100B despite presenting a neural precursor phenotype. Upon 

differentiation, the decrease in proliferation explains the down-regulation of S100B observed at 

day 4. In mature astrocytes, S100β has high relevance for mature astrocytic functions. Among 

S100β roles are the control of F-actin rearrangement during astrocytic migration into injury 

zones and the control of Ca2+ homeostasis, pathway by which  astrocytes regulate 

neurophysiology and neurotrophic factors expression via binding to dopamine receptor D2 (also 

expressed in astrocytes) (reviewd by Donato et al., 2009). Thus S100B high expression in 
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mature astrocytes is consistent with expression of this marker in the differentiated culture 

(Figure 3.8-A). 

GLT-1 and GLAST presented approximately a 5.4-fold increase in gene expression at day 

30 of culture, when compared to day 4 and 0, respectively. In accordance, GLT-1 was detected 

along differentiation by Western blot (Figure 3.8-B).  

Glutamate transporters are described in the literature as being expressed in mature 

astrocytes (Yamada et al. 1998), being GLT-1 specific of this cell type, while GLAST is also 

present in radial glial cells. The expression of both transporters is reported to be of high 

importance during CNS development since its knockout in mice led to great abnormalities in 

neurons development (Matsugami et al. 2006).  

Glutamate transporters are densely co-localized in astrocytic processes where cooperatively 

serve as glutamate transporters during this neurotransmitter clearance from synaptic cleft, which 

is crucial for avoiding glutamate mediated excitotoxicity (Yamada et al. 1998; Benediktsson et 

al. 2012). Due to their role, it is predictable both transporter’s expression in the later stage of 

astrocytic differentiation be concomitant with synaptogenesis (Minelli et al. 2001).  

The results obtained in this work were consistent with reports in the literature, of  BMP-4-

induced differentiation of nestin-positive NPC into mature astrocytes expressing high levels of 

GFAP and S100β, as well as GLT-1 and GLAST without, or presenting very few, βIII-tubulin-

positive cells in culture (Jiang et al. 2013; Haas et al. 2012).  

Concluding this part of the work, the identity of this hiPSC-NPC line was demonstrated to 

correlate well with the described features of NPC committed to the neural lineage with 

multipotent capacity to generate mature neurons and astrocytes upon induction of 

differentiation.  

 

3.2. hiPSC-NPC neural differentiation in 3D culture system 

To develop a 3D cell model able to mimic CNS cellular complexity, a stirred-tank 

bioreactor culture system was chosen to generate hiPSC-NPC neurospheres. The culture 

strategy was based on previously successfully implemented protocols for the generation of 

mature and functional neurons and astrocytes from other pluripotent and neural progenitor cells 

using agitation-based culture systems (Brito et al. 2012; Simão et al. 2015; Terrasso et al. 2015).  

Briefly, hiPSC-NPC were inoculated as single cells into stirred-tank bioreactors with 

perfusion mode. During aggregation period, cells were kept in aggregation medium (AM, 

Figure 3.9) for 1 week allowing the formation of compact neurospheres. The perfusion mode 

was initiated at day 2 of culture and at day 7 AM was gradually replaced by nDM, which was 

maintained for approximately three weeks (Figure 3.9). Culture characterization was performed 

throughout bioreactor process in terms of hiPSC-NPC differentiation and neural maturation and 

functionality. 
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Figure 3.9 - Schematic design of hiPSC-NPC 3D bioreactor culture, depicting different phases of culture along 

time. EM: Expansion media; AM: Aggregation media; nDM: Neural differentiation media. 

3.2.1. Cell aggregation and viability 

During the first days of culture, agitation rate was adjusted between 70 rpm and 80 rpm in 

order to control the aggregation process maintaining a homogeneous aggregate size. For this, 

three main morphological features were tightly monitored during the first 8-10 h after 

inoculation, namely neurosphere size, the presence of single cells and fusion between 

aggregates.  

Cells aggregated efficiently into a homogeneous culture with neurospheres within the range 

of 52.1 ± 10.7 µm in diameter after 1 day in culture (Figure 3.10-A). 

 

Figure 3.10 – hiPSC-NPC characterization during 3D bioreactor culture. (A) Neurosphere diameter 

measurements of 150 neurospheres. (B) Neurosphere density profile (C) Cellular density quantified by DNA-based 

quantification assay. Data are mean ± SD from two independent experiments. (D) Proliferative profile of the culture 

by incorporation and immunostaining of EdU. Data are mean ± SD from one experiment with two technical 

replicates. (E) Fluorescence microscopy images of live/dead assay (FDA - green; PI – red) at day 7, 14 and day 30 of 

culture. Scale bars: 100 µm. Data representative from one experiment of two independent experiments. 
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During the first week of culture, the density of neurospheres decreased (Figure 10-B), 

probably due to neurosphere fusion, as indicated by an increase in the mean diameter from 52.1 

± 10.7 µm at day 1 to 90.9 ± 13.6 µm by day 7, concomitant with  an increased cell density 

(Figure 3.10-C). Neurospheres at day 7 presented homogeneous size, with compact structure 

and high cell viability (Figure 3.10-E).   

hiPSC-NPC cultured in expansion medium,  presented high proliferative phenotype as 

demonstrated by the incorporation of EdU in approximately 65 % of cells (Figure 3.10-D). 

Concomitantly, cell density was increased reaching 5.31x105 cell/mL (Figure 3.10-C), 

corresponding to a 1.2-fold increase in cell concentration.  

In this work, a perfusion strategy was implemented to enable continuous and controlled 

media exchange along long-term cultures. For this, different strategies were initially tested that 

continuously resulted in a loss of neurospheres through the outlet media line (data not shown).  

This indicated the need for the implementation of a cell retention device coupled to the outlet 

media line. However, the commercially available devices, such as alternating tangential flow 

system (ATF) based devices or spin filters systems, are still not compatible with small-scale 

bioreactors (Pollock et al. 2013). To overcome this limitation, in this work a microsparger unit 

(20 µm of pore size) was adapted into the outlet line. This strategy was efficient in retaining 

neurospheres in culture while still being able to remove non-viable single cells, contributing to 

the maintenance of high viability in culture, as demonstrated by the absence of non-viable cells 

(Figure 3.10-E). Furthermore, the constant removal of toxic by-products accumulated during 

culture and addition of fresh essential metabolites provided by the perfusion system, enabled the 

maintenance of high viability. The challenges faced for the application of an efficient cell 

retention device compatible with small-scale bioreactors, as the one used in this work, 

demonstrates a current need in the biotechnology engineering field that needs to be further 

addressed. 

During differentiation, the neurosphere size continued to increase from day 7 onwards, 

attaining 151.7 ± 38.2 µm by day 30 (Figure 3.10-A). Along differentiation, the culture 

proliferative potential decreased to only 2 % of EdU-positive cells at day 30, while cell density 

was maintained at approximately 5x105 cell/mL. Concomitantly, the culture maintained high 

cell viability (Figure 3.10-E), without the generation of necrotic centers. Although previous 

studies described 200 µm to be the maximal aggregate diameter to allow an efficient diffusion 

of nutrients and oxygen to the cells in the inner layers (Wu et al. 2014), in agitation-based 

culture systems, diameters of 300-400 µm were obtained without formation of necrotic 

centers (Simão et al., 2015; Terrasso et al., 2015). This indicates that the formation of a necrotic 

core is strongly cell-source and culture system-dependent. The absence of necrotic centers in 

agitation-based culture systems is probably due to increased efficiency in mass transfer provided 
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by the bioreactor hydrodynamics and the continuous perfusion system, which are described to 

enhance this parameter (Kinney et al. 2011; Li & Cui 2014; Serra et al. 2010).  

The presence of few non-viable cells identified within neurospheres (Fig 3.10-E) is 

probably due to apoptotic cell death, reported as a common feature during NPC neurospheres 

differentiation (Watanabe et al. 2007) and playing an important role in the development and 

morphogenesis of the nervous system (Kuan et al. 2000). 

 

3.2.2. Phenotypic characterization 

The differentiated phenotype of hiPSC-NPC during 3D bioreactor cultures, was 

characterized along culture progression by RT-qPCR, immunofluorescence and Western blot. 

Cellular identity was evaluated during aggregation period by identifying typical markers of 

neural precursor phenotype, previously used to characterize 2D cultures. During this period 

most of the cells were positively labeled for neural progenitor markers, such as nestin, Sox-2 

and Ki-67 (Figure 3.10-A and B).  

 

Figure 3.11 – hiPSC-NPC characterization during 3D bioreactor culture by immunofluorescence microscopy 

and RT-qPCR. Detection of βIII-tubulin (green) and nestin (red) (A) and Ki-67 (green) and Sox-2 (red) (B) at day 7 

of culture. Nuclei were counterstained with DAPI (blue). Scale bars: 50 μm. Data from one representative experiment 

of two independent experiments. (C) RT-qPCR analysis of PCNA and NES expression. Fold changes in gene 

expression normalized to undifferentiated hiPSC-NPC. Data are mean ± S.E.M of two independent experiments.  
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This result is in accordance with the observed for 2D adherent culture, indicating that the 

presence of FGF-2 and EGF in culture media was able to maintain hiPSC-NPC undifferentiated 

phenotype and high proliferative potential. Moreover, this result have already been described for 

3D culture systems by others (Schwindt et al., 2009). 

After differentiation period, at day 30, NES and PCNA were 3.0- and 5.1-fold down-

regulated, respectively (Figure 3.11-C). These results were consistent with the decrease of NES 

observed for human fetal NPC neurospheres upon withdrawal of growth factors from a 

morphogen-free medium composition (Schwindt et al. 2009). Similarly, the down-regulation of 

NES and PCNA was observed in human midbrain precursor cells differentiated under agitation-

based culture system (Simão et al. 2015). The decrease in nestin and PCNA gene expression 

together with a 48 % decrease in EdU-positive cells from day 7 to day 14, suggest that removal 

of EGF and FGF-2 was sufficient for activation of the developmental pathways towards 

differentiated phenotypes, escaping the replicative loop of neural progenitors.  

Neuronal marker βIII-tubulin was already present in few cells at day 7 and was detected 

throughout the entire neurosphere by day 30 of culture (Figure 3.12-B). 
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Figure 3.12 – hiPSC-NPC neuronal characterization during 3D bioreactor culture by immunofluorescence 

microscopy and RT-qPCR. Detection of βIII-tubulin (green) at day 14 (A) and day 30 (B). Nuclei were 

counterstained with DAPI (blue). (C) RT-qPCR analysis of TUBB3 and SYP expression. Fold changes in gene 

expression normalized to undifferentiated hiPSC-NPC (for TUBB3) and hiPSC-NPC from day 7 (for SYP). Data are 

mean ± S.E.M of two independent experiments. (D) Detection of syp (green) and MAP-2 (red) at day 14 of culture. 

(E) Detection of syp (green) and MAP-2 (red) at day 30 of culture. Inset depicts typical morphology of vesicular 

localization of syp. Scale bars: 50 μm (A, B, D) and 25 μm (E, inset). Data from one representative experiment of two 

independent experiments. 

This increase was corroborated by TUBB3 gene expression analysis with a 6.1-fold increase 

attained by day 30 of culture in comparison with day 0. These results indicated a higher 

neuronal yield obtained in 3D culture, comparatively to the 1.5-fold obtained in 2D 

differentiation. 

Markers representative of mature neurons such as MAP-2 and syp were detected by 

immunofluorescence (Figure 3.12-D and E). MAP-2 was already present in the majority of cells 

by day 14 and was distributed throughout the neurosphere, presenting an extensive network by 

day 30 (Figure 3.12-E). Surprisingly, syp was already present at day 14, with few punctated 

patterns, suggesting formation of pre-synaptic vesicles. By day 30, syp vesicular pattern was 

present throughout the entire neurosphere. Corroborating the presence of syp along 
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differentiation, gene expression was detected at low levels by day 7 and reached 3-fold up-

regulation by day 11. At day 25, SYP expression presented a 16.4-fold increase, higher than that 

obtained for 2D culture at the same day (12.5-fold). By day 30, SYP attained the maximum up-

regulation of 19.8-fold relatively to day 7 of culture (Figure 3.12-E), indicating a maturation of 

culture. 

Overall, the presence of MAP-2 and syp (with a punctated pattern) at day 14 indicates early 

maturation of neurons in the 3D culture. The increase of syp punctate pattern through all 

neurosphere by day 30, indicates the presence of this protein in pre-synaptic vesicles, suggesting 

a correct development of differentiated culture towards competent synaptic machinery.  

Paşca and colleagues (2015) generated a 3D cerebral cortex-like structure with a significant 

increase in pre-synaptic (synaptophysin and synapsin) and in post-synaptic (PSD-95) vesicular 

proteins after 180 days differentiation of hiPSC (Paşca et al. 2015). Thus, a detailed 

characterization of synaptic machinery could be performed to confirm the synaptic maturation 

of this culture. 

To further characterize the neuronal population present in the 3D bioreactor culture, specific 

markers of neuron subtypes were assessed by gene expression analysis and protein detection by 

immunofluorescence (Figure 3.13). 
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Figure 3.13 - hiPSC-NPC-derived neuron subtypes characterization during 3D bioreactor culture system by 

RT-qPCR and immunofluorescence microscopy. (A) RT-qPCR analysis of TH, NURR1, VGLUT1 and GAD 67 

expression. Fold changes in gene expression normalized to hiPSC-NPC at day 7 (for TH and NURR1) and to 

differentiated hiPSC-NPC at day 11 (for GAD 67 and VGLUT1). Data are mean ± S.E.M of two independent 

experiments. Detection of TH (green) and MAP-2 (red) (B) GAD 65&67 (green) and MAP-2 (red) (C) and 

vGlut1(green) and MAP-2 (red) (D). Inset depicts typical morphology of vesicular localization of vGlut1. All ima. 

Nuclei were counterstained with DAPI (blue). Scale bars: 50 μm (B, C) and 25 μm (D, left) and 10 μm (D, inset). All 

images were from day 30 of culture. Data from one representative experiment of two independent experiments.  

Expression of the dopaminergic marker NURR1 was detected by day 7 of culture, with a 

24.4-fold up-regulation by day 30 of culture (Figure 3.13-A). As previously mentioned, NURR1 

gene codes for a transcription factor that induces TH expression, being essential for 

development into dopaminergic lineage (Lee et al. 2010). Accordingly, TH up-regulation was 

observed along differentiation, attaining 7.3-fold increase from day 7 to day 30 (Figure 3.13-A) 
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and a 3.5 times higher TH up-regulation than what was observed for neuronal differentiation in 

2D adherent culture. Concordant with gene expression analysis, TH protein was detected 

throughout the neurosphere (Figure 3.13-B), indicating the presence of neurons with 

dopaminergic phenotype 

GABAergic phenotype was identified by expression of GAD 67 from day 11 onwards. GAD 

67 expression attained 29.9-fold increase by day 30 comparatively to day 11 of culture (Figure 

3.13-A) and was higher than the 23-fold increase obtained in 2D adherent culture.  

Concomitantly, GAD 65 and GAD 67 proteins were present in a high number of cells by day 30 

(Figure 3.13-C). These results suggest that the developed 3D culture contain GABAergic 

neurons. Glutamatergic phenotype was evaluated by the expression of the gene encoding for the 

glutamate transporter vGlut1 (VGLUT1). This gene presented detectable expression level from 

day 7 onwards with 15-fold up-regulation at day 30. vGlut1 protein was detected along neurites, 

in a punctuated pattern (Figure 3.13-D), suggesting its localization in synaptic vesicles. This is 

in accordance with its role in mature glutamatergic neurons, as glutamate transporter into 

synaptic vesicles (Melo et al. 2013). Thus, these results suggest that glutamatergic neurons are 

present in the differentiated neurospheres by day 30 of culture. 

     The presence of astroglia in the differentiated 3D cultures was also evaluated by RT-

qPCR and immunofluorescence.  

GFAP was already expressed at day 7 of culture, when cells still presented a neural 

progenitor phenotype (Figure 3.14-A).  

 

Figure 3.14 - hiPSC-NPC astrocytic characterization during 3D bioreactor culture system by RT-qPCR and 

immunofluorescence microscopy. (A) RT-qPCR analysis of GFAP, GLAST, S100B and GLT-1 expression. Fold 

changes in gene expression normalized to undifferentiated hiPSC-NPC, with the exception for GLT-1 (normalized to 

differentiated hiPSC-NPC at day 11). Data are mean ± S.E.M of two independent experiments. (B) Detection of βIII- 

tubulin (green) and GFAP (red). Nuclei were counterstained with DAPI (blue). Scale bars: 50 μm. Data from one 

representative experiment of two independent experiments. 

After differentiation, GFAP expression was upregulated attaining 11.8-fold increase by day 

30, which was concomitant with GFAP detection by immunofluorescence (Figure 3.14-B). 
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These results are consistent with reports of GFAP accumulation in later stages of development, 

almost exclusively in astrocytes (Middeldorp & Hol 2011).  

In order to confirm the mature phenotype of astrocytic cells, expression of S100B, GLAST 

and GLT-1 was evaluated along culture time. 

The expression of S100B was detected at day 0 and maintained in similar levels until day 30 

of culture (Figure 3.14-A).  

GLAST expression was detected at day 0 and presented a 5.7-fold increase by day 30 

(Figure 3.14-A).  

GLT-1 expression levels were also analyzed, demonstrating detectable levels from day 7 

onwards and showed a 1.8-fold increase by day 25 of culture (Figure 3.14-A). The later 

activation of GLT-1 expression as compared with GLAST, was consistent with previous reports 

describing that GLAST is already expressed in radial glial cells and other neural progenitor cells 

(Hartfuss et al. 2001), while GLT-1 expression is activated and increased during astrocytic 

differentiation, being exclusively detected in astrocytes (Minelli et al. 2001). 

In summary, the detection of GLT-1 expression in culture indicates the presence of an 

astrocytic population. Nonetheless, the lack of modulation on the expression of S100β gene 

suggests that probably an additional maturation step is required in the 3D bioreactor culture 

developed herein in order to obtain a fully mature astrocytic population. Further assessment of 

mature astrocytic markers, such as aquaporin-4, the most expressed water channel localized in 

astrocytic processes (Patel et al. 2014), and glutamine synthase, an enzyme responsible for the 

conversion of glutamine into glutamate in mature astrocytes (Allaman et al. 2011) would 

complement phenotypic analysis of the differentiated culture in this work. 

Concluding, hiPSC-NPC differentiation in a mitogen free-medium without directed 

specification towards a specific neural phenotype resulted in the generation of different types of 

neuronal and astrocytic cells present in CNS. Moreover, different neuronal subtypes such as 

glutamatergic, GABAergic and dopaminergic neurons were identified in culture.  

Furthermore, higher gene expression of SYP and earlier presence of syp protein (at day 14) 

in a vesicular pattern, as well as, higher TH and GAD 67 gene expression than in 2D adherent 

culture demonstrated the ability of 3D bioreactor culture system to enhance neuronal 

differentiation.  

This is an advantageous feature of 3D culture systems, which enhances cell differentiation 

probably by promoting cell-cell and cell-ECM interactions, which play critical roles in cell-fate 

determination and tissue specificity (Pampaloni et al. 2007).  

Neurons appeared earlier in culture attaining a mature phenotype at the end of the 

differentiation, whilst an additional maturation period might be needed to obtain mature 

astrocytic cells. This is in accordance with reports exploring neural differentiation approaches 
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for hESC that generates neurons in the first month and astrocytes only after 2-3 months of 

culture (Hu et al. 2010).  

The model developed herein has possible applications in neurological disease modeling and 

drug screening or neurotoxicity studies. The presence of dopaminergic neurons in culture allows 

to model Parkinson’s disease, where loss of dopaminergic neurons occurs (Hong et al. 2014). 

Furthermore, GABAergic dysfunction is associated with schizophrenia and bipolar disorder, 

where GAD 67 regulation is thought to be implicated, providing another set of neuronal 

disorders that could be mimicked by our 3D neural cell model (Subburaju & Benes 2012). 

 

3.3. Functionality assessment  

Considering the presence of differentiated neurons and astrocytes in the 3D bioreactor 

culture, the functionality of these cells was assessed to validate the model not only in terms of 

CNS cellular components but also the associated biological processes. In order to assess 

neuronal maturation state, both spontaneous and induced neuronal activities were assessed. Ca2+ 

imaging was performed in differentiated neurospheres, at day 7 and 30 of culture for detection 

of spontaneous neuronal activity.  

 

Figure 3.15 - hiPSC-NPC functional characterization of Ca2+ oscillations in neurospheres during 3D bioreactor 

culture. (A) Quantification of responsive cells at day 7 and 30 of culture. Data are mean ± SD of one experiment 

with two technical replicates. (B) Normalized intensity of Ca2+ oscillations at seven different cells of one 

differentiated neurosphere from day 30 of culture, imaged during approximately 5 minutes. 

At day 7, the presence of Ca2+ transients was only observed in 8 % of cells, whereas by day 

30 almost 40 % of cells were able to spontaneously elicit these Ca2+ transients (Figure 3.15-A 

and B). Ca2+ is the second messenger in the majority of neuronal activation mechanisms and its 

intracellular concentration in post-mitotic neurons increases in response to action potentials 

(Maggio & Vlachos 2014) and leads to the release of neurotransmitters (Grienberger & 

Konnerth 2012). Ca2+ ability to bind to several molecules in order to develop a regulator 

response makes it a good indicator of neuronal activity (Grienberger & Konnerth 2012). Thus, 

the results depicted in Figure 3.15 demonstrate the functional improvement of the culture at day 

30, indicating that at this time point differentiated neurospheres presented neurons with higher 

ability to respond to transient alterations in membrane polarity. A variety of spontaneous firing 
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patterns with different amplitudes (cell #1 and cell#5 for instance) was identified in individual 

cells (Figure 3.15-B). Long-term imaging and neuronal stimulation (e.g. exposure to 

neurotransmitters or higher KCl concentrations) can be implemented in future work to further 

assess the signaling frequencies and identify different populations in culture. 

In order to assess synaptic functionality, the release of vesicles loaded with fluorescent 

probe FM 1-43 was followed, upon application a depolarizing stimuli with a high KCl 

concentration solution. 

 

Figure 3.16 - hiPSC-NPC functional characterization of synaptic vesicles exocytosis in neurospheres during 3D 

bioreactor culture. Fluorescence intensity of FM 1-43 dye in exocytosis-inducing conditions to neurospheres from 

day 7 (black diamond) and from day 30 (white diamond) of culture. Data are mean ± SD of one experiment with two 

technical replicates. 

Neurospheres collected at day 7 and 30 of culture showed a decrease of fluorescence 

triggered by the depolarizing stimuli. Neurospheres at day 7 presented a 30 % decrease in initial 

fluorescence intensity, while neurospheres at day 30 showed a 50 % decrease of initial 

fluorescence intensity (Figure 3.16). These small differences observed between both culture 

time points (20 %) suggested low synaptic maturation of the generated neurons. This could be 

improved through an additional maturation step, which was demonstrated by Simão et al. (2015) 

to increase induced-synaptic activity in human midbrain cells-derived neurospheres. 

To assess astrocytic functionality, the glutamate conversion into glutamine, which is a 

specific feature of astrocytes that express glutamine synthase (Bélanger et al. 2011), was 

evaluated by measuring glutamate clearance and glutamine release from cultures at day 30, 

challenged with 5 mM glutamate (Figure 3.17). 
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Figure 3.17 - hiPSC-NPC functional characterization of glutamate uptake and glutamine production at day 30 

of 3D bioreactor culture. Extracellular concentration of glutamate (Glu, black) and glutamine (Gln, white) during 72 

h in medium containing 5 mM of glutamate. Data are mean ± SD of one experiment with two technical replicates. 

Differentiated neurospheres were able to reduce 1.5-fold glutamate concentration from 

culture medium, with a glutamate uptake rate of 6.4 ± 0.7x10-3 µmol.mg protein-1.h-1 after 72 h. 

Concomitantly, a glutamine secretion rate of 2.9 ± 0.1x10-3 µmol.mg protein-1.h-1 after 72 h was 

observed. These results suggest that the generated astrocytes were able to uptake glutamate and 

convert it into glutamine, which was then released into the extracellular compartment. However, 

when compared to the literature a higher glutamate uptake (0.385 ± 0.137 µmol.mg protein-1.h-1) 

and glutamine secretion (0.092 ± 0.026 µmol.mg protein-1.h-1) rates were described for NT2-

derived neurospheres with astrocytes differentiated for 38 days (Terrasso et al. 2015).  These 

differences may be explained by the low number of mature astrocytic cells in culture and further 

support the requirement of a maturation step in the current differentiation protocol. 

In summary, this thesis work resulted in the development of a 3D CNS model using hiPSC-

NPC, comprising the two most abundant cell types present in CNS (astrocytes and neurons), 

with functional capacity to mimic CNS biologic processes.  
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4. Conclusions 

In this work, the multipotent phenotype of a hiPSC-NPC line was evaluated in a 2D 

adherent culture system. These cells were able to differentiate towards mature neuronal 

phenotype of different lineages present in CNS, such as glutamatergic, GABAergic, 

dopaminergic and cholinergic neurons. Upon astrocytic differentiation induction, hiPSC-NPC 

were also capable to differentiate into astrocytes.  

A 3D culture was successfully implemented using a computer-controlled bioreactor system 

operating under perfusion mode for hiPSC-NPC aggregation and differentiation. This culture 

system enabled the generation of size-homogeneous neurospheres without necrotic centers. 

Moreover, neurospheres differentiation resulted in an enrichment in astrocytic and neuronal 

populations. Neuronal differentiation resulted also in the presence of different neuron subtypes, 

namely glutamatergic, GABAergic and dopaminergic neurons. The differentiation efficiency 

was confirmed by functionality assays, where the generated neurons showed to be able to elicit 

spontaneous Ca2+ transients and induced exocytosis of synaptic vesicles. Furthermore, hiPSC-

NPC neurospheres differentiation resulted in functional astrocytes able of glutamate uptake and 

glutamine synthesis/release. 

In conclusion, this work allowed the generation of a robust and reproducible human 3D 

CNS model promising for disease modeling. 

 

5. Perspectives 

In order to improve neuronal and astrocytic functionality, an additional maturation step will 

allow time for cells to mature and development the typical neural functional features. 

Electrophysiological records will also be pursued to enable more accurate assessment of 

neuronal functionality. 

 Further characterization of cellular metabolism by combining NMR with metabolic flux 

analysis tools could also be performed to describe the development of neuron-astrocyte 

metabolic interactions. 

Validation of the robustness and reproducibility of the developed 3D differentiation strategy 

would be accomplished by using hiPSC-NPC generated from other donors, both healthy and 

patients suffering from neurological disorders.  
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