
DERIVATION OF FUNCTIONAL SPINAL CORD NEURONS FROM INDUCED 

PLURIPOTENT STEM CELLS (IPSCS) VIA NEUROMESODERMAL PROGENITORS 

(NMPS) 

 

 

 

 

 

 

 

 

by 

Ezgi Bulut 

 

 

 

 

 

 

 

Submitted to Gradutae School of Natural Applied Sciences  

In Partial Fulfillment of the Requirements 

For the degree of Master of Science in 

Biotechnology 

 

 

 

 

 

 

Yeditepe University 

2022 



ii 

   

DERIVATION OF FUNCTIONAL SPINAL CORD NEURONS FROM INDUCED 

PLURIPOTENT STEM CELLS (IPSCS) VIA NEUROMESODERMAL PROGENITORS 

(NMPS) 

 

 

 

 

 

 

 

 

APPROVED BY: 

 

 

Assoc. Prof. Dr. Ayşegül Doğan  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

(Thesis Supervisor) 

(Yeditepe University) 

 

Prof. Dr. Fikrettin Şahin   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

(Yeditepe University) 

 

Prof. Dr. Ahmet Arman   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

(Marmara University) 

 

 

 

 

 

 

 

 

 

DATE OF APPROVAL:   . . . . /. . . . /2022  



iii 

   

I hereby declare that this thesis is my own work and that all information in this thesis has 

been obtained and presented in accordance with academic rules and ethical conduct. I 

have fully cited and referenced all material and results as required by these rules and 

conduct, and this thesis study does not contain any plagiarism. If any material used in the 

thesis requires copyright, the necessary permissions have been obtained. No material from 

this thesis has been used for the award of another degree. 

 

I accept all kinds of legal liability that may arise in case contrary to these situations. 

 

 

Name, Last name        Ezgi Bulut…………………….. 

Signature       …..……………….…………………….. 

 

  



iv 

   

ACKNOWLEDGEMENTS 

I would like to express my deep and sincere gratitude to my thesis supervisor Assoc. Prof. 

Dr Ayşegül Doğan for her amazing knowledge and profound guidance and for giving me an 

opportunity to work with her project in her laboratory.  

I would like to express my special thanks to my laboratory members, PhD. Taha Bartu Hayal, 

PhD candidate Selinay Şenkal and PhD candidate Hatice Burcu Şişli with their unlimited 

support and unconditional help during my master thesis. Additionally, I would like to thank 

PhD. Pınar Akkuş Süt for helping during microscopy.  

Finally and most importantly, I would like to thank my family, thank to my mother Aysu 

Bulut, my father Özcan Bulut and my brother Ali Cem Bulut for their endless love and 

understanding. 

  



v 

   

ABSTRACT 

DERIVATION OF FUNCTIONAL SPINAL CORD NEURONS FROM INDUCED 

PLURIPOTENT STEM CELLS (IPSCS) VIA NEUROMESODERMAL 

PROGENITORS (NMPS) 

Induced pluripotent stem cells (iPSCs) are generated by reprogramming of cells somatic 

cells in laboratory conditions. Although iPSCs are promising sources of cellular therapy, 

there are some ethical and physiological problems in using iPSCs in therapy. Therefore, the 

identification of safe progenitor cells derived from pluripotent stem cells is critical to control 

the differentiation capacity of pluripotent cells. Neuromesodermal progenitor (NMP) cells 

are found in primitive streak region as a bipotent cell population, which can give rise to the 

paraxial mesoderm and spinal cord during development. Motor neuron diseases (MND) are 

fatal and progressive diseases that result in the destruction of motor neurons. In motor neuron 

diseases, motor neurons lose their ability to control muscle cells causing walking, breathing, 

and speaking problems. Spinal muscular atrophy (SMA), Amyotrophic lateral sclerosis 

(ALS) and spinal cord injury are the most common motor neuron diseases that have not 

effective treatments. The pharmacological treatments only provide to extend life span and 

get strengthen life conditions. In this thesis, NMPs were derived from iPSCs, differentiated 

into spinal cord neurons and characterized. Functional neurons were characterized in vitro 

by identification of cellular and molecular mechanisms. 
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ÖZET 

NÖROMEZODERMAL KÖK HÜCRELER ARACILIĞIYLA UYARILMIŞ 

PLURİPOTENT KÖK HÜCRELERDEN (UPK) FONKSİYONEL OMURİLİK 

NÖRONLARININ TÜRETİLMESİ 

Uyarılmış pluripotent kök hücreler (UPKC) somatik hücrelerin laboratuvar koşullarında 

yeniden programlanmasıyla üretilir. UPKC’ler umut verici hücresel terapi kaynakları 

olmasına rağmen, UPKC’lerin terapide kullanılmasında bazı etik ve fizyolojik sorunlar 

vardır. Bu nedenle, pluripotent kök hücrelerden türetilen güvenli progenitör hücrelerin 

tanımlanması, pluripotent hücrelerin farklılaşma kapasitesini kontrol etmek için kritik 

öneme sahiptir. Nöromezodermal progenitörler (NMP'ler), paraksiyal mezoderm ve 

omuriliğe farklılaşabilen, ilkel çizgi bölgesinde bulunanmultipotent hücre popülasyonudur. 

Motor nöron hastalıkları (MNH), motor nöronların yıkımıyla sonuçlanan ölümcül ve 

ilerleyici hastalıklardır. Motor nöron hastalıklarında motor nöronlar, kas hücrelerini kontrol 

etme yeteneklerini kaybederek yürüme, nefes alma ve konuşma sorunlarına neden olurlar. 

Spinal müsküler atrofi (SMA), Amyotrofik lateral skleroz (ALS) ve omurilik yaralanması 

etkili tedavileri olmayan en sık görülen motor nöron hastalıklarıdır. Farmakolojik tedaviler 

sadece yaşam süresini uzatmayı ve yaşam koşullarını güçlendirmeyi sağlar. Bu tezde, 

NMP'ler UPKC’lerden türetilip, omurilik nöronlarına farklılaştırılmış ve karakterize 

edilmiştir. Fonksiyonel nöronlar, hücresel ve moleküler mekanizmaların tanımlanmasıyla in 

vitro olarak karakterize edildi. 
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1.  INTRODUCTION  

1.1.  STEM CELLS 

Stem cells are undifferentiated cells that have ability of self-renewal and differentiation into 

other cell types [1]. During the division of stem cells, one cell differentiates into a specific 

cell type which have a different function and phenotype, and the other one remains as a stem 

cell as indicated in Figure 1.1. Cytokines, transcription factors, cell-to-cell and cell-to-cell 

matrices all promote stem cell differentiation into specialized cells [2]. They are found in 

both embryos and adult [1]. 

Figure 1.1. Overview of Stem cell fate [2] 

The potency of stem cells is number and range of phenotype. During developmental process, 

differentiation capacity reduces [3]. For instance, unipotent stem cells cannot differentiate 

as pluripotent stem cells. Therefore, stem cells are divided into four groups based on their 
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potency. First one is totipotent stem cells have the ability to divide and differentiate into 

whole organism. Another one is pluripotent stem cells differentiate into all cells except for 

extraembryonic tissues such as placenta. Although multipotent stem cells have restricted 

differentiation capacity as pluripotent stem cells, they can develop many progenitor cells. 

Last one is unipotent stem cells can differentiate into one type of cells [4]. 

Adult stem cells, embryonic stem cells, and induced pluripotent stem cells are the three types 

of stem cells based on their origin. Adult stem cells are also known as somatic stem cells 

that are found in the specific niches [5]. The adult stem cells are important to maintain the 

integrity of skin, bone and blood [3]. The hematopoietic stem cells (HSCs) and mesenchymal 

stem cells (MSCs) are the part of adult stem cells. Mesenchymal stem cells are present in 

many tissues, and they differentiate into bone, cartilage and adipogenic cells. Hematopoietic 

stem cells differentiate into blood cells. Skin stem cells form a protective layer of skin [6].  

The cues that influence stem cell specialization can be classified as internal or external. 

External signals involve physical contact between cells or chemical secretion by surrounding 

tissues, whereas internal signals are regulated by genes. [5]. The other function of stem cells 

is participating internal repair system of the body [7]. While an organism is alive, formation 

of new cells and replenishment are unlimited. However, stem cell activity varies according 

to organ location. For example, the division of stem cells in bone marrow is continual. [5]. 

On the other hand, in pancreas, stem cells divide only special conditions [8].  

Stem cells are used to drug development and toxicity test. They allow faster drug 

development [9]. Additionally, stem cells have important role of regenerative medicine to 

cell therapy. Adult stem cells of bone marrow have been used for cancer treatments for many 

years [10]. For instance, HSCs have been used to treatment of leukaemia and lymphoma 

with bone marrow transplantation since 1960s [11].  Recently, ability of MSCs give rise 

bone and cartilage, they are used to medicate degenerative changes in the joint, 

reconstructing bone and cartilage, using in plastic surgery, cardiovascular diseases, and 

repair of damaged musculoskeletal tissues [12].  
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1.2.  PLURIPOTENT STEM CELL 

Pluripotent stem cells (PSCs) have the ability to differentiate into three primary germ layers: 

endoderm, ectoderm and mesoderm. Endoderm is the inner layer of three germ layer. It can 

differentiate gastrointestinal tracts and lung. Wnt and activin A drives to endoderm fate [13]. 

Also, endoderm layer expressed Sox17 transcription factor [14]. Ectoderm is outer layer and 

able to develop nervous system and retinoic acid (RA) drives to ectoderm [15]. Mesoderm 

is the middle layer characterised by expressing T box t (Brachyury) and develops muscle, 

cartilage, bone, and blood cells as indicated in Figure 1.2. They are sourced embryonic cells, 

so they are isolated from inner cell mass of preimplantation blastocyst [16]. 

There are three types of pluripotent stem cells; embryonic stem (ES) cells, embryonic germ 

cells and induced pluripotent stem cells (iPSCs). Firstly, ES cells are derived from mouse, 

non-human primates and human. They are characterized by expression of Oct4, Klf4, Sox2, 

c-myc, and Nanog. Teratoma formation of immunodeficient mice is the in vivo pluripotency 

analysis [17]. Another pluripotency characterization analysis is that PSCs can construct 

embryoid body in vitro [18]. 

Figure 1.2. Schematic representation of derivation of  Pluripotent stem cell and 

differentiation to three germ layer [20] 
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Murine ES cells were identified in early 1980s. They need to leukaemia inhibitor factor (LIF) 

or embryonic fibroblast to maintain pluripotent state. On the other hand, human ES cells 

were derived from blastocyst in vitro fertilization (IVF) in 1998 by Evans [21]. Some of new 

human ES cells line was discovered until 2004 and human ES cells can grow in vitro [6,22]. 

New standardizing protocol and medium conditions was developed. Human ES cells have 

some morphological differences from mouse ES cells [23]. In contrast, human ES cells do 

not need to LIF to maintain pluripotency state, they need to fibroblast growth factor 2 (FGF2) 

and activin A. Despite mouse ES cells express SSEA1 (stage specific embryonic antigen), 

human ES-cells express SSEA3, SSEA4, TRA1-60 and TRA1-81 [24]. Mouse ES cells are 

grown dome-shaped colonies but human ES cells colony appear a flatter in vitro [25].  

1.3.  INDUCED PLURIPOTENT STEM CELLS (iPSCs) 

Induced pluripotent stem cells (iPSCs) are derived from adult somatic cells with cellular 

reprogramming. In 2006, mouse fibroblast developed to similar properties of ESCs [26]. In 

2007, human fibroblast generates to human iPSCs with same approaches [27]. In 2006, 

introducing four genes that are Oct4, Sox2, Klf4 and c-Myc or Oct4, Sox2, Nanog and LIN28 

[28]. The transcription factors target the stemness, they are used to reprogram of potency. 

Reprogramming based on oncogenes such as Klf4 (Kruppel-like factor 4) or c-myc [29] that 

affect the downregulation of genome stability such as p53. Oct4 is another transcription 

factor that is specific to early embryogenesis and expressed in oocytes, early embryo, 

embryonic carcinoma cells, and mouse ES cells [30]. In addition, Nanog was the first 

described transcription factor provide to maintain self-renewal and pluripotency of ES cells. 

It expresses in the interior cells of the compacted morula and the ICM of the blastocyst [31]. 
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 Figure 1.3. Reprogramming of iPSCs technology [29] 

Generating of iPSCs are divided into two methods are non-viral and viral integration. iPSCs 

were generated efficiently using retroviruses and lentiviral integration but it has high risk of 

mutation potential [32]. Moloney murine leukemia virus (MMLV)-derived retroviruses are 

used to generate iPSCs. In comparison other methods, the retroviral vectors such as pMSCV 

can infect dividing cells and most efficient iPSC generated but it has highly mutagenesis and 

integrate randomly. Therefore, it is not available for clinical application. Additionally, 

lentiviral vectors can also infect dividing cells and non-dividing cells. Thus, it has high 

capacity than retroviral vectors. The non-viral methods are based on delivery of DNA, RNA 

and protein. DNA delivery for reprogramming is transfected plasmid [29]. Another method 

is RNA-based methodology reduces mutagenesis and genomic integration and more 

efficient. However, generating the modified mRNAs are more difficult than other methods 

[33]. 

In regenerative medicine, using of iPSCs is targeted to neurodegenerative disease treatment 

such as Parkinson disease, Alzheimer and spinal cord injury [33,34]. In addition to these, 

they can be used a toxicology test of cardiac myocytes and hepacytes [11]. Furthermore, 

iPSCs can be used in genetic engineering of monkey, porcine and canine to generate disease 

model and production of enzyme [35–37]. 
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1.4.  NEUROMESODERMAL PROGENITORS  

The central nervous system (CNS) is the constructed of epiblast cells in front of the anterior 

primitive steak or is known as an anterior neural plate. In vertebrates, the forebrain assembles 

in the rostralmost part of this region, but the midbrain and hindbrain appear closer to the 

primitive streak or known as (CLE). Consequently, the head and trunk nervous systems are 

different from developmental origins. Epiblast rostral to the primitive streak have head or 

neural progenitors that give rise to brain. On the other hand, trunk and posterior neural tissue 

progenitors that develop hindbrian and spinal cord-derived from the anterior region of the 

primitive streak or the caudal lateral epiblast (CLE) and node streak border (NSB) [39]. The 

trunk of the mammalian embryos contains an endoderm, spinal cord and different types of 

mesoderm axial, paraxial, intermediate and lateral plate. Two types of progenitor cells have 

the responsible of the development of this region [40]. One of them is the node that can be 

derived from axial mesoderm [41] and another one is Neural mesodermal progenitor (NMPs) 

which is bipotent stem cells that give rise to paraxial mesoderm and spinal cord. The node 

and NMPs population is associated with the caudal epiblast (CE) in the embryo [42]. 

 

 

 

 

 

 

 

 

 

 

Figure 1.4. Localization of progenitor cells of mouse embryo embryonic day 7.5 and 8.5 

[42] 
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In mouse and chick embryos, NMPs appear in the developing tail and trunk. Trunk NMPs 

are located in the caudal lateral epiblast and the node streak border and the tail NMPs are 

located in chordo neural hinge (CNH) while embryonic day (E) 8.5. as indicated Figure 1.4. 

Three pathways play role in NMP fate, Wnt pathway, Fibroblast growth factor (FGF) 

pathway and RA as shown as Figure 1.5.. When Wnt and FGF are balanced with RA, 

maintain NMP state as shown as Figure 1.4.2 [38,43]. Although Wnt and FGF pathways 

drives mesoderm, RA drives neural fate. At the same time, NMPs are distinguished by the 

coexpression of the T box factor T (Brachyury) and the neural factor Sox2, this balance 

causes maintain NMPs bipotent state. Wnt signalling maintain activation of both T and Sox2 

[44].  

 

 

 

 

 

 

Figure 1.5. Maintaining factor of Neuromesodermal progenitors [44] 

1.5.  SPINAL CORD NEURONS DEVELOPMENT 

During embryonic development in vertebrates, the dorsal mesoderm constructs notochord 

that is a rod extend to dorsal side of embryo. Therefore, mesodermal cells secrete some 

signalling molecules results the neural plate from the notochord above the ectoderm [45]. 

Neural tube give rise to spinal cord and CNS [46].  
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Inhibition of Bone morphogenetic protein (BMP) signalling induce neural cell fate [42,46]. 

Noggin, Chordin and Follistatin inhibit BMP4 and give rise to neuroectoderm [47,48]. RA 

and FGF can trigger neural tube formation that forms embryonic CNS consist of forebrain, 

midbrain, hindbrain and spinal cord as indicated in Figure 1.6.A [50]. Together with these 

signals sonic hedgehog morphogen (Shh) secreted by notochord increases ventral to dorsal 

gradient. Moreover, RA expression promotes rostral motor neurons called as rostralizing and 

FGFs promote caudal motor neurons called as caudalizing [51]. 

Figure 1.6. Development of Spinal Cord Neuron A. Development scheme of spinal cord 

from blastocyst. B. Spinal cord progenitor types and their transcription factors. C. Part of 

spinal cord and expressed transcription factors [50] 

Shh also produced of five ventral progenitor cell domains that are p0, p1, p2, pMN, and p3. 

Each one can express different transcription factor that give rise V0-V3 interneurons and 

motor neurons. pMNs are motor neuron progenitors express Pax6, Olig2, Nkx6.1 and 

Nkx6.2 [50]. 

Hox gene family play an important role in development of spinal cord neuron [51]. Hox 

genes have four chromosomal clusters: HoxA, HoxB, HoxC and HoxD and each clusters has 
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13 paralogous subsets [51,52]. Anatomically, spinal cord has four regions that are cervical, 

brachial, thoracic and lumbar. Transcription factor Hoxc4, Hox5, Hoxc8 and Hox6 promote 

cervical and branchial spinal cord, Hoxc9 expressed in thoracic spinal cord Hox10, Hox11 

and Hoxd9 lumbar part of spinal cord that indicates Figure 1.5C [50,53]. 

1.6.  MOTOR NEURONS 

Motor neurons (MNs) are also known efferent neurons are the nerve cells that are the part of 

central nervous system (CNS). They have a role of carrying impulse CNS to muscle cells 

indicates in Figure 1.7. MNs are responsible for all voluntary and involuntary movements 

[55]. Basically, motor neurons provide to move, swallow, breathe, talk, and eat. Ventral 

neural tube progenitors give a rise MNs and these progenitors generate oligodendrocyte 

precursors cells [56]. 

Motor neurons are divided into two main groups which are the upper MNs that compose 

cerebral cortex. Another one is lower MNs originate brainstem and spinal cord [57]. Upper 

MNs are placed in cortex of the brain and brainstem. Upper motor neurons are glutaminergic, 

whereas lower MN secrete neurotransmitter of acetylcholine [58].  

Lower MNs can be seen in the spinal cord and are responsible for directly signal transduction 

to organs, glands and skeletal muscles. Lower motor neurons have also four subtypes which 

are special visceral efferent motor neurons, somatic motor neurons, and general visceral 

motor neurons. Somatic motor neurons are responsible for movement [59].  
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Figure 1.7. Schematic representation of motor neurons and muscle interactions [59] 

1.7.  MOTOR NEURON DISEASES 

Motor neuron diseases (MND) are the type of neurodegenerative diseases that result in 

destroying both upper and lower motor neurons. These cells have a role of skeletal muscle 

activity such as walking, breathing, swallowing. MND is classified into four phenotypes: 

Spinal muscular atrophy (SMA), Amyotrophic lateral sclerosis (ALS), progressive bulbar 

palsy, and progressive muscular atrophy [60]. 

Spinal muscular atrophy (SMA) is genetic neurodegenerative diseases results from 

degeneration of motor neurons in spinal cord [61]. Since it is an autosomal recessive diseases 

cause deletion, conversion or mutation gene of survival motor neuron 1 (SMN1) [62–64]. 

Clinically, SMA is classified into four kinds based on the age of diagnosis [64]. 

Type I SMA disease also known Werdnig-Hoffmann disease is the most common type of 

SMA. Half of SMA patient is diagnosed with type I. It indicates before 6 months of age and 

death the first two years of life. The patients cannot sit without support and cannot head 

control.  They have trouble to swallowing and have spared diaphragm. Therefore, patients 

have problems with airway protection and have a risk of pneumonia [65,66].  
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Type II SMA diseases patients’ onset between 7-18 months. Most of the patients can sit but 

none of them stands and walks independently. Some patients have kyphoscoliosis that 

required surgical intervention [67]. 

Patients of type III are characterised onset after 18 months and patients indicate profound 

symptom heterogeneity. For instance, some of the patients need a wheelchair some of them 

can walk and live adult lives. Patients with type III SMA develop scoliosis. Lastly, type IV 

patient of SMA shows symptoms in the 20 years or 30 years of life [64,67]. 

ALS is also known classical motor neuron disease that affect both upper and lower motor 

neurons [16]. ALS is fatal diseases that lead to loss of muscle control. Early symptoms of 

ALS are muscle weakness or stiffness in bulbar muscles. Therefore, patients have trouble to 

eat, speak and finally breathe [68]. Within 3-5 years of receiving an ALS diagnosis, patients 

die from respiratory failure. 10 percent of patients is familial and other one is sporadic. Rosen 

was demonstrated that Superoxide dismutase 1 (SOD1) gene mutation establish 20 percent 

of familial ALS. There are 90 different types of SOD1 mutations. Furthermore, different 

mutations show different symptoms. Moreover, some environmental factors cause ALS. 

Neurologists detect that mercury, arsenic and lead in the blood and urine leads to ALS [69]. 

1.8.  CELL THERAPY FOR MOTOR NEURON DISEASES 

Cell therapy targets to introduce healthy cells into patients’ body that replace mutated or 

missing cells. Stem cell therapy has been developed for the treatment of both SMA and 

Amyotrophic lateral sclerosis (ALS). Differentiation potential is demonstrated by embryonic 

stem cells, neural progenitor cells (NPCs), neural stem cells, and mesenchymal stem cells 

(MSCs) [70]. Although, ES cells can differ to three germ layers, MSC and NPCs have 

restricted differentiation capacity. Therefore, ES cells can be used to therapy for motor 

neuron disease. However, isolation of MSCs is easy and MSCs are more abundant than other 

cell types [56]. Because of their potential to move into injured brain regions and stimulate 

neurogenesis, multipotent stem cells can be an appealing therapeutic alternative. Stem cell 

therapy can be approached in two ways. to help motor neuron diseases. One of them is using 

progenitor cells ex vivo to generate neuronal cells [72]. Patient-specific induced pluripotent 

stem cells therapy is a powerful treatment for motor neuron diseases such as ALS and SMA. 

iPSCs obtain from the patient’s fibroblast cells by skin biopsy. Then generating iPSCs used 
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by Yamanaka’s factor cocktail and further iPSCs generate motor neurons [56]. The second 

approach is promotion of the survival of existing cells. MSCs are appropriate cell types for 

cell therapy due to their plasticity and immunomodulatory properties [72]. MSCs can release 

cytokines and chemokines that promote survive or neurons [73]. 

1.9.  AIM OF THE STUDY 

The aim of the project is to establish fully functional motor neurons from human induced 

pluripotent stem cell via an intermediate NMP progenitor cell population. In the current 

study, we aimed to generate an ex vivo protocol to obtain spinal cord motor neurons from 

their embryonic origin cells. 
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2.  MATERIAL AND METHODS 

2.1.  iPSC GENERATION AND CELL CULTURE 

iPSCs were derived from human fibroblast cells (HDFCs) previously in our laboratory and 

used in this project. Briefly, HDFCs were reprogrammed into iPSCs with StemRNA 3rd Gen 

Reprogramming Kit (ReproCELL, USA) at passage 7 using Lipofectamine RNAiMAX 

(#13778150, Invitrogen, USA) based on manufacturer’s instructions [74]. iPSCs were 

cultured in mTESR medium (#85850, StemCell Technologies, Canada) on hESC-qualified 

Matrigel (#356230, Corning, USA) coated 6-well plates and incubated at 37°C and 5 percent 

CO2  in an incubator. The medium of cells was replaced each day. 

2.1.1.  Live Alkaline Phosphatase (ALP) Activity  

iPSCs were rinsed with DMEM/F-12 media (#11320033, Gibco, UK). 500X stock Alkaline 

phosphatase live stain solution (#A14353, Thermo Fischer, USA) was diluted in DMEM/F-

12 medium and applied onto adherent iPSCs based on the manufacturer’s protocols [75]. 

The iPSCs have been incubated with ALP dye for 20 minutes in the incubator at 37°C and 

5percent CO2 in atmosphere and then washed with the DMEM/F-12 media twice to remove 

excess dye. After that, iPSCs were visualized under fluorescent microscopy (Axio Vert.A1; 

Zeiss, Germany) equipped with AxioCam ERc5s camera. Images were captured 30 minutes 

after staining and positive colonies were selected in Zen 3.3 blue edition software (Carl Zeiss 

Microscopy, NY, USA).  

2.1.2.  Trilineage Differentiation  

iPSCs can differentiate into endoderm, ectoderm, and mesoderm lineages.  iPSCs were 

seeded onto hESC qualified matrigel coated 12 well-plate and treated with STEMdiff™ 

Trilineage Differentiation Kit (#05230, StemCell Technologies, USA) [76]. Endoderm and 

mesoderm induction media were applied for 5 days while ectoderm media was applied for 7 

days. After differentiation, cells were immunostaining with Pax6 (mouse, #sc-12721, 

SantaCruz Biotechnologies, USA), Sox17 (rabbit, #NBP2-24568, Novus Biological, USA) 
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and T/Bra (mouse, # sc-374321, SantaCruz Biotechnology, USA) and visualized under 

fluorescent microscopy (Axio Vert.A1; Zeiss, Germany) equipped with AxioCam ERc5s 

camera. 

2.1.3.  Chromosome Abnormality  

Genomic DNA was isolated from iPSCs with a High Pure Genomic DNA Purification Kit 

(#11796828001, Roche, USA). Then, a qPCR-based hPSC Genetic Analysis Kit (#07550,  

STEMCELL Technologies, USA) was used for the detection of the karyotyping 

abnormalities in iPSCs according to the manufacturer’s procedures. 

2.2.  DERIVATION AND CHARACTERIZATION OF NEUROMESODERMAL 

PROGENITORS (NMPS)  

iPSCs were harvested with Versene solution and seed on the low attachment 24-well plate 

at the 2x105 cells per well in N2B27 (3 µM CHIR99021 (#72052, StemCell Technologies, 

Canada), 12 ng per ml bFGF (#100-18B, Peprotech, UK) and 10µM ROCK inhibitor Y-

27632 (#72302, StemCell Technologies, Canada)) for 3 days according to the previously 

published protocol with minor modifications [77]. N2B27 medium is a serum free medium 

for generation of embryoid bodies which consists of a ratio of 1:1 DMEM-F12 medium and 

Neurobasal medium (#21103049, Gibco, UK) 0.5percent N2 supplement (#17502048, 

Gibco, UK), 1 percent B-27 supplement (#A3582801, Gibco, UK), 0.5percent of Bovine 

serum albumin (BSA, #A1595, Sigma, USA), 1 percent L-glutamine (#G7513, Sigma, USA) 

and 1 percent penicillin- streptomycin- and amphotericin B (PSA, #15240062, Gibco, UK). 

2.2.1.  Characterization of NMPs by Immunocytochemistry 

NMPs were seeded on Matrigel-gelatine coated eight well chamber (30108, SPL, Korea) and 

incubated at 37°C and 5 percent CO2 in a humidified incubator. They have been fixed with 

4 percent paraformaldehyde (PFA) for 30 minutes and permeabilized in 0.1percent Triton-

X (#X100, Sigma, USA) in PBS for 5 minutes. Then, NMPs were washed with PBS-

Tween20 and blocked with 1percent BSA for 40 minutes. After that, NMPs were incubated 
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with the following primary antibodies Sox-2 (mouse, #sc-365823, SantaCruz 

Biotechnology, USA), T/Bra (mouse, #sc-374321, SantaCruz Biotechnology, USA), Apelin 

Receptor (mouse, #702069, Invitrogen), β-catenin (rabbit, #8480s, Cell Signalling 

Technologies), Active β-catenin (rabbit, #8814S, Cell Signalling Technologies for overnight 

at 4˚C. After that, NMPs were rinsed and incubated with secondary antibodies consist of 

AlexaFluor 488 (anti-mouse, #4408S, Cell Signaling Technology, USA) and AlexaFluor 

647 (anti-rabbit, #4414S, Cell Signaling Technology, USA) for 40 minutes at the room 

temperature. For nuclei staining, DAPI (1:10000; # A1001.0010, Applichem, Germany) was 

used in the secondary antibody. The pictures of samples were visualized using a confocal 

microscope (LSM 700; Zeiss, Heidelberg, Germany). Finally, using the Zen 2011 software 

density measurements of staining was calculated. The results were converted into graphs by 

statistical analysis using the GraphPad Prism 8 software (GraphPad Software, San Diego, 

CA, USA). 

2.2.2.  Characterization of NMPs by qPCR 

Total RNAs were isolated using Trizol solution (#T9424, Sigma, USA) based on the 

manufacturer’s instructions. cDNA was synthesized by a High-Capacity cDNA Reverse 

Transcription kit (#4374967, ThermoScientific, USA). Primers (Table 2.2.2) have been 

designed by software of Primer-BLAST from the National Center for Biotechnology 

(Bethesda, MD, USA) and they were synthesized by Sentegen (Ankara, Turkey). For 

normalization, β-actin was employed as a housekeeping gene. SYBR green method was 

applied to determine gene expression. 1 µl of synthesised cDNA (1000ng/ml) were mixed 

with primers, SYBR-mix (#K0221, Fermentas, USA) and PCR grade distilled water 

(#SH30538.02, Hyclone, USA). CFX96 qPCR system (Bio-Rad, Hercules, CA) was utilized 

in all qPCR experiments.  
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2.3.  DIFFERENTIATION OF NMPS INTO SPINAL CORD NEURONS  

NMPs were plated at cells on Matrigel-gelatin (1:200) coated 100 mm petri dishes in N2B27 

medium supplemented with 0.1 µM Retinoic Acid (RA, #ab120728, Abcam, UK), 0.5 µM 

SAG dichloride (SML1314, Sigma Aldrich, Merck, Germany) and 10µM ROCK inhibitor 

for 2 days. After that, the cells were plated on Matrigel-gelatin coated 100 mm petri dishes 

in N2B27 medium consist of 0.1 µM RA and 50 ng per ml Shh for 2 days. The cells were 

plated on Matrigel-gelatin coated 100 mm petri dishes in N2B27 medium containing 0.1 µM 

Retinoic acid and 50 ng per ml Sonic hedgehog for a day. Then, the cells were plated on 

Matrigel-gelatin coated 100 mm petri dishes in N2B27 medium supplemented with 0.1µM 

RA and 50 ng per ml Shh and 10 ng per ml bFGF (#100-18B, Peprotech, UK). Until the end 

of 40 days differentiation protocol was shown as Figure 2.3. 

2.4.  CHARACTERIZATION OF SPINAL CORD NEURONS 

2.4.1.  Morphology Analysis  

The morphologic change in the neuron differentiation culture was monitored by light 

microscope images taken during differentiation protocol with an inverted microscope (Nikon 

Eclipse, TE200) equipped with Nikon Eclipse, TE200 camera using NIS Elements BR 2.30 

software program. 

2.4.2.  Immunocytochemical Analysis 

iPSCs derived SC neurons were seeded on Matrigel-gelatine coated the eight well chamber 

at density of 5x103 cells and incubated at 37°C and 5 percent CO2. They were fixed with 4 

percent PFA for 30 minutes and permeabilized in 0.1percent Triton-X (#X100, Sigma, USA) 

in PBS. Then, iPSCs derived SC neurons were washed with PBS and blocked with 1percent 

BSA for 40 minutes. Afterwards, cells were incubated with primary antibodies Sox2 (rabbit, 

#3579, Cell Signalling, USA), NeuroD1 (mouse, #ab60704, Abcam, UK), MAP2 (rabbit, 

#45425, Cell Signaling, USA), NEFH (mouse, #13-1300, Thermo Scientific), β-tubulin III 

(rabbit, #ab18207, Abcam, UK), Islet1 (mouse, #ab86472, Abcam, UK) and Islet2 (rabbit, 



17 

   

#176576, Cell Signaling, USA), Neun (rabbit, #ab177487, Abcam, UK), Pax6 (mouse, #sc-

12721, SantaCruz Biotechnologies, USA), Mnx1 (rabbit, #ab92606, Abcam, UK)for 

overnight. After that, iPSCs derived SC neurons were washed with PBS-Tween20 and 

incubated with secondary antibodies including AlexaFluor 488 (anti-mouse, #4408S, Cell 

Signaling Technology, USA) and AlexaFluor 647 (anti-rabbit, #4414S, Cell Signaling 

Technology, USA) for 40 minutes at the room temperature. For nuclei staining, DAPI 

(1:10000) was used with secondary antibody. The pictures of samples were captured using 

a confocal microscope Zen 2011 software was used for staining density measurements.  

2.4.3.  Quantitative Real-Time PCR Analysis 

Total RNAs were isolated using Trizol solution according to manufacturer’s protocol. cDNA 

was synthesized by HighCapacity cDNA Reverse Transcription kit (#4374967, 

ThermoScientific, USA). Primers had been designed by software of Primer BLAST from 

the National Center for Biotechnology and synthesized by Sentegen. For normalization, β-

actin was employed as a housekeeping gene. SYBR green method was applied to determine 

gene expression. 1 µl of synthesised cDNA (1000ng/ml) were mixed with primers, SYBR-

mix (#K0221, Fermentas, USA) and PCR grade distilled water (#SH30538.02, Hyclone, 

USA). CFX96 qPCR system (Bio-Rad, Hercules, CA) was utilized in all qPCR experiments. 
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Table 2.1. Primers used in qPCR analysis for NMP characterization 

 

 

 

 

 

 

Gene Species Primer Sequence 

β-Actin Human 
F 5’GACAGGATGCAGAAGGAGATTACT 3’ 

R 5’TGATCCACATCTGCTGGAAGGT 3’ 

AR Human 
F 5'GGCCAGTGGCCAATGCTC 3' 

R 5'AGGGCATCCAGCACAGGG 3' 

Wnt3a Human 
F 5’ TCAGCTGCCAGGAGTGCACG 3’ 

R 5’ CGCCCTCAGGGAGCAGCCTAC 3’ 

Sox-2 Human 
F 5’ GGGAAATGGGAGGGGTGCAAAAGAGG 3’ 

R 5’TTGCGTGAGTGTGGATGGGATTGGTG 3’ 

T/Bra Human 
F 5’ TATGAGCCTCGAATCCACATAGT 3’ 

R 5’ CCTCGTTCTGATAAGCAGTCAC 3’ 

Nkx1-2 Human 
F 5’ CCCTCCCACCACAAGATTTCT 3’ 

R 5’ GACCTCCGCCAAACTTTTCCT 3’ 

Mixl-1 Human 
F 5’CTGTGCTACTGAAA 3’ 

R 5’ TGGGAGCAGAGATG 3’ 

PDGFR Human 
F 5’TCAGCTACAGATGGCTTGAR 3’ 

R 5’GCCAAAGTCACAGATCA 3’ 
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Table 2.2. Primers used in qPCR analysis for Spinal Cord characterization. 

HOXA4 Human 
F 5’ GTTGCCACCCAAGAGAGAAC 3’ 

R 5’ CCAAGTAGTCCTTCTCAGGTATCC 3’ 

Β-Tubulin Human 
F 5’ GCAACTACGTGGGCGACT 3’ 

R 5’ CGAGGCACGTACTTGTGAGA  3’ 

NeuroD1 Human 
F 5’ GGATGACGATCAAAAGCCCAA 3’ 

R 5’ GCGTCTTAGAATAGCAAGGCA3’ 

Neurog2 Human 
F 5’ AGGAAGAGGACGTGTTAGTGC 3’ 

R 5’ GCAATCGTGTACCAGACCCAG 3’ 

Tuj1 Human 
F 5’ GGCCAAGGGTCACTACACG 3’ 

R 5’ GCAGTCGCAGTTTTCACACTC 3’ 

MNX1 Human 
F 5’TTACCTGACTTATGAAACTTGAAACC 3’ 

R 5’CCCAGAGACGTAAGCATAAACC 3’ 
 

ISL1 Human 
F 5’ AAACAGGAGCTCCAGCAAAA 3’ 

R 5’ AAAGGACTCTTTCAGCCAAGG 3’ 
 

Pax3 Human 
               F 5’ ATTGGCAATGGCCTCTCA 3’ 

                   R 5’ AGGGGAGAGCGCGTAATC 3’ 
 

Pax6 Human 
R 5’GGTGTGTGAGAGCAATTCTCAG 3’ 

F 5’ GCACACACACATTAACACACTTG 3’ 

NKX6.1 Human 
F 5’ GAGATGAAGACCCCGCTGTA 3’ 

R 5 ‘GACGACGACGAGGACGAG 3’ 

NKX6.2 Human 
F 5’AGCACAAACCCTCGAACTTG 3’ 

R 5 ‘CCCGGATTCTGCAAAAATAG 3’ 

NKX1/2 Human 
F 5’ GTCGAAGCGGGGAAAGAT 3’ 

R 5 ‘GATCCTCCGATCCTCCT 3’ 
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2.4.5.  Staining by Fluo-4 AM 

iPSCs derived SC neurons were seeded on Matrigel-gelatin coated 24 well-plate. After a 

day, discarded medium and loaded Fluo-4 AM (#F10489, Invitrogen, UK) for 30 minutes 

incubated at 37˚C [78]. After the incubation, the iPSCs derived SC neurons were rinsed with 

PBS for 5 minutes. Then, iPSCs derived SC neurons were visualized in live-cell image 

microscope (Axio Observer, Zeiss, Germany) with Axicam 705 mono camera for 10 seconds 

intervals in 15 minutes. Fluo-4 intensity was measured on Zen 3.3 blue edition software and 

intensity results were converted into graphs by statistical analysis using the GraphPad Prism 

8 software  

2.4.6.  Protein Profiling 

Protein pellet was collected at day 0, day 3, day 15 and day 30. LC/MS analysis was 

performed for these days according to the previously published protocol in Kocaeli 

University [79]. Briefly, the proteins were run on 12 percent SDS-PAGE and the gel was 

stained with colloidal Coomassie Blue G-250 after fixation in 40 percent methanol 

containing 10 percent acetic acid. After the protein bands were cut, in-gel tryptic digestion 

was performed and the peptides were analyzed by nLC-MS/MS using Ultimate 3000 RSCL 

nanosystem (Dionex, Thermo Fisher Scientific, USA) coupled to a Q Exactive mass 

spectrometer (Thermo Fisher Scientific, USA). Xcalibur 4.0 software (thermo Fisher 

Scientific, USA) was used. Mobile phases A and B were used for high performance liquid 

chromatography (HPLC) and full-scan MS spectra were acquired. The top ten precursor ions 

were selected to perform MS/MS and the protein identification analysis were done using 

Proteome Discoverer 2.2 software (Thermo Fisher Scientific, USA) and searched against the 

database of Uniprot/Swissprot. 
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2.5.  IN VITRO REGENERATION POTENTIAL 

2.5.1.  Myogenic differentiation of ASC Telo cells 

ASC Telo cells (SCRC-4000, ATCC) were seeded on 12 well plate at 1x104 cells per well 

with DMEM (#11965084, Invitrogen, Gibco, UK) low glucose. After one day of incubation, 

media was replenished by myogenic medic containing 5 percent (v/v) horse serum, 0.1 µM 

dexamethasone and 50 μM hydrocortisone (Sigma, St. Louis, MO, USA) in DMEM contains 

10 percent FBS and 1 percent PSA. 

Characterization of myogenic cells was conducted by MyoD (rabbit, sc760, SantaCruz 

Biotechnology, USA), Desmin (rabbit, #sc-14026, SantaCruz Biotechnology, USA), Myh 

(rabbit, sc20641, SantaCruz Biotechnology, USA) immunostaining. Additionally, 

morphologic pictures were captured by microscope  

2.5.2.  Establishment of Neuromuscular junction 

Spinal Cord neurons were cocultured with myogenic cells in 10 ng per ml bFGF in N2B27 

medium and myogenic medium with a 1:1 ratio and another well was cultured with 10 ng 

per ml bFGF in N2B27 medium contains 5 percent horse serum and 10 percent fetal bovine 

serum for neuromuscular junction formation. Myogenic cells were stained with PKH67 

green cell labelling kit (#MINI67-1KT, Sigma Aldrich, Merck, Germany), SC neurons were 

stained with PKH26 red cell labelling kit (#MINI26-1KT, Sigma Aldrich, Merck, Germany). 

The cells were seeded on Matrigel-gelatin (1:200) coated 12 well plate and cells were 

incubated at 37 °C and 5 percent CO2 for 4 hours. After that, the SC neurons were visualised 

in a live-cell image microscope (Axio Observer, Zeiss, Germany) with Axicam 705 mono 

camera for a day interval in 2 hours. 
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2.5.3.  Co-culture  

Spinal cord neurons were seed on 24 well plate and myogenic cells were seeded on 0.4 µm 

insert (354572, Corning, USA) with myogenic and 10 ng per ml bFGF in N2B27 medium 

with 1:1 ratio and another well was cultured with 10 ng per ml bFGF in N2B27 medium 

consist of 5 percent horse serum and 10 percent fetal bovine serum. The cells were incubated 

at 37 °C and 5 percent CO2 for a day. After a day, cells were stained with crystal violet and 

the pictures were taken by a microscope (Axio Vert.A1; Zeiss, Germany)  

2.6.  AXON ELONGATION ANALYSIS 

SC neurons (ganglions) were placed on 10 cm dish. The length of the neuron and its axon 

length was taken pictures by light microscope images taken during differentiation protocol 

with an inverted microscope (Nikon Eclipse, TE200) equipped with Nikon Eclipse, TE200 

camera using NIS Elements BR 2.30 software program. Then, the length of the axon was 

measured in Image J software. Additionally, SC neurons were placed on 24 well plate. The 

axon length and axon networking was visualized in live-cell image microscope (Axio 

Observer, Zeiss, Germany) with Axicam 705 mono camera for a day interval in 15 minutes. 

The length of the axon networking was measured with Wimasis software, and the length of 

the neuron was measured on Zen 3.3 blue edition software  

2.6.1.  Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy 

(SEM) 

Spinal cord neurons were fixed with 2.5 percent glutaraldehyde and formaldehyde in PBS 

for 2 hours at room temperature. After fixation, the cells were rinsed by dH2O two times for 

10 minutes. Then, the sample was dropped on holey carbon films on 200 mesh copper grids 

(#AGS147, Agar Scientific) and washed three times water and deep the Uranyl acetate 

(#19485, TED PELLA, USA) and other sample were stained with methylamine tungstate 

negative stain (#A51036, Thermo Scientific). Then, Spinal cord neurons were visualized in 

TEM (Jem2100Plus, Axio, Zeiss, Germany) with 120 kV. 
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The dried samples were coated with gold-platinum with a 7.5 nm thickness by BALTEC 

SCD005 sputter on Leica EM ACE200 vacuum coater and the neurons were visualized by 

Zeiss Evo40 SEM (Zeiss, Heidelberg, Germany).  

2.6.2.  Immunocytochemistry  

iPSCs derived SC neurons were seeded on Matrigel-gelatine coated the coverglass at the 

density of 5x103 cells and incubated at 37°C and 5 percent CO2 in a humidified incubator. 

They had been fixed with 4 percent PFA for 30 minutes at 4°C and were permeabilized in 

0.1percent Triton-X in PBS for 5 minutes. Then, iPSCs derived SC neurons were washed 

with PBS-Tween20 and blocked with 1 percent BSA for 40 minutes. Afterwards, cells were 

incubated with a primary antibody with Synaptophysin (mouse, #ab8049, Abcam, UK) for 

overnight. After a day, cells were washed with PBS and treated with the secondary antibody 

of AlexaFluor 488 (anti-mouse) and for nuclei staining, DAPI was used for 30 minutes at 

room temperature. Then, iPSCs derived SC neurons were rinsed with PBS-Tween20 and 

cells were incubated with Alexa Flour 594 phalloidin (#A12381, Thermo Fischer Scientific) 

for 20 minutes. The cells were visualized by confocal microscopy. 

2.7.  CRYOPRESERVATION CAPACITY OF iPSCs DERIVED SPINAL CORD 

NEURONS 

Mature motor neurons at day 30 were freeze by three different solutions. One of them is 

containing 20 percent FBS 10 percent DMSO, 70 percent 10 ng per ml bFGF in N2B27 

media. Second one was containing 10 percent DMSO and 90 percent 10 ng per ml bFGF in 

N2B27 media. Third one was StemCell Banker (#11890, Amsbio, USA). After a week, the 

neurons were thawed and seeded on Matrigel coated 10 cm dish. Morphologic pictures were 

taken by with an inverted microscope (Nikon Eclipse, TE200) equipped with Nikon Eclipse, 

TE200 camera using NIS Elements BR 2.30. Then, neurons were freeze by FBS containing 

freezing media. After three weeks of freezing, neurons were thawed and seeded on Matrigel 

coated 10 cm dish. The morphologic pictures were taken for 5 days interval and measured 

calcium influx by Fluo-4. 
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2.8.  MOUSE EMBRYONIC STEM CELLS DIFFERENTIATE INTO SPINAL 

CORD NEURONS 

2.8.1.  Cell Culture 

R1, mouse embryonic stem cells, (SCRC-1036, ATCC) were cultured on embryonic 

fibroblasts (MEFs) which had treated mitomycin c (Sigma, USA) in DMEM supplemented 

with 15 percent ESC qualified FBS (Invitrogen, Gibco, UK), 1 percent PSA, 2 mM glutamax 

(Invitrogen, Gibco, UK), 1X nonessential amino acids (Invitrogen, Gibco, UK), and 100 

U/mL LIF (Peprotech, UK) and incubated at 37 °C and 5 percent CO2 atmosphere in an 

incubator. 

2.8.2.  Differentiation of mESCs to SC neurons via NMPs 

R1 cells were trypsinized for 2 minutes and reseeded on the 10 cm dishes. Then, the cells 

were incubated for 30 minutes in an incubator to separate MEFs at 37 °C and 5 percent CO2 

atmosphere. Then, R1 cells were collected and seed on the low attachment 24-well plate at 

a density of 2x105 cells per well in N2B27 medium contains 12 ng per ml bFGF and 10µM 

ROCK inhibitor for 2 days. After two days, medium was changed with N2B27 medium 

supplemented 12 ng per ml bFGF and 3 µM CHIR.  

NMPs were plated at cells on Matrigel-gelatin (1:200) coated 100 mm petri dishes in N2B27 

medium supplemented with 0.1µM Retinoic Acid, 0.5 µM SAG dichloride and 10µM 

ROCK inhibitor Y-27632 for 2 days. After Shh supplemented N2B27 medium for 2 days. 

After two days, the cells were plated in N2B27 medium supplemented 0.1µM RA, 50 ng per 

ml Shh, and 10 ng per ml bFGF supplemented N2B27 medium for a day. After a day, the 

cells were plated in in N2B27 medium supplemented 10 ng per ml bFGF until the end of 30 

days differentiation protocol. 
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2.8.3.  Characterization of mESCs derived SC neurons 

2.8.3.1  Morphologic Analysis of mESC derived SC neurons  

Morphologic pictures of mESCs derived SC neurons were taken at day 15 and at day 30 with 

an inverted microscope (Nikon Eclipse, TE200) equipped with Nikon Eclipse, TE200 

camera using NIS Elements BR 2.30 software program. 

2.8.3.2  Immunostaining of mESC derived SC neurons  

mESCs derived SC neurons were seeded on Matrigel-gelatine coated the eight well chamber 

at the density of 5x103 cells and incubated at 37°C and 5 percent CO2 in a incubator. They 

have been fixed with 4 percent PFA and were permeabilized in 0.1 percent Triton-X in PBS. 

Then, mESCs derived SC neurons were washed with PBS and blocked by 1percent BSA for 

40 minutes. Following that, mESCs derived SC neuorons were incubated with primary 

antibodies Sox2 (rabbit), NeuroD1 (mouse), MAP2 (rabbit), β-tubulin III (rabbit), Islet1 

(mouse) and Islet2 (rabbit), Neun (rabbit), Pax6 (mouse), Mnx1 (rabbit) for overnight. After 

that, mESCs derived SC neurons were washed with PBS-Tween20 and incubated with 

secondary antibodies consist of AlexaFluor 488 (anti-mouse) and AlexaFluor 647 (anti-

rabbit) for 40 minutes at room temperature. For nuclei staining, DAPI (1:10000) was used. 

The images of samples were captured using a confocal microscope. Zen 2011 software was 

used for staining density measurements.  

2.8.3.3  Fluo-4 Staining 

mESC derived cells were cultured on Matrigel-gelatin coated 24 well-plate. After a day, 

discarded medium and loaded Fluo-4 AM for 30 minutes incubated at 37˚C [78]. Then, the 

cells were rinsed with PBS for 5 minutes. After that, cells were visualized in live-cell image 

microscope with Axicam 705 mono camera for 10 seconds intervals in 15 minutes. Fluo-4 

intensity was measured on Zen 3.3 blue edition software and intensity results were converted 

into graphs by statistical analysis using the GraphPad Prism 8 software. 

 



26 

   

2.9.  STATISTICAL ANALYSIS AND SOFTWARE 

All statistical analysis was performed by GraphPad Prism 8.0.0 for Windows (GraphPad 

Software, San Diego, California USA, www.graphpad.com). Two-way analysis of variance 

(ANOVA) with Tukey’s post-hoc test was applied for statistical analysis values were 

accepted less than 0.05 and all experiments was performed triplicate. Additionally, axonal 

length analysis was performed Wimasis web site, neutrite outgrowth tool (Onimagin 

Technologies, Cordoba, Spain, www.wimasis.com). Confocal microscope analysis and 

Fluo-4 intensity analysis was performed using Zen 3.3 blue edition software. Additionally, 

Heat map and PCA of protein profiling was performed by Perseus software (V1.6.15.0, 

(https://maxquant.net/perseus/), protein interactions were detected by String website 

(https://string-db.org/),  biologic process and found in tissue analysis were performed David 

websites (Laboratory of Human Retrovirology and Immunoinformatics,Fredrick, Maryland 

USA, https://david.ncifcrf.gov/) [80,81] and expressed common protein analysis was 

performed by Perseus but multiple Venn scheme was drawn by interactivenn website 

(www.interactivenn.net) [82] 
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3.  RESULTS 

3.1.  iPSC CHARACTERIZATION 

iPSCs were generated from HDFCs with StemRNA 3rd Gen Reprogramming Kit. They were 

characterized by immunocytochemistry analysis. The iPSCs were highly expressed Nanog, 

Oct3/4 and TRA1-60 and have not expressed SSEA-1 (Figure 3.1a). The iPSCs were staining 

with Alkaline phosphatase live stain. Alkaline phosphatase up-regulated in iPSCs. (Figure 

3.1c). Telomerase activity was 3.5-fold high in iPSCs compared to positive control (Figure 

3.1e). The PCR product of the telomerase assay was loaded on the agarose gel and the band 

of iPSC high density of positive control as indicated in Figure 3.1e. Another iPSCs 

characteristic analysis is chromosome abnormality which was detected with a qPCR-based 

hPSC Genetic Analysis Kit. Chromosome of 1q, 4p, 8q, 10p, 12p, 17q, 18q, 20q and X were 

analysed by qPCR. There was not significant fold change observed compared to control. 

Therefore, there was no chromosome abnormality of iPSCs. Moreover, iPSCs were 

differentiated into endoderm, mesoderm, and ectoderm layer with STEMdiff™ Trilineage 

Differentiation Kit and morphologic pictures of differentiated cells were taken and indicated 

in Figure 3.2. Differentiated cells were stained with Pax6, Sox17 and T/Bra. Ectoderm 

differentiated cells expressed Pax6. T/Bra was expressed on the mesoderm differentiated 

group and Sox17 was expressed on endoderm differentiated group (Figure 3.2c). 
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Figure 3.1. iPSCs were generated from HDFCs. (a) Immunostaining of iPSCs by Nanog, 

Oct3/4, TRA1-60 and SSEA-1, (b) Histogram graph of immunostaining of four markers, 

(c) ALP staining pictures, (d) Analysis of Chromosome abnormality 
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Figure 3.2. iPSCs were differentiated into three germ layers (a) Timeline of differentiation 

protocol (b) Morphological pictures of differentiated iPSCs (c) Immunostaining analysis of 

T/Bra, Pax6 and Sox17. Note: Scale bar: 50 µm 
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3.2.  iPSCs DIFFERENTIATE INTO NMPS 

 

iPSCs (Day 0) were differentiated to NMPs (Day 3) by treated bFGF and CHIR99021 which 

agonist WNT pathways for 3 days (Figure 3.3a). On day 3, Sox2 and T/Bra coexpressed 

NMPs were generated successfully (Figure 3.3b). Active β-catenin was expressed in NMPs 

and a mesodermal marker of apelin receptor expression was determined on NMPs. The gene 

expression of NMPs marker AR, T/Bra, Wnt3a increased 100-fold, Mixl-1, PDGFR and 

Nkxl-1 10-fold at Day 3 NMPs according to Day 0 cells. Additionally, Sox2, pluripotent and 

NMP marker, expression was not changed significantly as expected.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. iPSCs were differentiated into NMPs. (a) Schematic representation of NMP 

differentiation protocol. (b) qPCR analysis of NMP markers. (c) Immunostaining analysis 

of T/Bra and Sox2 coexpression and Apelin Receptor, β-catenin and active β-catenin 
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3.3.  DIFFERENTIATION OF NMPS INTO SPINAL CORD NEURONS  

3.3.1.  Morphological Analysis 

The NMPs were differentiated into spinal cord neurons with 40 days differentiation period. 

NMPs (Day 3) were differentiated with 0.1 µM RA and 0.5 µM SAG for 2 days. After that, 

cells at Day 5 were differentiated with N2B27 medium supplemented with 0.1 µM RA and 

50 ng per ml Shh for 2 days. Then, on day 7 cells were differentiated with N2B27 

supplemented with 0.1 µM RA, 50 ng per ml Shh and 10 ng per ml bFGF for a day. After 

that, cells at Day 8 were differentiated with N2B27 supplemented with 10 ng per ml bFGF 

to Day 40 (Figure 3.4a). The morphologic pictures were taken at different time intervals 

during the differentiation protocol. On Day 3, the morphology of NMPs was the spherical 

embryoid body. The cells were spreading, and a spindle-like structure was observed on Day 

5. Neuron like structure and axonal lengthen were determined on Day 10. In addition, branch 

structure was increased from Day 10 to Day 40 (Figure 3.4c).  

Figure 3.4. NMPs were differentiated to spinal cord neurons. (a) Schematic representation 

of the differentiation protocol of iPSCs. (b) Table of differentiation medium supplements 

(c) Light microscope images of differentiated cell. Scale bar 200 µm 
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3.3.2.  Immunocytochemistry Analysis 

Neural and neural progenitor markers expression was detected by ICC. A neural marker of 

β-tubulin is the part of tubulin, and it is also known tubulin III, it is highly expressed neural 

cells and provides to axonal transport and microtubule formation in body of neurons [83]. 

According to this, tubulin expression was expressed from Day 3 to Day 30. Neun, which 

stands for neuronal nuclei, is the neuron-specific nuclear protein [84,85] . Furthermore, 

Tyrosine Hydroxylase, TH, is the biosynthetic enzyme that play role in neurotransmitter 

synthesis. Thus, it is late marker. TH expression has increased from Day 3 to Day 30. 

Ventral/motor neuron progenitor can differentiate motor neurons [86]. The ventral 

progenitor marker of MNX-1 which is terminal transcription factor expression was increased 

3-fold on Day 30 as indicated in Figure 3.5.  

On the other hand, Sox2 is the expressed by NMPs expression was decreased dramatically 

from Day 3 to Day 30. The cells lost mesodermal fate until differentiation. Isl-1 and Isl-2 

are the early marker of neurons which promote motor neuron differentiation [87], their 

expression was increased at Day 3 but it was diminished through Day 30. Otherwise, the 

motor neuron progenitor gene of PAX-6 which is the transcription factor of neurogenesis 

expression was dramatically reduced from Day 5 to Day 30.  Surprisingly, the expression of 

Neurofilament (NF) is the intermediate filament which is found in the cytoplasm of a neuron 

was increased 2 fold at Day 5 [88]. Then expression was reduced on Day 10 but increased 

through Day 30 as indicated in Figure 3.5.. 
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Figure 3.5. Immunocytochemical analysis of Neural markers. (a) Immunostaining of SC 

neurons at day 0, day 3, day 10, day 15 and day 30 was taken by confocal microscope at 

20X magnification. (b) Heat map representation of expression levels of SC neurons 

3.3.3  Flou-4 Staining and Live Cell Analysis 

In live cell, Fluo-4 intensity of cells was measured for detection of calcium influx on Day 

15, Day 30 and Day 40. At the one section of cells, it was demonstrated that increased and 

reduced Fluo-4 intensity according to time (Figure 3.6). The cells at Day 15, Day 30 and 

Day 40 Fluo-4 intensity was increased 1.2 fold, 1.4 fold and 1.5 fold, respectively. To 

compare day, SC neurons at Day 30 had more intensity than Day 15 and Day 40. Conversely, 

the Fluo-4 intensity of two cells was measured in a 10-second interval it was shown in Figure 

3.3.4a. The peak of intensity was shifted according to 10-second period. It has been 

demonstrated that Fluo-4 intensity altered to depend on the distance as shown as Figure 3.7.. 

The fluo-4 intensity was decreased in a cell while it was increased in another cell. 
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Figure 3.6. The graphs of Fluo-4 intensity versus time (seconds) of three different cells on 

Day 15, Day 30 and Day 40 
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Figure 3.7. The graphs of Fluo-4 intensity versus distance according to 10-second 

intervals. (a) Schematic representation of Fluo-4 intensity measurement between two cells. 

(b) The graphs of intensity versus distance were indicated for 10 seconds intervals 
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3.3.4.  Protein Profiling  

The protein expression of cells obtained from day 0, day 3, day 10, day 15 and day 35 was 

detected by LC-MS analysis. According to LC-MS results, a heat map indicates that NMPs 

(Day 3) and spinal cord (SC) neurons at Day 10 were closest group with respect to protein 

expression levels and protein expression of SC neurons at Day 15 was close to SC neurons 

at Day 35. Additionally, the hierarchical cluster analysis demonstrated that Day 35 SC 

neurons and Day 15 neurons were close with 31.5 percent PCA (Figure 3.8a-b). 

The proteins decreased and increased genes concerning Day 35 were detected and indicated 

profile plot as Figure 3.8c-e. The number of decreased proteins through Day 35 that indicated 

by blue line was 49 and number of increased proteins that indicated by red line was 44. 

Acetylcholine leads increasing mucus-secreting with free calcium ions in the cells and it 

binds to synaptotagmin that established by synaptobrevin, syntaxin and Synaptosomal-

associated protein 23 (SNAP23) [89]. It causes membrane fusion and release vesicles. It has 

been found that the SNAP23 protein expression was increased through Day 35. Also, alpha 

centractin which is involving microtubule-based vesicle motility and is associated with 

centrosome [89] and Myosin regulatory light chain MRCL3 variant protein expression was 

increased through Day 35 as indicated Table 3.1.. 

The Venn diagram indicated the common and unique proteins of all days. The number of 

proteins that expressed all groups was 1589 (Figure 3.9a). 17 proteins were expressed 

commonly on Day 10, 15, and 35. The protein was only expressed on iPSCs (Day 0) was 

13. Although there was no protein interaction on Day 0 cells in Figure 3.9b. To examine the 

molecular function and found in the tissue of expressed protein on Day 0, found in placenta 

as expected because iPSCs (D0) shows embryonic stem cells characteristics. Protein-protein 

interaction was obtained from common proteins on Day 10 Day 15 and Day 35 as indicated 

in Figure 3.9b-c. Day 0 cells have taken part in cellular component development and 

biogenesis (Figure 3.9f) 
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KRT14 is keratin 14, cytoskeletal protein that groups of intermediate filaments [90] and 

MACF1, microtubule actin crosslinking factor 1, is formed different bridges of microtubule 

[91]. RAB21 is the family GTPases, play role in cellular trafficking and can regulate 

migration and involved in neurite outgrowth. High expression of this gene is obtained from 

glioma patiemts [89]. These three-protein had protein-protein interactions as indicated in 

Figure 3.9c. MACF1 also interacted with SYNE2 (Spectrin Repeat Containing, Nuclear 

Envelope) which binds to F-actin and allows nucleus-centrosome attachment [89].  The 

proteins on Day 10, Day 15 and Day 35 have been found in the spinal cord, cerebellum, and 

brain. Fibrillin 2 and Keratinocyte-associated protein 2 were common proteins that were 

highly expressed at Day10, Day 15 and Day 35 SC neurons. Fibrillin 2 is a glycoprotein that 

plays role in perimysium and endomysium including muscle involvement [92]. Keratinocyte 

associated protein families are responsible for the regulation of neurite outgrowth and 

maintaining neuronal networks [93]. The molecular function of common proteins on Day 

10, Day 15 and Day 35 were protein localization of the nucleus, axonal transport, embryonic 

skeletal cell development and gliogenesis that is the development of glial cells (Figure 3.9g). 
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Figure 3.8. Protein profiling analysis of SC neurons at day 0, day 3, day 10, day 15 and day 

35 (a) Heat map representation of protein profile at day 0, day 3, day 10, day 15 and day 

35. (b) PCA analysis of protein profile. (c) Profile plot of proteins increasing (red) and 

decreasing (blue) through Day 35. (d) Profile plot of increased genes through Day 35. (e) 

Profile plot of proteins decreased through Day 35 
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Table 3.1. List of decreased and increased proteins from Day 0 to Day 35 

Decreased Proteins Increased Proteins 

Adenosylhomocysteinase 
Acetyltransferase component of 

pyruvate dehydrogenase complex 

Cytoplasmic dynein 1 light intermediate chain 1 
Ribosomal protein S5, isoform 

CRA_a 

Coatomer subunit gamma-1 V-type proton ATPase subunit G 

Translocon-associated protein subunit gamma Importin subunit alpha 

PAT complex subunit CCDC47 60S ribosomal protein L17 

Retinol dehydrogenase 11 Replication protein A3, 14kDa 

Procollagen galactosyltransferase 1 
DNA-directed RNA polymerase II 

subunit RPB11-b1 

Glutathione peroxidase COP9 signalosome complex subunit 1 

60S ribosomal protein L29 

cDNA FLJ75365, highly similar to 

Homo sapiens SUGT1B (SUGT1) 

mRN 

Histone HIST2H3PS2 60S ribosomal protein L23a 

Isoleucyl-tRNA synthetase SUMO-conjugating enzyme UBC9 

Mitochondrial carrier homolog 2 variant Alkaline phosphatase 

Hsp90 chaperone protein kinase-targeting 

subunit  

cDNA FLJ10442 fis, clone 

NT2RP1000738/Negative elongation 

factor A 

Caprin-1 Serine/threonine-protein kinase 26 

Acetyl-CoA carboxylase 1 LPP protein 

Histone-binding protein RBBP4 Cytochrome c oxidase subunit 2 

Serine/threonine-protein phosphatase PP1-alpha 

catalytic subunit 
Synaptosomal-associated protein s23 

Small ubiquitin-related modifier 2 
Heterogeneous nuclear 

ribonucleoprotein Q 

Eukaryotic initiation factor 4A-I NADH-cytochrome b5 reductase 3 
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Eukaryotic translation initiation factor 3 subunit 

E 

Dolichyl-diphosphooligosaccharide--

protein glycosyltransferase subunit 1 

Coatomer subunit alpha Histidine--tRNA ligase, cytoplasmic 

B-cell receptor-associated protein 31 ADP-ribosylation factor 4 

40S ribosomal protein S27 
Regulator of chromosome 

condensation 

Glycine--tRNA ligase MARCKS-related protein 

Serine hydroxymethyltransferase, mitochondrial Microfibrillar-associated protein 1 

Transketolase Alpha-centractin 

Proteasome subunit alpha type-4 Actin, cytoplasmic 2 

Elongation factor 2 A-kinase anchor protein 12 

Eukaryotic translation initiation factor 2 subunit 

1 

Mannosyl-oligosaccharide 

glucosidase 

Asparagine--tRNA ligase, cytoplasmic 
Farnesyl pyrophosphate synthetase 

like-4 protein 

26S proteasome non-ATPase regulatory subunit 

14 
ATP-citrate (pro-S-)-lyase 

Proteasome subunit alpha type 
Myosin regulatory light chain 

MRCL3 variant 

Heterogeneous nuclear ribonucleoproteins 

C1/C2 

RNA transcription, translation and 

transport factor protein 

Lon protease homolog, mitochondrial Putative histone H2B type 2-C 

Eukaryotic translation initiation factor 3 subunit 

C-like protein 

Histone-arginine methyltransferase 

CARM1 

Eukaryotic translation initiation factor 3 subunit 

F 

Acidic leucine-rich nuclear 

phosphoprotein 32 family member E 

cDNA FLJ12434 fis, clone NT2RM1000037, 

highly similar to Homo sapiens KIAA0690 

protein 

Golgi resident protein GCP60 

cDNA, FLJ96718, highly similar to Homo 

sapiens splicing factor, arginine/serine-rich 10 

Serine/arginine repetitive matrix 

protein 2 
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(transformer 2 homolog, Drosophila) (SFRS10), 

mRNA 

Glucose-6-phosphate 1-dehydrogenase 
Myosin regulatory light chain 

MRCL3 variant 

T-complex protein 1 subunit delta 
RNA transcription, translation and 

transport factor protein 

p180/ribosome receptor Putative histone H2B type 2-C 

Serine/threonine-protein phosphatase 2A 56 

kDa regulatory subunit 

Histone-arginine methyltransferase 

CARM1 

Dolichyl-diphosphooligosaccharide--protein 

glycosyltransferase 48 kDa subunit 

Acidic leucine-rich nuclear 

phosphoprotein 32 family member E 

60S ribosomal protein L38 Golgi resident protein GCP60 

DNA replication licensing factor MCM4  

Methylsterol monooxygenase 1  

60S ribosomal protein L27  

Tyrosine 3-monooxygenase/tryptophan 5-

monooxygenase activation protein, eta 

polypeptide, isoform CRA_b 
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Figure 3.9. Protein profiling of common genes of SC neurons at Day 0, Day 3, Day 10, 

Day 15, Day 35 (a) Venn diagram of common proteins SC neurons at ay 0, Day 3, Day 10, 

Day 15, Day 35 (b) Protein-protein interactions of Day 0 cells (c) Protein-protein 

interactions of common protein of Day 10, Day 15 and Day 35. (d) The graphs of protein 

which found in tissue at Day 0. (e) The graphs of proteins which found in tissues at Day 

10, 15, 35. (f) The genes related in biologic process at Day 0. (g) The common genes of 

Day 10, Day 15 and Day 35 related in biologic processand day 
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3.3.5.  Gene Expression Level 

The gene expression level of iPSCs (D0), NMPs (D3) and iPSCs derived SC neurons at Day 

10, Day 23 and Day 35 was analysed by log starting quantity. The gene expression of Islet-

1, MNX-1, Nkx6.2, and NeuroD1 were not changed significantly as shown in Figure 3.10.. 

On the other hand, Pax3 expression on iPSCs derived SC neurons was increased significantly 

to iPSCs. β-Tubulin expression was increased from NMPs to iPSCs derived SC neurons. 

Nkx1.2 and Nkx6.1 which are the transcription factor of neurogenesis were diminished 

significantly. Additionally, Hoxa4 which is expression increased on Day 10, Day 23 and 

Day 35 SC neurons with respect to iPSCs (D0). Neurog 2 is a transcription factor which play 

role in neurogenesis expression was also decreased on Day 35 SC neuron with respect iPSCs 

(D0). 

 

Figure 3.10. Gene expression level of iPSCs (D0), NMPs (D3), and iPSCs derived SC 

neurons at Day 10, Day 23 and Day 35. * p <0.05 
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3.4.  NMP DERIVED SC NEURONS ESTABLISH NEUROMUSCULAR JUNCTION 

3.4.1.  Characterization of Myogenic Cells 

Asc Telo cells were treated with a myogenic differentiation medium for 20 days in order to 

obtain myogenic cells. The differentiation protocol was indicated in Figure 3.11a and the 

medium contents were demonstrated at a Table in Figure 3.11b. Following the completion 

of the differentiation protocol, morphologic pictures of myogenic cells were taken by a light 

microscope. The extension of cells and muscle like structures were observed. In addition to 

morphologic pictures, myogenic marker expression was detected by ICC. MyoD and Desmin 

expression was determined in myogenic cells. On the other hand, MYH expression was 

obtained very slightly. 
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Figure 3.11. Characterization of myogenic cells. (a) Timeline of differentiation protocol of 

myogenic cells. (b) Differentiation medium contents of myogenic medium. (c) 

Morphologic pictures of myogenic cells. (d) Confocal microscope images of myogenic 

cells that were stained with MyoD, Desmin and MYH, Scale bar 50 µm 
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3.4.2. Co-culture of SC Neurons and Myogenic cells promote Neuromuscular Junction  

Myogenic cells which were stained with PKH-26 labelled red and spinal cord neurons were 

co-cultured for a day and morphologic pictures were taken by live cells for 2 hours intervals. 

Both cells have not been competitive, the SC neurons were located on the myogenic cells. 

Besides, they were grown by a mutual and mimic neuromuscular junction. (Figure 3.12a) 

The calcium influx of co-cultured cells was examined by Fluo-4. At one point of cell, Fluo-

4 intensity was remittent with respect to time as indicated in Figure 3.12b Fluo-4 intensity 

was measured between two cells for 10 minutes interval and demonstrated that Fluo-4 

intensity has been increasing along to two cells. The signal was transduced to cell by cells. 

Although, the myogenic cells were seeded on insert migrated to SC neurons placed on the 

bottom of well, SC neurons were seeded on insert and were not migrated to myogenic cells 

placed on the bottom of the well as indicated in Figure 3.12. 
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Figure 3.12. Neuromuscular junctions between SC neuron and myogenic cells (a) Live cell 

images of SC neurons and myogenic cells labelled red, Scale bar 50 µm. (b) Fluo-4 

intensity of one point of cell. (c) Fluo-4 intensity graphs of between two cells. (d) 

Schematic representation of migration plate and microscope images of crystal violet-

stained cells. Scale bar 200 µm 
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3.5. AXON ELONGATION 

It has been shown that axon elongation and presence synaptic vesicles. As regards to this, 

SC neurons were transferred to Matrigel gelatine coated 10 cm dish and morphologic 

pictures were taken after a day to show attachment of cells and axon elongation pictures 

were taken at Day 2, Day 3 and Day 6. The process was demonstrated in Figure 3.13a. Axons 

of transferred SC neurons were attached after a day, and they were indicated in Figure 3.13b. 

SC neurons were placed with ganglions and axons were spreading at Day 0. At Day 2, 3 and 

6, morphologic pictures of axons were taken, and branch analysis were done by Wimasis 

websites. The purple line was drawn by Wimasis which demonstrated to branch of axons in 

Figure 3.13c. According to the analysis of Wimasis, total branches were 1009, 588, 211 at 

Day 2, Day 3 and Day 6, respectively. In addition to this, circuity branch and branch points 

were decreased from Day 2 to Day 6. (Figure 3.13d). Moreover, under the light microscope, 

lipid particles were observed at the synapses of the neuron. The arrows indicated the 

spherical lipid particles in Figure 3.13e. According to this image, SC neurons were stained 

with Synaptophysin and phalloidin to stain F-actin. Synaptophysin expression was 

demonstrated at synapses of the neuron at 20X and 40X magnification and the arrow shows 

that spherical vesicles stained with synaptophysin. According to an analysis of TEM, 

synaptic vesicles were observed in Figure 3.13f. Additionally, SC neurons were visualized 

under SEM and axon structures were demonstrated and synaptic vesicles seem like white 

bubbles.  
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Figure 3.13. Axon Elongation analysis of SC neurons. (a) Timeline of axon elongation 

process. (b) Morphologic pictures of SC neurons were taken at Day 1. (c) Morphologic 

pictures and Wimasis analysis pictures of axons in SC neurons at Day 2, Day 3 and Day 6 

(d) The graphs of circuity length, total branches and total branch points of axons that 

analyzed by Wimasis. (e) Synaptic vesicles were visualized by light microscope, Scale bar 

200 µm (f) Immunostaining with Synaptophysin and Phalloidin on SC neurons, Scale bars 

50µm, 20 µm, respectively. (g) TEM images of synaptic vesicles, Scale bar, 100nm, 50 

nm, respectively. (h) SEM image of SC neurons, Scale bar 20 µm 
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3.6. CRYOPRESERVATION CAPACITY OF iPSCs DERIVED SPINAL CORD 

NEURONS 

Mature spinal cord neurons at Day 30 were frozen and preserved for the short and long term. 

For short term cryopreservation, three different freezing solutions have been examined and 

short-term freezing neurons were thawed after a week, morphologic pictures were taken and 

freeze FBS containing media for three weeks as the timeline of cryopreservation indicated 

in Figure 3.14a. According to both short- and long-term cryopreservation, SC neurons have 

preserved morphologic structure (Figure 3.14b). SC neurons frozen with FBS containing 

media were seen healthy than other freezing media. However, it has not been observed 

proliferation of SC neurons which cryopreserved long term for 11 days (Figure 3.14c). 

Additionally, long term cryopreserved SC neurons also preserved calcium influx. The fluo-

4 intensity was detected in long-term thawing neurons (Figure 3.14d) 
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Figure 3.14. Cryopreservation capacity of SC neurons. (a) Timeline of cryopreservation 

protocol of SC neurons. (b) Morphologic pictures of short-term cryopreservation. Scale bar 

200µm. (c) Morphologic pictures long-term cryopreservation of SC neurons on Day 1, Day 

6 and Day 11. Scale bar 200µm. (d) Fluo-4 intensity pictures of long-term cryopreservation 

SC neurons and intensity versus time graph of Fluo-4 
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3. 7. MOUSE ES CELLS DIFFERENTIATE INTO SC NEURONS 

mESCs were differentiated into spinal cord neurons for 30 days differentiation protocol. 

mESCs were supplied 12 ng per ml bFGF in N2B27 medium for 2 days. Then, 12 ng per ml 

bFGF and 3 µM CHIR In N2B27 medium and differentiate into NMP state. Following that, 

NMPs were differentiated to motor neurons with the 30 days differentiation protocol that is 

indicated in Figure 3.15.a. The morphological pictures were taken on Day 15 and Day 30. 

mESCs derived SC neuron had spindle-shaped and neuron-like structure was shown on Day 

15. Additionally, axonal length and branch structure was demonstrated on Day 30 in Figure 

3.15.b. Moreover, neuronal and progenitor markers expression weres examined by ICC on 

Day 15 and Day 30 mESCs derived neurons. Neural progenitor marker Pax6 and Isl-1 

expression was reduced by 1.5-fold on Day 30 neurons and β-Tubulin III expression was 

increased by two-fold on Day 30 and MNX-1 expression was also increased on Day 30 

(Figure3.15.c-d). On Day 30 mESCs derived SC neurons were examined for calcium influx 

by Fluo-4 for 15 minutes in a live cell. Accordingly, it was demonstrated that Fluo-4 intensity 

was increased and reduced according to time at a section of mESCs derived SC neuron 

(Figure 3.15.e). In addition, Fluo-4 intensity was measured for the 10-second interval and 

fluo-4 intensity of SC neurons was shifted according to the distance (Figure 3.15.f). 
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Figure 3.15. mESCs were differentiated into SC neurons. (a) Timeline of differentiation 

protocol. (b) Morphologic pictures of mESCs derived SC neurons at Day 15 and Day 30. 

Scale bar 200 µm. (c) Immunostaining of Day 15 and Day 30 mESC derived SC neurons. 

(d) Heat map of expression intensity of Day 15 and Day 30 mESCs derived SC neurons. 

(e) A line graph of Fluo-4 intensity differences with respect to time. (f) Fluo-4 intensity 

change according to distance 
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4.  DISCUSSION 

Motor neuron disease (MND) is a fatal, chronic, and progressive disease which occurs in 

destroying motor neurons. The motor neurons cannot control muscle cells in MND, which 

leads to problems in walking, breathing and speaking. Patients with MND lose control and 

activity of muscles. Amyotrophic lateral sclerosis (ALS) is the most common and fatal 

MND. The patients with ALS die within 2-5 years of diagnosis. The worldwide incidence 

of ALS is about 1- 3 per a hundred thousands people annually [94]. Men are at higher risk 

than women with a 1:2 ratio. Mean age of ALS onset is 51 between 66 years [95]. Although 

ALS arise in all ethnic and racial group worldwide, familial factor and oldest age are a more 

common risk factor of ALS [96]. 10 percent of ALS patients are familial ALS and 90 percent 

sporadic ALS. Smoking, heavy metals and playing football increase the risk of ALS [97] 

[98]. Furtherly, Spinal muscular atrophy (SMA) is another MND that is a fatal autosomal 

recessive disorder. SMA affects one in every 6,000 to one in every 10,000 live births, with 

a carrier frequency of 40 percent  to 60 per.cent [99]. Moreover, Spinal cord injury (SCI) is 

the damage of neurons in the spinal cords. Vehicle accidents, falls, sports injuries and 

surgical complications result in SCI [101]. The epidemiology and demographic 

characteristics of spinal cord injury differ depending on location and period. In Turkey, an 

incidence of 8–21 cases per million people has been observed from various regions 

[100,101]  

Cell-based therapy is targeting to provide new motor neuron that can allow to slow down or 

stop MND. The therapy will be promising to ALS or other MND. Early clinical trials have 

revealed that stem cells may be able to replace and repair damaged motor neurons in persons 

suffering from ALS/MND [100–104]. It has been demonstrated that 26 clinical trials of stem 

cell therapy completed about motor neuron diseases in the world. Half of them was 

Mesenchymal stem cell therapy, and 3 of them were hematopoietic stem cell therapy. Six of 

them are neural stem cells and only one was astrocytes derived from embryonic stem cells 

[105]. Bone marrow-derived mesenchymal stem cells (BM-MSC) -based therapy leads to 

slow the progression of motor neuron diseases [106]. Additionally, immunosuppression are 

not required because BM-MSCs are autologous [107]. 
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Therefore, the identification of safe and effective cell therapy strategies is of interest for 

MND treatment. Development of efficient cellular differentiation protocols are required for 

pluripotent stem cell-based applications. The purpose of this thesis is to establish a protocol 

for functional motor neuron generation from human induced pluripotent stem cells via an 

intermediate NMP progenitor cell stage. In the current study, we aimed to generate an ex 

vivo protocol to obtain spinal cord motor neurons from their embryonic origin known as 

NMPs. 

NMPs are bipotent progenitor cell populations that can generate to the spinal cord and 

paraxial mesoderm during embryonic development. NMPs are able to develop to posterior 

neural tissues that induce anterior neural plates [108,109]. The studies have indicated that 

mouse and human embryonic stem cells are directly NMPs and that the therapeutic use of 

NMPs can be increased [111]. According to the literature, NMPs are an important 

intermediate stage in the differentiation of mesoderm and mesenchymal stem cells from 

iPSCs [78]. Many motor neuron generation protocols aim to induce Hox genes, but this is 

insufficient. The protocol for NMP-derived motor neuron differentiation is promising for in 

vitro motor neuron generation [112,113]. iPSCs are reprogrammed stem cells which have 

the capacity to differentiate into all cell types in the body. Therefore, they are available cell 

therapy sources for important diseases such as neurodegenerative disorders. The most 

important advantage of using iPSCs for cell therapy is the ethical issues with embryonic cell 

cultivation because iPSCs are reprogrammed by somatic cells [114]. Additionally, iPSCs are 

also important for patient-specific therapy because they prevent allogeneic immune rejection 

[115]. Consequently, iPSCs are a convenient candidate for cell therapy. Since motor neurons 

cannot regenerate themselves, iPSCs are available as a source for motor neuron generation. 

Furthermore, iPSCs are obtained from different types of somatic cells such as blood cells 

[116], keratinocytes [117], melanocytes[118], adipogenic stem cells [119], and neural stem 

cell [120], and dermal fibroblast cells [121]. Yamanaka for the first time, created iPSCs from 

fibroblasts[29]. For this point, the generation of iPSCs from fibroblasts is the most common 

source. In this thesis, we generated iPSCs from human dermal fibroblast cells. Because 

dermal fibroblast cells have high reprogramming efficiency, and isolation procedures are 

easily. In addition, fibroblast cultivation and propagation are relatively easy and cost-

effective [121]. 
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According to literature, ALP activity, differentiation of three germ layers, expression of 

pluripotency marker and telomerase activity and chromosome abnormalities are the main 

characterization method of iPSCs [76,77,115]. In the current study, human iPSCs were 

generated HDFCs and they express pluripotent stem cell markers and have ALP activity. 

Three germ layer differentiation of iPSCs was tested by protein expression of Pax6, Sox17 

and T/Bra.  

In this study, the NMP population was characterized by co-expression of T/Bra and Sox2 at 

the gene and protein level. The results showed that iPSCs derived NMPs expressed 

hematopoietic mesodermal marker Mixl1 which requires differentiation of ventral 

mesoderm [112]. Wnt signalling play important role in the induction of mesoderm and the 

absence of Wnt signalling NMPs drive the spinal cord [123–125]. Wnt β-catenin signalling 

is required to drive mesodermal fate. Accordingly, it was examined Wnt3a expression and 

active β-catenin expression. Wnt3a expression was significantly increased with respect to 

iPSCs at day 0. 

During the 40-day differentiation protocol, motor neuron and neuronal progenitor marker 

expression were detected by ICC and qPCR. While expression of neural progenitor markers 

was reduced with Sox2 and Pax6, motor neuron marker expression was increased with Mnx-

1 and β-tubulin. Moreover, NMPs marker Sox2 expression was decreased with progressive 

differentiation protocol. Although β-tubulin expression was increased at both the protein and 

mRNA levels, MNX-1, a terminal motor neuron marker, was only increased at the protein 

level until Day 35. Pax 6 is the key transcription factor of neurogenesis [126]. Because Shh 

repressed Pax6 gene expression [127], gene and protein expression of Pax6 were reduced 

after 10 days of differentiation, as expected. According to the literature, progenitor cells are 

grouped into five ventral domains within the dorso-ventral axis of the neural tube [128]. It 

provides to give rise to interneuron and motor neurons. Furthermore, gene expression of 

Nkx6.1 and Nkx6.2 [50,129], which transcription factors have a role in differentiation to 

motor neuron progenitor domain, was also decreased as expected. Since NMPs can give rise 

to the spinal cord, they can be expressed as motor neuron progenitor marker Nkx6.1 (Figure 

3.3.5) and highly expressed Pax6 as shown in Figure 3.5. and Figure 3.10..  
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The fact that neurons need more energy to transport synaptic vesicles and release 

neurotransmitters [130]. Therefore, the voltage-gated calcium channel help to an action 

potential to release neurotransmitters [131,132]. Calcium channels are important to pre-

synaptic plasticity and deficiency of channels leads to neurological disorders [133]. For this 

reason, Fluo-4 intensity was measured iPSCs derived SC neurons to detect calcium influx in 

this study. Using live-cell imaging, SC neurons were visualized, and Fluo-4 intensity was 

measured for 30 minutes. The results demonstrated that iPSCs derived SC neurons had 

loaded calcium with respect to interval time, and calcium was passed in the cells. 

Accordingly, it had been examined the calcium transferring of the nearest two neurons 

mimics pre-synaptic and postsynaptic neurons. The calcium was transmitted from cell to 

cell. The study showed that iPSCs derived neurons transmit the impulse to another neuron 

at the following times. The results support that the iPSCs derived neurons had an action 

potential with voltage-gated calcium channels. 

To characterize SC neurons, LC-MS analysis was performed and demonstrated protein 

profiling of iPSCs (D0) and NMPs (D3) and at Day 10, Day 15 and Day 35 iPSCs derived 

SC neurons. According to the analysis of protein profiling, iPSCs neurons on Day 15 and 

Day 35 were much closer than on other days. On the other hand, proteins of Day 10 iPSCs 

derived neurons show the similarity to NMPs (D3). These results indicate that after Day 10, 

iPSCs derived SC neurons have completed differentiation. To examine genes whose 

expression increased and decreased through Day 35, synaptic and tubulin related proteins 

such as KRT14 and MACF1 expression increased at Day 35. After 10 days of differentiation, 

when the common tissues found in SC neurons and the processes in which they were 

involved were examined, they were found in CNS. In addition, it has been found that genes 

that are common in each 3 days (D10, D15 and D35) were involved in axonal transport. The 

results support to iPSCs derived neuron after Day 15 have terminal state of motor neuron. 

Also, centrosome gene expression was increased until Day 35 (Table 3.3.4). Centrosome 

plays role in axon development and elongation [134]. Accordingly, elongation of axons was 

detected by transferring ganglion of SC neurons and taken pictures day by day. Using 

Wimasis website, branches of axons were measured and stated that branch point and branch 

number of axons were decreased with time and SC neurons tend to extend the length of 

axons. Besides, synaptic vesicles were visualized under the microscope according to 

Midorikawa et al 2015 [135]. In addition, synaptophysin is a calcium binding glycoprotein 
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that is found in presynaptic neurons [136], synaptophysin expression were seen at 40 X 

magnification through axon by spherical shapes. Finally, it was obtained lipid vesicles 

construction in TEM. Based on the literature, the study had visualized synaptic vesicles in 

TEM [137], the vesicles in Figure 3.5 can be synaptic vesicles. Therefore, we characterized 

synaptic vesicles using three different microscopy techniques.  

Motor neurons can interact to muscle cells by neuromuscular junctions [138]. Accordingly, 

it was examined neuromuscular junction (NMJ) between iPSC derived neurons and 

myogenic cells. To mimic neuromuscular junction in vitro, it had been generated by 

myogenic cells. Myogenic cells are the muscle percussor cells that have ability to 

differentiate skeletal muscle cells [139]. The cells can express the myogenic marker of 

myogenin, myoD, Desmin and MYH [140]. In this thesis, myogenic cells were differentiated 

to mesenchymal stem cells of ASC Telo. Therefore, it was characterized by morphological 

and immunostaining with myoD, MYH and Desmin. These two cells could live together 

with not compete for each other. Neuromuscular junction assembled by pre-synaptic neuron 

and postsynaptic muscle fibers with neurotransmitter release. in vitro studies show the 

cocultured with muscle fibers and motor neurons formed NMJ [141]. According to this 

information, myogenic cells were cocultured with iPSCs derived SC neurons and measured 

Fluo-4 intensity. Results of the experiment indicate iPSCs derived SC neurons could live 

together with myogenic cells and transmitted to calcium.  

Moreover, cryopreservation capacity was examined in order to the banking of cells. The 

previous studies about cryopreservation of neurons had been targeted to increase the 

efficiency of preservation [142,143]. Hence, both long- and short-term cryopreservation 

capacity was detected and FBS containing solution allowed high viability of SC neurons. 

Therefore, long term cryopreservation was done with FBS containing solution. After a 

month, SC neurons were thawed, and a few cells could live but they showed the same 

morphology. As a result, cryopreservation of SC neurons was not efficient, but it allows for 

the protection of neuron characteristics. 
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Finally, it has been examined that differentiation of mESCs into SC neurons using the same 

protocol. There was a difference in differentiation protocol that was the generation of NMPs. 

mESCs were obtained before human ESCs. Thus, mESCs were treated with bFGF 

containing media and then treated with CHIR [110]. End of the differentiation protocol, 

protein expression and calcium influx were examined. The results showed that mESCs 

derived neurons were also expressed MNX-1 and the presence calcium influx. To sum up, 

the protocol worked on mESCs differentiation. The results promising to allow in vivo 

experiments.  

5.  CONCLUSION 

In conclusion, this thesis aimed to obtain fully functional spinal cord neurons from iPSCs 

via derivation of NMPs. The results of the thesis showed that iPSCs derived spinal cord 

neurons showed motor neuron characteristics for many aspects including gene expression, 

protein expression, synaptic vesicles construction, neuromuscular establishment and calcium 

influx. The protocol and generated neurons are successful ex vivo and needs to be tested in 

vivo for further projects. One of our future perspective and plan is to establish a spinal cord 

injury animal model prior to clinical trials. Our ultimate goal is to generate these neurons in 

GMP conditions for clinical trials. The results of this thesis and protocol might be used for 

therapeutic purposes in the near future. 
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