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ABSTRACT 

 

The incidence of neurodegenerative diseases is on the rise, and yet patients remain 

without a cure. A suitable disease model could be applied for drug development, disease 

progression modelling and regenerative therapy. The study’s primary aim was to define 

a fully-characterised dopaminergic neuronal transdifferentiation protocol for research and 

therapeutic purposes, with the principal objective being the treatment of Mesenchymal 

Stem Cells (MSCs) with a 3-stage small molecule strategy. Using RT-qPCR, RNA 

transcript levels for neural markers were assessed in differentiating cells. Changes in 

protein lysine and arginine methylation and dopamine-release in differentiating cells were 

explored using Western blotting, and ELISA respectively. Changes in cell structure 

towards a neuronal morphology and neurite outgrowth increased considerably with each 

stage of differentiation. RNA transcript levels suggested that Stage 2 cells had 

differentiated into immature neuronal cells. Substantial changes in protein methylation 

levels of cells at different treatment stages were found, and dopamine release increased 

in Stages 2- and 3-treated cells. ELISA results suggest that the protocol was successful at 

specifying a dopaminergic fate, though the cells might require further maturation in 

culture. Mass Spectrometry results revealed hundreds of unique proteins between MSCs 

and Stage 3 induced neurons, with expression of many neuron-associated proteins in the 

final neuronal cells. More experiments are required to conclude on the cellular 

differentiation extent achieved, cell fate, and functionality, and to fully optimise the 
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protocol for dopaminergic differentiation of MSCs. The results produced in this study 

reveal the potential of this research and warrant the study’s further investigation.  

Word count: 250 words 

Keywords: Mesenchymal Stem Cells, Dopaminergic neurons, Reprogramming and 

Transdifferentiation strategy, small molecules, Parkinson’s disease.  
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MSCs, and bands of greater density in SM1, SM2 and SM3 cells, the densest band being 

that found for SM2 cells. ................................................................................................ 92 

Figure 3.6. The second gel showing bands for CD105 and CD166 expression following 

amplification by End-point PCR. The cell types pertaining to each lane can be seen as 

numbers on top of each lane within the blot: 1 – ladder, 2 – MSC, 3 – SM1, 4 – SM2, 5 – 

SM3. Resulting bands can be seen halfway through the gel. Briefly, a strong band was 

obtained for each cell type for CD105, all bands of similar intensities. As for CD166, 

dense bands were found for all cell types, with the lowest density band being that found 

for SM1 cells. .................................................................................................................. 92 

Figure 3.7 Gel showing bands for CD90 and GAPDH expression following amplification 

by End-point PCR. The cell types pertaining to each lane can be seen as numbers on top 

of each lane within the blot: 1 – ladder, 2 – MSC, 3 – SM1, 4 – SM2, 5 – SM3. Resulting 

bands can be seen halfway through the gel. Briefly, CD90 gave strong bands in MSCs 

and each cellular differentiation stage, with the SM3 band being the weakest. As for the 

reference gene (GAPDH), this gave bands of very similar intensities, with integrated 

density ratios of approximately 1 for each differentiation stage in relation to the starting 

cells. This indicates that there was equal loading of each cell sample in each lane. ...... 93 

Figure 3.8. Bar graph depicting the changes in expression for neural genes in SM1, SM2 

and SM3 cells in relation to MSCs as the starting cells, RT-qPCR run 1. Fold-change in 

expression is found on the y-axis with the neural markers on the x-axis. Neural markers 

appear in sequence on going from early to mature markers, making it easier to see a trend 

in changes in expression on going from stage 1 to stage 3 cells. A legend on the right-

hand side of the bar graph indicates which colours pertain to which cellular differentiation 

stage. Briefly, increased expression for SM1 cells was found in SOX2, MASH1, 

NEUROD1 and a slight increase in TH and mature neural markers; increased expression 

for SM2 cells was found in NEUROD1, TUBB3, NEUN, MAP2 and TH. The output for 

SM3 cells has been found to be invalid – only decreases in gene expression was found 

for Stage 3 cells tested, except for an increase in NEUROD1. .................................... 100 

Figure 3.9. Bar graph depicting the changes in expression for neural genes in SM1, SM2 

and SM3 cells in relation to MSCs as the starting cells, RT-qPCR run 2. Fold-change in 

expression is found on the y-axis with the neural markers on the x-axis. Neural markers 

appear in sequence on going from early to mature markers, making it easier to see a trend 

in changes in expression on going from stage 1 to stage 3 cells. A legend on the right-

hand side of the bar graph indicates which colours pertain to which cellular differentiation 
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stage. Briefly, increased expression for SM1 cells was found in MASH1, TUBB3 and 

MAP2; increased expression for SM2 cells was found in TUBB3 (large change), NEUN, 

MAP2 and a slight increase in TH. The output for SM3 cells is considered to be invalid 

– all neural markers (except TH, 1.4-fold) were found to have decreased in expression in 

the Stage 3 cells tested. ................................................................................................. 101 

Figure 3.10. Bar graph depicting the mean expression values for neural genes in SM1, 

SM2 and SM3 cells, with standard deviation (SD) bars. The values for the changes in 

expression seen here are averages of the values found within the 2 runs. Early neural 

markers appear first, then immature and later mature neural markers. In this bar graph the 

overarching expression changes can be deduced. Briefly, SM1 cells show greatest 

expression of early neural markers in comparison to SM2 and SM3 cells; SM2 cells show 

large increases in immature and mature neuronal markers in comparison to SM1 cells. 

The erroneous result for SM3 cells can also be observed in terms of a decreased 

expression of all markers in relation to SM1 cells. ....................................................... 102 

Figure 3.11. Western blot scanned images for Lysine Mono-, Di-, and Tri-methylation. 

Protein sizes (in kDA) can be found on the left-hand side of each blot. The cell types 

pertaining to each lane can be seen as numbers on top of each lane within the blot: 1 – 

protein marker, 2 – MSC, 3 – SM1, 4 – SM2, 5 – SM3. Bands for lysine mono-

methylation can be seen between 25-50 kDa. No bands can be observed for MSCs and 

SM1 cells, whilst several bands could be seen for SM2 and SM3 cells. Di-methylated 

lysine bands can be seen just below 50 kDa –  these bands are of lesser intensity in SM1, 

SM2 and SM3 cells compared to that for MSCs. Lysine tri-methylation bands can be seen 

just below 75 kDa. MSCs gave a very light band, SM1 gave no band, and SM2 and SM3 

cells had very strong bands. .......................................................................................... 105 

Figure 3.12. Re-incubated blots showing arginine mono-, di-symmetric, and di-

asymmetric methylation. Protein sizes (in kDA) can be found on the left-hand side of 

each  blot. The cell types pertaining to each lane can be seen as numbers on top of each 

lane within the blot: 1 – protein marker, 2 – MSC, 3 – SM1, 4 – SM2, 5 – SM3. Bands 

can be seen above 75 kDa. The above blots were previously incubated with lysine 

methylation antibodies and then re-incubated with arginine methylation antibodies. 

Hence, faint bands can be seen that do not correspond to arginine but are remaining bands 

from the previous blot. There can be seen weak bands of similar intensities for arginine 

mono-methylation in SM1, SM2 and SM3 cells with no band present for MSCs. Bands 

for di-symmetric methylated arginine can be seen in all lanes, the strongest band being 
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that for MSCs and SM1. As for the di-asymmetric arginine, no bands were found for each 

cell type. ........................................................................................................................ 106 

Figure 3.13. Scanned blots showing arginine mono, di-symmetric and di-asymmetric 

methylation. Protein sizes (in kDA) can be found on the left-hand side of each blot. The 

cell types pertaining to each lane can be seen as numbers on top of each lane within the 

blot: 1 – protein marker, 2 – SM1, 3 – SM3. Bands can be seen above 75 kDa. A mono-

methylated arginine band was found for SM1, with no band for SM3 cells. A strong SM1 

band for di-symmetric methylated arginine was found with a weak band for SM3 cells. 

As in the previous blot, no bands can be observed for di-asymmetric arginine for each 

cell type. In the last blot, Actin bands (loading control) can be seen between 35-50 kDa. 

Actin gave bands of similar intensity for both SM1 and SM3 cells, thus indicating equal 

protein loading. ............................................................................................................. 107 

Figure 3.14. The ELISA calibration curve (4-parameter) computed using the AssayFitPro 

add-in on Excel. The dots on the curve represent the outputs for the standards and control 

solutions tested in the ELISA. The absorption signal is depicted on the y-axis and the 

concentrations pertaining to each standard are shown in pg/mL. ................................. 109 

Figure 7.1. ELISA input and output. ............................................................................ 214 

Figure 7.2. Standard curve for ELISA on Excel ........................................................... 215 
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Chapter 1 Literature Review 

1.1. Dopaminergic neuron dysfunction and current treatments 

Disorders of protein homeostasis with characteristic loss of neuronal structure and 

function result in paralysis, diminished cognition and sensation (Sivandzade & Cucullo, 

2021). This pathology occurs in several neurodegenerative diseases, such as Parkinson’s 

disease (PD), Alzhemier’s disease (AD), Amyotrophic Lateral Sclerosis and 

Huntington’s disease (HD).  

There are 4 main dopaminergic (DA) networks within the brain that are salient in 

many cognitive, behavioural, and physiological process in humans. These include: the 

nigrostriatal pathway, whose degeneration is involved in PD; the mesolimbic pathway 

that is mostly involved in reward processing; the mesocortical network, involved in 

cognitive function and motivation; and the tuberofundibular pathway mainly involved in 

neuroendocrine regulation (Botticelli et al., 2020). Changes occurring in brain circuits in 

which dopamine plays a central role as well as an imbalance in dopamine 

neurotransmission have been implicated in many neurological and neuropsychiatric 

diseases (Franco, Reyes-Resina & Navarro, 2021) such as drug addiction (Le Foll et al., 

2009; Botticelli et al.,2020;) and schizophrenia (Sonnenchein, Gomes & Grace, 2020; 

Brisch et al., 2014).  

PD is one of the most common chronic neurodegenerative disorders (Gordon et al., 

2022), affecting around 2-3% of people above age 60 (Mao et al., 2021). It is defined by 

tremor, rigidity, bradykinesia  and cognitive impairment (Karimi et al., 2021). This 

malady is pathologically characterised by the progressive loss of DA neurons in the 

substantia nigra pars compacta (SNc) and the accumulation of α-synuclein-enriched 

intraneuronal aggregates known as Lewy bodies (Mao et al., 2020). Loss of DA neurons 

results in decreased striatal dopamine production which brings about PD motor 
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symptoms, which present in such patients once they have already lost around 60% of SNc 

DA neurons (Mao et al., 2020). At later stages of PD progression, nondopaminergic brain 

regions are also affected resulting in nonmotor symptoms including psychiatric 

symptoms, and dementia.  

Although current treatments are able to manage disease symptoms and thus improve 

the quality of life of affected individuals for some time, such treatments are not able to 

stop disease progression (Mao et al., 2020).  Pharmaceutical treatments mainly involve 

the use of dopamine medications, such as Levodopa (Karimi et al., 2021). This treatment 

functions to compensate for the lack of dopamine by enhancing its synthesis in midbrain 

DA neurons (Iarkov et al., 2020). Their long-term use brings about adverse effects 

including aggravation of dyskinesia, drug resistance (Karimi et al., 2021), and psychiatric 

problems (Iarkov et al., 2020). Despite these side-effects and their inability to stop disease 

progression, L-DOPA is still the gold standard medication for PD after around 60 years 

(Iarkov et al., 2020). Deep brain stimulation (DBS) is an alternative surgical approach 

presently used to treat PD patients (Karimi et al., 2021). In DBS, the subthalamic nucleus 

and globus pallidus are stimulated with implanted electrodes. DBS is an expensive 

treatment and is associated with several risks, such as infection from the implanted device. 

Importantly, such surgical or pharmaceutical treatment strategies only temporarily 

manage the symptoms and do not target the underlying cause or diminish neuronal cell 

loss (Karimi et al., 2021).  

The significantly diminished quality of life of affected individuals and the curative 

inadequacy of current treatments for neurodegenerative disorders brings about a 

substantial burden on society and an increasingly high economic impact (Sivandzade & 

Cucullo, 2021). The fact that these diseases have complex physiological causes and 

mechanisms of ongoing neuronal loss, has hampered insight into their pathogenic 
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processes and thus the development of effective treatments. Furthermore, the limited 

regenerative capacity of the central nervous system (CNS) and the restricted ability of 

drugs to cross the blood-brain-barrier further compounds the issue.   

An innovative approach to treatment of such diseases is regenerative (or stem) cell 

therapy. This therapy aims to ameliorate the repair response of dysfunctional or damaged 

neural tissue through the use of stem cells (Sivandzade & Cucullo, 2021). This approach 

is based on replacing lost or damaged cells or by providing an enriched and ideal 

environment that favours regeneration or protects existing healthy neurons and glial cells 

from injury (Sivandzade & Cucullo, 2021).  

Many candidate drug treatments fail during the last steps of human clinical trials 

(Pandey et al., 2022). A reason for this may be that animal disease models are not ideal 

predictors of human pathology, and their use has hampered scientific progress in 

producing new therapeutic drug treatments. Consequently, there is a great need for 

development of a suitable and accurate disease model for pre-clinical testing (Pandey et 

al., 2022). DA neuronal cells produced from patient stem cells may be applied for 

precision medicine, so that a patient’s genome and PD subtypes can be studied, and 

treatment can be tailored to patient disease aetiology (Iarkov et al., 2020). Thus, induced 

neuronal cells may also be applied as an ex vivo disease model, to study disease aetiology 

and progression, and for drug screening and assessment (Nolbrant et al., 2017).  

1.2. Stem cells 

Stem cells are cells within the body that are in an unspecialised state, and thus may 

differentiate into any cell type of a given organism (Zakrzewski, Dobrzynski, 

Szymonowicz & Rybak, 2019). Additionally, stem cells maintain a capacity for self-

renewal (Poliwoda et al., 2022). These cell types arise both within the embryo and the 

adult organism, depending on their degree of specialisation. Stem cell potency, that is the 
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differentiation power of a stem cell, decreases upon increased specialisation (Zakrzewski, 

Dobrzynski, Szymonowicz & Rybak, 2019). Thus, stem cells may be classified based on 

their potency, but also based on their origin (Poliwoda et al., 2022).  

Totipotent or omnipotent stem cells have the greatest potency (Poliwoda et al., 

2022). They can differentiate into cells of the entire organism; that is both embryonic 

(germ-line) and extra-embryonic structures (Charitos et al., 2021). Zygote cells are 

totipotent because they can differentiate into cells of the placenta or progress into any of 

the three germ layers. Next, pluripotent cells exist in a state of lesser differentiation 

potential. Pluripotent cells can differentiate into any of the three germ layers, however 

not into cells of extra-embryonic structures (Poliwoda et al., 2022). Embryonic stem cells 

(ESCs) are pluripotent stem cells since they can differentiate into cells of the embryo and 

not of the placenta (Zakrzewski, Dobrzynski, Szymonowicz & Rybak, 2019). Multipotent 

stem cells, such as a haematopoietic stem cell, are a step further in terms of specialisation, 

such that they can differentiate within only one of the three cell lineages (Kimbrel & 

Lanza, 2020).  Further down the line, an oligopotent stem cell may specialise into a few 

cell types pertaining to one tissue, whilst a unipotent stem cell holds the most limited 

differentiation potential, as it can only form one cell type (Charitos et al., 2019). 

Nevertheless, unipotent stem cells have a high capacity for self-renewal.  

Somatic or adult stem cells are also undifferentiated cells; however, they are found 

within the developed organism (Nadig, 2009) in most mammalian organs and tissues 

(Charitos et al., 2021). Adult stem cells are involved in growth and regeneration of lost 

or damaged cells, and can be multipotent or unipotent (Zakrzewski, Dobrzynski, 

Szymonowicz & Rybak, 2019). Neural stem cells (NSCs) are an example; they can 

generate nerve cells, oligodendrocytes, and astrocytes.   
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1.3. Mesenchymal Stem Cells 

Mesenchymal stem cells (MSC) are a type of adult stem cell (Jiménez-Acosta et 

al., 2022). MSCs are interchangeably referred to as multipotential stromal cells, 

mesenchymal stromal cells, or mesenchymal progenitor cells (Pittenger et al., 2019).  

1.3.1. Origin 

MSCs were originally isolated from bone marrow, and since, have been found 

within various tissue types, including foetal, perinatal, and adult tissues. Specifically, 

MSCs can be isolated from peripheral blood, UC, foetal liver, foetal lung, adipose tissue, 

skeletal muscle, amniotic fluid and membrane, synovium, and the circulatory system 

(Neirinckx, Coste, Rogister, & Wislet-Gendebien, 2013); and also, dental tissues, 

endometrium, limb bud, placenta, salivary glands, and skin (Ullah, Subbarao, & Rho, 

2015). The fact that MSCs occur in many tissues in the body and can be isolated easily is 

one of their many advantages (Han et al., 2019). 

1.3.2. Characteristics of MSCs 

MSCs are typically spindle-shaped with elongated nuclei having two to three 

nucleoli (Jiménez-Acosta et al., 2022). In culture they have been found to occur as two 

differing structures: fibroblastic or rhomboid. These cells are plastic-adherent, and mostly 

fibroblastic, whose typical differentiation power lies within the mesodermal lineage 

(Neirinckx, Coste, Rogister, & Wislet-Gendebien, 2013). Although MSCs are considered 

multipotent adult stem cells, they can differentiate into cell types within other lineages 

and not just within the mesoderm (Zakrzewski, Dobrzynski, Szymonowicz & Rybak, 

2019; Poliwoda et al., 2022). Thus, MSCs have a high plasticity, making them a good 

choice as the starting cells for transdifferentiation experiments (Jiménez-Acosta et al., 

2022).  
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Despite the myriad of studies on MSCs, there is no quantitative assay to identify 

these cells within a mixed population (Ullah, Subbarao & Rho, 2015). Nevertheless, the 

International Society for Cellular Therapy (ISCT) established the minimal criteria 

required for MSC identification. To begin with, MSCs can be distinguished by their 

characteristic of plastic adherence. Secondly, these cells exhibit a unique set of cell 

surface markers, including expression of cluster of differentiation (CD) markers, CD73, 

CD90, and CD105, with a lack of expression of CD14, CD34, CD45, CD11b, CD79a, 

CD19 and human leukocyte antigen Class II (Jiménez-Acosta et al., 2022). Lastly, MSCs 

should possess an ability for their typical in vitro trilineage differentiation into adipocytes, 

chondrocytes, and osteoblasts. Such properties are applicable to all MSCs, although there 

may be some variations between MSCs isolated from different sources (Ullah, Subbarao, 

& Rho, 2015). MSCs have also been found positive for expression of CD29, CD44, 

CD146, and CD140b depending on the tissue they were isolated from. 

1.3.3. Relation of Properties of MSCs To Their Therapeutic Application 

Due to several advantageous characteristics, MSCs have been the subject of many 

studies and of over 900 US clinical trials (Kimbrel & Lanza, 2019). The application of 

MSCs for transplantation into patients was initiated as early as 1993 and since then their 

clinical use has been further addressed (Pittenger et al., 2019). MSCs have many 

properties that make them a good fit as starting cells for transdifferentiation research and 

regenerative medicine (Choudhary, Gupta, & Singh, 2021; Han et al., 2019). MSCs have 

a high degree of plasticity, but do not possess tumorigenic potential (Jiménez-Acosta et 

al., 2022). They can be easily sourced from a large variety of tissues and their use presents 

no ethical apprehension (Jiménez-Acosta et al., 2022). MSCs generate and release growth 

factors and cytokines (Pittenger et al., 2019), anti-inflammatory molecules (Ullah et al., 

2015), and trophic factors at sites of injury for tissue regeneration (Urrutia et al., 2019). 
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Additionally, MSCs have been shown to repair tissue damage by means of anti-apoptotic 

and cytoprotective signals, and their capacity for inducing angiogenesis (Zhang et al., 

2015; Kimbrel & Lanza, 2019). 

One very crucial aspect of MSCs is their combined immunosuppressive properties 

and low immunogenicity (Zhang et al., 2015). MSCs exhibit a low immunogenicity due 

to a lack of expression of HLA-DR and its co-stimulatory molecules, which enables 

MSCs to evade immunosurveillance, thus preventing an immune response in patients who 

receive cell transplants (Han et al., 2019; Zhang et al., 2015). Furthermore, MSCs exert 

immunosuppressive properties, meaning they can inhibit the activity of a number of 

immune cells, such as T cells, B cells, or natural killer cells, due to low-level expression 

of HLA class I; as well as, via cell-cell contact and soluble factors (Choudhary, Gupta, & 

Singh, 2021; Zhang et al., 2015).  

Such properties provide a good rationale for MSCs to be employed as universal 

donor stem cells (Choudhary, Gupta, & Singh, 2020).  This is important to note, since 

autologous MSC transplantation, i.e., the transplantation of MSCs sourced from within 

the patient themselves (Charitos et al., 2021), poses several issues (Zhang et al., 2015). 

Specifically, MSCs might be difficult to obtain from some patients or may exhibit a 

diminished biological activity (such as limited differentiation or regenerative potential) 

when taken from people of a certain age or with a particular disease. Therefore, it is 

sometimes challenging to obtain good quantities of healthy autologous MSCs with 

appropriate biological activity levels from certain individuals (Zhang et al., 2015). This 

is why it is so advantageous that MSCs can be used in an allogenic manner, i.e., using 

MSCs from a donor for transplantation into a different recipient.  
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1.3.4. MSCs application in neural therapy 

The mammalian adult CNS has a very poor capacity for repairing neural 

deterioration, thus any damage to the CNS is irreversible (Han et al., 2019; Wang et al., 

2022; Jiménez -Acosta et al., 2022). Several neurodegenerative diseases, such as AD and 

PD, amyotrophic lateral sclerosis, epilepsy, stroke and trauma, manifest with neuronal 

cell loss (Krabbe, Zimmer, & Meyer, 2005). As these diseases progress, significant 

neuronal harm is incurred, alongside neuronal cell death (Mollinari et al., 2018). This 

destruction, in turn, prompts the loss of cognitive and physical capacities. Therefore, 

neurodegenerative diseases are highly incapacitating; yet they are currently still 

incurable. Several treatments exist; however, they only help to relieve some of the 

symptoms caused by the disease, and they do not hinder disease progress (Choudhary, 

Gupta & Singh, 2020).  

With increasing life expectancy, there are now almost 100 million people in the 

world suffering from neurodegenerative diseases (Mollinari et al., 2018). This has caused 

a strain on society as well as the economy. A decent human disease model is highly sought 

after in the scientific community. A suitable disease model, such as patient-specific 

neuronal cells, could be applied for drug development, disease progression modelling and 

regenerative therapy (Mollinari et al., 2018). AD and PD are two of the most common 

neurodegenerative diseases; both still incurable (Tüshaus et al., 2020). Having an 

appropriate disease cellular model would enable researchers to investigate the disease 

mechanism, identify risk genes, and screen for potential drug treatments.  

Conversely to MSCs, NSCs have demonstrated a reduced capacity to differentiate 

into neuroglia when transplanted into adult mammalian brain and given ideal conditions 

for development (Choudhary, Gupta, & Singh, 2020). Considering this, MSCs are a more 

ideal starting cell type, since they are easily sourced, and can be certainly directed towards 
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neuronal and glial cell differentiation with chemical manipulation (Choudhary, Gupta, & 

Singh, 2020). The treatment of MSCs with neural inducing composites, can induce 

expression of neuron-specific markers, such as glial fibrillary acidic protein (GFAP), 

neuron-specific enolase (NSE) and neuronal nuclei (NEUN) (Choudhary, Gupta, & 

Singh, 2020).  

MSCs have several unique characteristics that further convey their suitability as the 

starting cells in transdifferentiation towards neural cells (Jiménez-Acosta et al., 2022). 

One such characteristic is the ability of MSCs to release signalling molecules that yield 

paracrine and autocrine effects that substitute for a multitude of genes and proteins that 

are aberrant in various neurodegenerative disorders (George, Hamblin & Abrahamse, 

2019). Moreover, MSC paracrine secretions serve to protect neuronal cells from oxidative 

stress and apoptosis (Choudhary, Gupta, & Singh, 2020). Their on-site delivery of 

cytokines and growth factors supports angiogenesis, neurogenesis, synaptogenesis, and 

remyelination, for reconstruction of the damaged CNS (Han et al., 2019). Additionally, 

MSCs are able to induce T cell tolerance and even release anti-inflammatory 

biomolecules, such as Transforming growth factor beta (TGF-β), which exerts 

neuroprotective effects (de Araújo Farias et al., 2018).  

Currently, most studies have produced functional DA neurons from either ESCs or 

iPSCs (Gaggi et al 2020; Gantner et al., 2020; Nolbrant et al., 2017). The use of ESC as 

the starting cells to derive neurons poses several issues since for their isolation, the 

embryo is destroyed in the process, and thus they are an ethically debated stem cell source 

(Zakrezewski et al., 2019). iPSCs pose a risk for tumourigenicity because they have a 

greater risk of expressing oncogenes during their development (Zakrzewski et al., 2019). 

Additionally, reprogramming patient somatic cells to iPSCs is a demanding procedure, 

and during their reprogramming, their somatic epigenetic memory is altered so that their 
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epigenetic signature is lost (Chabrat et al., 2019). This is a significant limitation if the 

ensuing induced neuronal cells are to be used as models for patient disease. For these 

reasons, somatic stem cells have come to light as another possible source in which these 

issues are mostly avoided and patient-specific disease models may also be developed 

(Chabrat et al., 2019; Gaggi et al., 2020).  

1.4. Neurons  

Human neurogenesis is most deeply manifested during embryonic development 

rather than postnatally, although this still occurs in the adult brain (Vieira et al., 2018). It 

is essential to consider both embryonic and adult neurogenesis in order to fully 

comprehend the mechanisms underlying the path from neural progenitors towards mature 

neurons. Embryonic neurogenesis shapes the brain’s structure and function, whilst 

postnatal neurogenesis, although limited, is involved in neural regeneration, memory, 

cognition and emotion (Vieira et al., 2018). Thus, the following sections discuss the 

current literature on both embryonic and adult neurogenesis.  
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1.4.1. The development of neurons – standard neuronal progenitor pathways 

 

Figure 1.1. A flowchart showing the stages of neuronal differentiation, from neuroepithelial cells 

towards DA neurons. In addition, the names of various common neural markers can be found for 

each stage of neuronal differentiation. Adapted from Abcam, 2021; Cell Signalling Technology, 2022, 

and produced using Biorender.com. 

 

1.4.1.1. Embryonic neurogenesis 

The intricacy of human brain structure arises via several organised and distinct 

pools of neurons and glia that originate from a modest number of neural progenitors 

produced during embryonic development (Belmonte-Mateos & Pujades, 2022). Two 

proliferative regions of the developing brain are central to embryonic neurogenesis: the 

ventricular zone (VZ) and the subventricular zone (SVZ) (Zhang & Jiao, 2015). 
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NSCs are multipotent, unspecialised cells that are competent in self-renewal and in 

the generation of all neurons, oligodendrocytes and astroglia (Galiakberova & 

Dashinimaev, 2020; Zhang & Jiao, 2015). These cells are crucial for both embryonic and 

adult neurogenesis. Various cell types occurring in the developing embryonic brain can 

be considered as NSCs; these include neuroepithelial stem cells (NECs), radial glial cells 

(RGCs) and basal (or intermediate) progenitor cells. NECs proliferate to form the neural 

tube (Zhang & Jiao, 2015). These cells gain a neurogenic potential upon their 

development into RGCs (Martynoga, Drechsel & Guillemot, 2012). RGCs first 

proliferate to expand the progenitor cell pool (Belmonte-Mateos & Pujades, 2022) and 

then divide asymmetrically to produce more specialised cells (Galiakberova & 

Dashinimaev, 2020). These are the intermediate (basal) progenitor cells (IPCs), and these 

cells are in a neuronal progenitor state that is committed to producing neurons 

(Galiakberova & Dashinimaev, 2020).  

1.4.1.2. Adult neurogenesis 

 Adult neurogenesis takes places in two brain regions maintained as neurogenic 

niches: the SVZ of the lateral ventricle and the subgranular zone (SGZ) of the 

hippocampal dentate gyrus (DG) (Bond, Ming, & Song, 2015; Galiakberova & 

Dashinimaev, 2020). A neurogenic niche is a region in the brain, which previously formed 

a part of the embryonic germinal layer, that boasts a unique microenvironment that 

maintains NSCs; hence, serving as a site for adult neurogenesis (Leal-Galicia et al., 2021). 

In the SVZ, DA, GABAergic and glutamatergic neuronal cells are produced, whilst the 

SGZ generates granular cells that are involved in cognition, memory, and learning (Leal-

Galicia et al., 2021). The NSCs of the adult brain, known as radial glia-like cells, are 

contained within these two regions (Galiakberova & Dashinimaev, 2020).  
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Adult SVZ NSCs (or type B cells) divide asymmetrically for self-renewal and to 

generate neuronal precursor type C cells (transit amplifying progenitors) (Jurkowski et 

al., 2020; Bond, Ming & Song, 2015). Type C cells divide symmetrically several times 

before progressing into type A cells (neuroblasts) (Galiakberova & Dashinimaev, 2020). 

Type A cells are the most differentiated cell state occurring within the SVZ (Jurkowski 

et al., 2020). These type A cells divide a few times and then assemble sequentially, as 

they migrate towards the olfactory bulb where they eventually differentiate into various 

subcategories of interneurons or granule cells (Bond, Ming & Song, 2015; Jurkowski et 

al., 2020). 

In the adult SGZ, quiescent radial glia-like neural progenitor cells (NPCs) evolve 

into mature neurons by advancing through four individual phases; the progenitor cell 

phase, the early survival phase, the postmitotic maturation phase and lastly the late 

survival/maturation phase (Jurkowski et al., 2020; Kempermann, Song & Gage, 2015, 

Hourigan et al., 2021). These neurogenic phases span six to eight weeks in which the 

cells progress through six distinct cellular states which may be distinguished based on 

morphology and marker expression. These six cellular states include RGL cells, type 2a 

IPCs, type 2b IPCs, neuroblasts, immature neurons and mature neurons (Hourigan et al., 

2021).  

1.4.2. Dopaminergic neuron development  

The literature reviewed here will focus on DA neurogenesis occurring within the 

midbrain, since the majority of mammalian DA neurons are contained in this region 

(Gaggi et al., 2020). During embryogenesis, midbrain floor plate (FP) precursors generate 

midbrain DA (mDA) neurons of the substantia nigra (SN), that project towards the dorsal 

striatum, forming the nigrostriatal pathway (Volpicelli et al., 2020). This pathway 

functions to control voluntary movement. The FP DA precursors also produce other mDA 
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neuron groups; namely those in the ventral tegmental area (VTA) and the retrorubral field. 

These two mDA nuclei play a significant role in mood, emotion, and reward regulation 

by use of the meso-cortico-limbic system (Volpicelli et al., 2020).  In PD, it is 

degeneration of the nigrostriatal pathway that is behind the development of the disease 

(Wang et al., 2020). On the other hand, schizophrenia, drug addiction, Attention-deficit 

hyperactivity disorder (ADHD), depression and chronic pain, are all associated with a 

dysfunctional meso-cortico-limbic pathway (Volpicelli et al., 2020).  

DA neurons characteristically synthesise and release the neurotransmitter dopamine 

(Arenas, Denham & Villaescusa, 2015). DA neurons can be identified by their expression 

of genes required for dopamine synthesis and neurotransmission, including tyrosine 

hydroxylase (TH) for generation of dopamine, the vesicular monoamine transporter 2 

(VMAT2), dopamine transporter (DAT) and paired-like homeodomain 3 (PITX3) 

(Mesman & Smidt, 2020). The concerted effects of a multitude of morphogens and 

transcription factors (TFs) bring about the ensuing differentiation of precursor cells into 

neural progenitors, immature and finally mature DA neurons (Volpicelli et al., 2020; 

Gaggi et al., 2020). Specifically, the combined and timely activation of Sonic hedgehog 

(SHH), Fibroblast growth factor (FGF) 8 , Wingless 1 (WNT1), and TGF-β signalling 

pathways, enable expression of numerous TFs involved in DA neuronal development 

(Gaggi et al., 2020). These TFs exert different functions and can be compiled accordingly 

(Brodksi et al., 2019). Orthodenticle homeobox 2 (OTX2), LIM homeobox transcription 

factor 1 alpha/beta  (LMX1A/B), and forkhead box A 1/2  (FOXA1/2) regulate the 

response of progenitor cells to signalling morphogens (SHH, FGFs, WNTs and BMPs – 

bone morphogenetic proteins), MSX1/2 and Neurogenin 2 (NGN2) regulate 

neurogenesis, and EN1/2, nuclear receptor subfamily 4 group A member 2 (NURR1), and 

PITX3 are involved in mDA neuron differentiation and survival (Brodski et al., 2019). 
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The following subsections review the current literature on the in vivo development of 

specifically DA neurons. 

1.4.2.1. Early development of the Midbrain 

The FP, where mDA neurons originate (Mesman & Smidt, 2020) and the isthmus, 

are two signalling centres important during early midbrain development (Arenas, 

Denham & Villaescusa, 2015). The isthmus is also known as the mid-hindbrain border, 

since it distinguishes the midbrain from the hindbrain, in which serotonergic neurons 

develop. The isthmus develops when the transcription factor OTX2 starts to be expressed 

in the midbrain, and gastrulation brain homeobox 2 expression begins in the hindbrain 

(Arenas, Denham & Villaescusa, 2015; Volpicelli et al., 2020). The isthmus is marked 

by expression of FGF8 that occurs within, and WNT1 expression that progresses out into 

the midbrain region and is centrally engaged in mDA neuron development (Mesman & 

Smidt, 2020).  

Once the isthmus has formed, FP specification may take place (Mesman & Smidt, 

2020). SHH signalling is critical for patterning of the FP. The findings of several studies 

contribute to the premise that SHH inhibits FP neurogenesis and that in turn, WNT 

signalling inhibits SHH in the FP to initiate FP neurogenesis, DA progenitor expansion 

and to induce expression of DA progenitor-specific genes (Bodea & Blaess, 2015; 

Brodski et al., 2019; Nouri et al., 2015).  

Several other genes are expressed in the midbrain FP and play a central role in the 

start of mDA neuronal specification, such as the LIM-homeodomain transcription factor 

LMX1A and the basic helix-loop-helix (bHLH) factors NGN2 and Achaete-Scute Family 

BHLH Transcription Factor 1 (MASH1) (Mesman & Smidt, 2020). Expression of these 

two pro-neural genes, NGN2 and MASH1, in proliferating mDA progenitors is supported 

by OTX2 (Volpicelli et al., 2020), which was previously defined as an important gene for 
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organisation of the Isthmus. FOXA2 is another essential TF; one of the first to be 

expressed in the ventral midbrain (Volpicelli et al., 2020; Kim et al., 2017). FOXA2 is 

responsible for the activation of an array of genes required for mDA neuron specification 

(Kim et al., 2017). Evidently, a complex web of TFs and morphogens orchestrate an 

accurate FP patterning and specification, which is essential for the generation of a large 

NPC pool that will serve as the foundation for DA progenitors and their mdDA neuronal 

progeny later on (Mesman  Smidt, 2020). 

1.4.2.2. Progression of NPCs towards mature mdDA neurons  

1.4.2.2.1. Lineage commitment and early differentiation of DA progenitors 

Interestingly, several factors involved in the early stages of FP patterning and 

expansion of the NPC pool are also involved in the subsequent crucial phase of DA 

neuronal fate commitment. One such patterning factor with this dual role is OTX2 

(Mesman & Smidt, 2020). It has been posited that OTX2 contributes to mdDA neuronal 

fate specification and pushes progenitor cells towards a DA progenitor fate (Puelles et al., 

2004; Simeone, 2005). OTX2 downregulates expression of Nkx2.2 to deter serotonergic 

neurons from being developed, indicating that this TF plays a role in repressing the 

generation of non-DA cell fates (Volpicelli et al., 2020).  

The sequential activation of a group of genes is necessary to stimulate the 

expression of other genes and TFs that are required to finalise the DA program in neural 

precursors already committed to the DA fate (Volpicelli et al., 2020). These mDA 

differentiation genes include NURR1, PITX3, EN1, EN2, and LMX1A/B. These crucial 

genes must operate in a concerted manner in order for an mDA neuron to reach maturity 

correctly (Volpicelli et al., 2020). Naturally, there are also cell-extrinsic factors that play 

a significant role in preparing and stimulating NPCs to advance towards a DA progenitor 

state and later towards mdDA neuronal cells, such as the aforementioned SHH and WNT 
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signalling (Bodea & Blaess, 2015; Brodski et al., 2019). As has already been disclosed, 

SHH signalling is primarily involved in the early stages of development, specifically in 

the process of launching the mDA progenitor pool, whereas WNT signalling is more 

involved in inducing differentiation in mDA progenitors (Mesman, von Oerthel, & Smidt, 

2014; Joksimovic et al., 2009; Zhou et al., 2016).  

The earliest WNT family member to be expressed in midbrain NPCs is WNT1, 

which is expressed within the isthmus (Joyner & Miller, 2000; Prakash et al., 2006; Wurst 

& Bally-Cuif, 2001). WNT1 is associated with the start of mDA neurogenesis, as well as 

the accurate pattering of the FP (Mesman & Smidt, 2020). WNT1, WNT2 and WNT3A 

stimulate the canonical WNT pathway, which plays a role in the proliferation and 

maturation of post-mitotic DA precursors towards mature mDA neurons (Bryja et al., 

2009; Castelo-Branco et al., 2003; Sousa et al., 2010;  Castelo-Branco et al., 2010).  

1.4.2.2.2. Late differentiation and maturation  

The maturation and survival of mDA neurons is coordinated by numerous factors 

including brain derived neurotrophic factor (BDNF) and glial cell line derived 

neurotrophic factor (GDNF) (Volpicelli et al., 2020). Silencing of GDNF and BDNF in 

adult mice results in mDA neuronal loss (Pascual et al., 2008), which suggests that GDNF 

and BDNF are vital for the survival of mDA neurons. Interestingly, a study proposed that 

GDNF is involved in the regulation of BDNF expression through a GDNF-PITX3-BDNF 

trophic loop (Peng et al., 2011). In another study, the treatment of an animal model with 

BDNF before the induction of PD hindered the loss of SN DA neurons and their striatal 

projections (Palasz et al., 2020). When BDNF was used in treatment after the induction 

of PD, it did not result in increased DA neurons, however, it did increase DA levels, 

synaptic plasticity, and DA axon growth (Palasz et al., 2020).  
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FOXA2 expression in maintained in adult DA neurons, thus it has been proposed 

to be involved in assisting mature neurons in their survival (Domanskyi et al., 2014). 

FOXA2, along with FOXA1, EN1 and EN2, have been implicated in cell fate 

determination, differentiation, and in sustaining mature mDA neurons and preventing 

their death by apoptosis (Ferri et al., 2007; Alvarez-Fischer et al., 2011). PITX3 has been 

demonstrated as a vital factor in differentiation and survival of mDA neurons (Maxwell 

et al., 2005; Smidt et al., 2004). Expression of PITX3 begins halfway through DA 

neuronal differentiation (Maxwell et al., 2005). PITX3 is expressed in all SN and VTA 

neurons, however loss of its expression mostly impacts DA neurons of the SN.  

Two other factors that have been implicated to interact with PITX3 with regards to 

mDA neuronal maturation are NURR1 and EN1 (Mesman & Smidt, 2020). Through the 

interaction of NURR1 and PITX3, the repressive effects of SMRT-HDAC complexes on 

NURR1 expression are halted so that NURR1 target genes may be expressed (Jacobs et 

al., 2009). Moreover, it has been shown that loss of PITX3 expression brought about an 

increased EN1 expression, and the study proposed that these two genes might function to 

regulate one another’s expression (Veenvliet et al., 2013). NURR1 also plays a role in 

regulating the response to NTFs which are needed for maturation and survival of mDA 

neurons, such as GDNF (Volpicelli et al., 2020). This function is carried out through 

controlling expression of GDNF receptor Ret and GDNF Family Receptor (GFR) alpha 

(GFRα) (Wallén et al., 2001; Galleguillos et al., 2010). Additionally, NURR1 was found 

to be in control of expression of BDNF which is involved in neuroprotection of mDA 

neurons (Volpicelli et al., 2007).  
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1.4.3. In vitro differentiation into neurons from different sources 

1.4.3.1. Differentiation of ESCs to neurons 

Neural differentiation of ESCs has been performed using neural inducers that 

control endogenous signalling pathways (Chambers et al., 2009; Tropepe et al., 2001). 

Various pathways have been targeted for the neural induction of ESCs. One of the main 

pathways targeted for inducing ESCs to form NSCs is the retinoic acid (RA) pathway 

(Vieira et al., 2018). A study by Tonge and Andrews found that neural differentiation of 

hESCs requires an extended period of RA treatment and a high cell density, which 

resulted in increased expression of NEUROD1, PAX6 and SOX2 (2010). Another study 

found that ESCs required extracellular signal-regulated kinase (ERK1/2) phosphorylation 

for survival and neural differentiation (Li et al., 2006). Furthermore, they found that 

NEUROD1, signal transducer and activator of transcription 3 (STAT3), nerve growth 

factor (NGF), BDNF and GDNF were also vital for neuronal differentiation of ESCs.  In 

a study by Kunath et al., ERK1/2 signalling was activated by FGF4 addition, which 

caused ESCs to exit the self-renewal state and start differentiating (2007). Furthermore, 

they described how FGF8 acts endogenously to elicit embryonic neural differentiation 

and support a temporary period of self-renewal of neural precursors (Kunath et al., 2007).  

In 2012, Kirkeby et al., reported a neural induction protocol which successfully 

generated subtype-specific DA neural progenitors from ESCs based on embryoid body 

formation and dual SMAD inhibition. For neural induction, embryoid bodies were 

cultured in SB431542, SHH, and a glycogen synthetase kinase-3β (GSK-3β) inhibitor 

(CT99021) for 9 days and then BDNF, GDNF, and ascorbic acid from day 11 onwards 

with the addition of dibutyryl-cAMP and N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-

phenylglycine t-butyl ester (DAPT) from day 14 (Kirkeby et al., 2012).  
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1.4.3.2. Transdifferentiation of MSCs to neurons 

As previously stated, typically, MSCs differentiate within their mesodermal lineage 

towards chondrocytes, adipocytes, and osteoblasts. However, given the presentation of 

ideal conditions, MSCs possess the capacity for differentiation within the remaining germ 

layers, i.e., the ectoderm, and endoderm (Ullah, Subbarao, & Rho, 2015; Choudhary, 

Gupta, & Singh, 2021). In the case that the MSCs are differentiating towards cells of 

ectodermal or endodermal lineages, the term transdifferentiation describes this process. 

Transdifferentiation refers to the process by which adult stem cells may 

differentiate into cell types within a cell lineage that differs from that in which the somatic 

stem cell originally occurred (Krabbe, Zimmer, & Meyer, 2005). Transdifferentiation 

involves genetic reprogramming, whereby certain genes, those originally expressed in the 

cell, are deactivated, whilst activating others that correspond to characteristics of the new 

cell type. This can only be considered to have occurred once it is established that the cells 

have adopted a characteristic cellular phenotype (Krabbe, Zimmer & Meyer, 2005). 

Overall, transdifferentiation is considered the safer option compared to transgene 

expression for production of iPSCs (Vieira et al., 2018). This is because 

transdifferentiation produces fully-differentiated cells that have a low probability of 

taking up another cell phenotype or even the formation of tumours (Vieira et al., 2018).  

Reprogramming of MSCs towards neuronal cell types in vitro has been achieved through 

several distinct routes (Jiménez-Acosta et al., 2022). These include the use of growth 

factors, coculture with cells of the neural lineage, gene transfection, miRNAs, chemical 

compounds, and small molecules.  

1.4.3.3. Differentiation of iPSCs to neurons 

Pluripotent stem cells can differentiate into all cell types of the three germ layers 

and have an unlimited self-renewal ability (Hong & Do, 2019). iPSCs can be created 
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using differentiated cells from a donor, by inserting several reprogramming factors 

(Takahashi & Yamanaka, 2006). Their main advantages are that their use is not 

constrained by lack of donor availability, and they avoid ethical concerns that are posed 

when using ESCs (Hong & Do, 2019). For these reasons they are often used for 

differentiation studies and disease modelling. iPSCs have been differentiated into NSCs 

using both 2D and 3D culture as both neurospheres and neural rosettes (Elkabetz et al., 

2008) and primitive NSCs (Shin et al., 2019).  

Several studies have been performed in which iPSCs were differentiated into DA 

neurons (Hong & Do, 2019). In a study by Perrier et al., iPSCs were cocultured with MS5 

stromal cells which was found to increase the efficiency of their conversion into NECs 

(2004). Furthermore, they treated the induced NECs with FGF8 and SHH and achieved 

their differentiation into DA neurons. In another study, iPSCs were differentiated into 

functional DA neurons in a phase-guided 3D cell culture microfluidic bioreactor system 

(Moreno et al., 2015). The induced neurons were found to express TH at a rate of 91%.  

1.4.3.4. Other sources 

Several research studies have adopted use of other kinds of stem cells for their 

neural induction and differentiation. One interesting example is the use of human nasal 

olfactory stem cells in a study conducted by Chabrat et al. (2019). These cells are a type 

of MSC, and what makes them ideal for neural induction is the fact that nasal olfactory 

tissue originates from the neural crest and is maintained in an embryo-like developmental 

state (Chabrat et al., 2019). Several research groups have conducted differentiation 

studies starting with NSCs (Roybon et al., 2008; Westerlund et al., 2003). However, this 

is not so common in current literature, considering that there are significant challenges to 

obtaining NSCs and other issues that affect their suitability for clinical application (Wang 

et al., 2020).  
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1.4.4. Dopaminergic neuron application in therapy 

Due to medical and technological advancements, we have seen a dramatic increase 

in the world’s population, together with an increase in life expectancy and thus an increase 

in the number of seniors (G7 National Academies, 2017). The major cause of death in 

older populations is cardiovascular disease and cancer, however neurodegenerative 

diseases such as AD, PD, and amyotrophic lateral sclerosis are within the top ten diseases 

and causes of death in the elderly. Neurodegenerative diseases, as of yet, do not have a 

cure, and their incidence greatly increases with age (Choudhary, Gupta & Singh, 2020). 

Tackling the lack of cures or means by which to slow disease progression in 

neurodegenerative disease is of paramount importance considering that the number of 

elderly people is projected to increase in the coming decades (G7 National Academies, 

2017). Since life expectancy is expected to increase even more, so will the number of 

people affected by such diseases, as well as the individual, social and financial burden 

experienced due to providing help to patients. This warrants the search for more efficient 

therapies to subdue symptoms, to delay disease progression and hopefully, cure the 

disease (Vieira et al., 2018). Cell-based regenerative therapy is an auspicious candidate 

for such a goal.  

 DA neurons are involved in numerous brain functions including motor control, and 

various behavioural and cognitive processes, including addiction, attention, motivation, 

reward, decision-making, and response to stress (Volpicelli et al., 2020: Mesman & 

Smidt, 2020). The degeneration of a portion of the mDA neuronal population in the SN 

is accountable for the development of PD (Surmeier, 2017; Mesman & Smidt, 2020), and 

brings about both motor and non-motor symptoms associated with PD (Mesman & Smidt, 

2020). The degeneration of DA neurons was recently also implicated in the development 

of Alzheimer’s disease (Krashia et al., 2019). Moreover, the dysfunction of DA neurons 
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has been associated with schizophrenia, drug addiction, ADHD, and depression 

(Volpicelli et al., 2020). 

Transplantation of human foetal nigral tissue has been investigated as a therapeutic 

strategy for PD (Di Santo & Widmer, 2018). Investigations have demonstrated its safety 

and found that it reinnervates the dopamine-depleted striatum in PD patients (Hauser et 

al., 1999; Hallett et al., 2014; Kordower et al., 2017). One issue that prevails is the limited 

survival of DA neurons after transplantation (Di Santo & Widmer, 2018). Hence, research 

efforts have been devoted to the search for non-foetal sources of DA neurons to boost DA 

survival.   

The therapeutic utility of stem cell-derived neurons and NSCs has been explored 

by transplantation studies using animal models of degeneration, including models of HD 

AD and PD (Ghosh, 2019). In a primate PD model, transplanted undifferentiated NSCs 

migrated to the site of damage, where they survived and successfully enhanced the 

performance of the nigrostriatal system (Redmond et al., 2007). Furthermore, some of the 

implanted NSCs started expressing TH and DAT. The brains of primates transplanted 

with these undeveloped NSCs were found to exhibit increased neuronal numbers, neuron 

size, and dopamine levels, with a decline in alpha-synuclein aggregation (Redmond et al., 

2007).  

Stem cell differentiation protocols have the potential to be applied for clinical 

therapy, drug screening and disease modelling of neurodegenerative and 

neurodevelopmental diseases (Nolbrant et al., 2017). Despite the promise held by stem 

cell therapy, there are still a number of issues to be addressed, and a lot more research to 

be done (Zakrzewki et al., 2019). A critical issue that impedes such applications of stem 

cells, is the need for protocols that dictate accurate patterning and maintenance features 

for the generation of each individual neuronal subtype. In order for stem cells and the 
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deduced differentiation protocols to allow for such applications, these protocols must 

produce correct and genuine neuronal subtypes, in a controlled and reproducible manner 

so that there is low batch-to-batch variation (Nolbrant et al., 2017). Importantly, the cells 

derived for therapy and transplantation into patients, must be able to completely replace 

lost or faulty cells (Zakrzewksi et al., 2019). 

1.5. Modulating biochemical pathways 

Specific morphogens are of utmost importance for neural patterning and 

specification during embryonic development, and for regulation of adult NSCs (Bond, 

Ming & Song, 2015). Such morphogens include BMPs, TGF-β family proteins, Notch, 

WNTs, and SHH. These pathways may be manipulated through use of small molecules 

to direct MSCs toward neurons in culture.  
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Figure 1.2. A flowchart that provides a summary of the main signalling pathways that influence 

neural differentiation of the Ectoderm. Inhibition is shown in red, and activation in green. 

Whether this inhibition or activation is exerted on differentiation or proliferation can be 

deduced from where the sharp arrow (green) or blunt arrow (red) ends. At the top of the image, 

the diagram shows ESCs from the inner cell mass of the blastocyst, that are totipotent, and can 

produce germ cells, and cells from within the 3 germ layers: the mesoderm, the endoderm and 

finally the ectoderm. From the ectoderm lineage, the main differentiation stages for production 

of DA neurons can be observed. Created using Biorender.com 
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1.5.1. WNT/β -catenin pathway 

WNT ligands are a family of autocrine and paracrine-secreted glycoproteins 

(Navarro Quiroz et al., 2018). If no WNT ligands are present, GSK-3β activates β-catenin, 

a primary regulator of the WNT pathway, to form a degradation complex comprising of 

GSK-3β/APC/Axin (Logan & Nusse, 2004), so that β-catenin is phosphorylated and 

ubiquitinated for its degradation by the proteasome (Navarro Quiroz et al., 2018). Via 

this persistent degradation of β-catenin, in the absence of WNT ligand, existing levels of 

intracellular β-catenin are kept low so that transcription of WNT target genes is averted.  

In the presence of a WNT ligand, it will interact with the G protein-coupled receptor 

Frizzled, to form a complex with low-density lipoprotein receptor 5/6 at the cell surface 

(Volpicelli et al., 2020; Navarro Quiroz et al., 2018). The activated receptor complex 

transmits a signal to activate the Dishevelled phosphoprotein, which inhibits glucose 

synthetase kinase 3 so that it cannot phosphorylate β-catenin. As a result, the β-catenin 

degradation pathway is terminated, so that β-catenin collects in the cell and may enter the 

nucleus to exert its effects (Logan & Nusse, 2004; Volpicelli et al., 2020). In the nucleus, 

β-catenin interacts with several TFs, including the lymphoid enhancer-binding factor 1/T 

cell-specific transcription factor (LEF/TCF) and cell factor T, to initiate transcription of 

WNT target genes (Navarro Quiroz et al., 2018; Logan & Nusse, 2004).  

This highly conserved pathway is frequently involved in nervous system 

development, namely, neural tube formation, and development of the dorsal root ganglia 

and the midbrain (Navarro Quiroz et al., 2018). Firstly, WNT family proteins play a role 

in early caudalisation of the cells of the neural plate (Kirkeby et al., 2012). The canonical 

WNT pathway promotes neuronal differentiation via upregulating expression of NGN1 

and NGN2, which are pro-neural bHLH proteins (Wen, Li, & Liu, 2009). This 

upregulation occurs due to activation of their promoters by the β-catenin/TCF complex. 
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WNT/β-catenin signalling also exerts proliferative effects through increasing cyclin D1, 

cyclin D2, and c-Myc expression. Additionally, the canonical WNT pathway endorses 

the self-renewal of RGCs so that the radial glial population is maintained (Galiakberova 

& Dashinimaev, 2020). When it comes to mDA differentiation, several WNT proteins 

have been found to exert a significant influence (Volpicelli et al., 2020). WNT1 has been 

found to stimulate proliferation in mDA precursors and thus amplifies the mDA precursor 

pool, whereas WNT5a enhances mDA differentiation (MacDonald, Tamai & He 2009).  

1.5.2. Cyclic AMP Signalling 

Interaction of specific ligands with membrane-bound G protein coupled receptors 

results in activation of the adenylyl cyclase enzyme that subsequently converts Adenosine 

Triphosphate (ATP) into cyclic adenosine monophosphate (cAMP)  (George, Hamblin & 

Abrahamse, 2019). Activated and elevated cAMP intracellular levels bring about 

activation of protein kinase A (PKA), which is involved in multiple cell processes, such 

as stem cell proliferation and differentiation (George, Hamblin & Abrahamse, 2019). The 

cAMP pathway is involved in many cellular mechanisms including cell differentiation, 

metabolism, and apoptosis (Singh et al., 2020).  

cAMP production in the cell may also stimulate cAMP response element binding 

protein (CREB) to be activated by phosphorylation (Lepski et al.,2013). Increased cAMP 

and CREB levels have been shown to contribute to NPC proliferation and differentiation 

(Dworkin & Mantamadiotis, 2010), since CREB can bind to promoter regions of genes 

containing the cAMP response element (Lepski et al., 2013). In a study by Fujioka, 

Fujioka & Duman, sustained cAMP levels enhanced formation of dendritic branches, and 

increased MAP2 expression within two weeks of differentiation treatment (2004). In a 

study conducted by Hulley, Hartikka & Lübbert, it was found that elevated cAMP levels 

prevent degeneration of DA neurons treated with toxic molecules, and it was thus found 
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to serve as a neuroprotective additive in DA neuronal culture (1995). It has been 

postulated that the beneficial effects of cAMP on neural induction and differentiation are 

related to CREB activation through the phosphorylation of PKA (Jagasia et al., 2009). In 

fact, Merz, Herold, & Lie, discovered that phosphorylated CREB is elevated in NPCs and 

immature neurons during their differentiation (2011).  

1.5.3. Fibroblast Growth Factor signalling  

The FGFs are a family of secreted signalling growth factors and vital mitogens 

involved in the neural development in the embryo (Galiakberova & Dashinimaev, 2020).  

FGFs conduct their effects by interacting with cell surface receptors within the tyrosine 

kinase family (fibroblast growth factor receptor 1-4) (Brodski et al., 2019). This 

interaction brings about activation of several downstream signal transduction cascades, 

including the mitogen-activated protein kinase (MAPK), phosphoinositide-3-

kinase/protein kinase B (PI3K/AKT), phospholipase C gamma (PLCγ), and STAT 

pathways. FGF signal transduction brings about upregulated expression of genes usually 

within the ETS TF family, such as ETV4/5 (Brodski et al., 2019). FGFs have been 

implicated to play a role in cell survival, proliferation, differentiation, migration, axon 

guidance and synaptogenesis.  

Importantly, FGF family members are directly involved in development of the 

embryonic midbrain (Brodski et al., 2019). FGF8 expression and signalling is crucial for 

the formation of the isthmus and for its maintenance. However, FGF signalling continues 

to be important even once the isthmus has formed, after which it is involved in sustaining 

NPC viability. Studies have shown that FGF8 or FGF receptor inactivation brings about 

increased apoptosis of NECs in the midbrain (Saarimäki-Vire et al., 2007; Chi et al., 

2003). In embryogenesis, FGF signalling is critically involved in patterning and 

compartmentalisation of the midbrain, where it plays a role in establishing regional 
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identities of neuronal cells. However, it has also been found to be involved in support of 

both NPC maintenance and cell cycle exit for neural differentiation in mDA neurons 

(Lahti et al., 2011; McGowan, Alaama, & Strieder, 2013). Later in embryonic production 

of mDA neurons, FGFs are involved in axon guidance and survival (Brodski et al., 2019). 

1.5.4. TGF-β signalling family 

The TGF-β signalling family consists of the Activin/Nodal and BMP pathways 

(Zirra, Wiethoff, & Patani.  2016). When a ligand binds, receptor dimerization is 

triggered, which in turn prompts a signalling transduction pathway to phosphorylate and 

activate a family of cytoplasmic proteins known as the Smads (Zirra, Wiethoff, & Patani, 

2016). In embryogenesis, the TGF-β family plays a central role in regulating the primary 

stages of nervous system development, dorsalisation, patterning of the CNS, stem cell 

lineage commitment, cell migration, axon guidance, synaptogenesis, and cell survival 

(Meyers & Kessler, 2017).  

Several TGF-β superfamily members are expressed in the neural plate: including 

both BMP and Activin proteins (Timmer et al., 2005). BMP signalling regulates the 

commitment to proliferation or differentiation through interacting with the WNT 

pathway. WNT1 and WNT3 upregulate proliferation of neuronal precursors and decrease 

differentiation. Since greater BMP signalling causes increased WNT1/3 expression, this 

results in a decreased neuronal differentiation. In the embryo, BMP signalling 

downregulates neurogenesis and instead boosts astroglial cell commitment of SVZ NSCs, 

or NSC quiescence in the SGZ (Bond, Ming, & Song, 2015). It is important to note that 

Activin receptors have different downstream effectors Smads from BMPs, whereby 

Activin/Nodal receptors use Smad2 and Smad3 ligands and BMPs use Smads 1, 5 and 8 

(Timmer et al., 2005; Zirra, Wiethoff, & Patani, 2016). This implies that the Activin 

receptors would elicit different biological effects to the BMPs.  
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The TGF-β/Activin/Nodal pathway is vital for ESCs proliferation, preserves their 

pluripotency, and thus it discourages differentiation of the neuroectoderm (Galiakberova 

& Dashinimaev, 2020). In fact, endogenous nodal antagonists, Lefty1 and Cerberus-1 are 

needed for anterior neural patterning. Inhibition of TGF-β signalling has been found to 

prompt the neural induction of ESCs towards the ectoderm, and bring about production 

of embryonic NSCs (Temple, 2001).  

1.5.4.1. Activin A 

Being members of the TGF-β superfamily, Activins comprise of either a homo- or 

hetero-dimer of two β-Activin subunits (Rodríguez-Martínez, Molina-Hernández, & 

Velasco, 2012). This means that one out of three proteins may be biologically produced: 

Activin A (βA/βA), Activin B (βB/βB) and Activin AB (βA/βB). Mature Activin proteins 

may bind to a complex of type I (ALK2/4/7) and type II (ACVR2A/B) transmembrane 

receptors having serine/threonine kinase activity. Once the appropriate ligand is bound, 

the type II receptor phosphorylates the type I receptor (ALK4) which becomes activated. 

The activated type I receptor then enables the phosphorylation and activation of Smad 2/3 

proteins. Active Smad 2/3 proteins can form a complex with Smad 4 which migrates into 

the nucleus, binds to the relevant deoxyribonucleic acid (DNA) regions or associates with 

TFs for target gene expression (Rodríguez-Martínez, Molina-Hernández, & Velasco, 

2012). 

1.5.4.2. Bone Morphogenic Protein signalling  

The BMP family is the largest subgroup of the TGF-β signalling family (Quiroz et 

al., 2018). BMPs act as growth factors and are expressed in both embryonic and adult 

nervous systems (Galiakberova & Dashinimaev, 2020). BMP signal transduction occurs 

through two different receptor types: serine-threonine kinases and BMP receptors type I 

(BMPRIs including ALK1/2/3/6) and type II (BMPRIIs including BMPR2, ACVR2A/B) 
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(Quiroz et al., 2018). Canonical BMP signalling is one kind of BMP signalling in which 

Smad proteins are employed as messengers (Galiakberova & Dashinimaev, 2020). Ligand 

binding results in formation of a tetramer complex composed of two BMP type I receptors 

and two BMP type II receptors (Quiroz et al., 2018). This complex formation activates 

an intracellular signalling cascade that requires phosphorylated Smad proteins. Smad 1, 

Smad 5, and Smad 8 are phosphorylated and activated via type I BMP receptor kinases, 

and once activated, form a heteromeric complex with Co-Smad (Smad 4). These activated 

complexes translocate to the nucleus to activate transcription of target genes (Quiroz et 

al., 2018).  

BMPs are activated at different stages and within different brain regions to regulate 

progenitor proliferation, cell fate, differentiation, and apoptosis (Jovanovic et al., 2018; 

Bond, Bhalala & Kessler, 2012; Brodski et al., 2019). Whether BMPs will impede or 

promote such cell processes, depends on the cell type, its developmental stage, and the 

extracellular environment (Brodski et al., 2019). Importantly, in embryogenesis, BMP 

signalling inhibits transformation from the primitive ectoderm to neural ectoderm  

(Galiakberova & Dashinimaev, 2020; Bond, Bhalala & Kessler, 2012). Thus, suppression 

of BMP-Smad signalling is critical for the initial neural induction of the ectoderm in 

embryonic neurogenesis. Noggin is the major endogenous inhibitor of BMP signalling 

and functions to regulate it (Galiakberova & Dashinimaev, 2020). Later, BMP-Smad1/5/8 

signalling participates in the progression of neuronal differentiation, maturation, and 

specification of the CNS in embryogenesis. However, in early stages of embryogenesis, 

BMP-Smad-signalling works to maintain the dormant state of NSCs through temporarily 

boosting their quiescence, so that they are maintained as undifferentiated precursors 

(Galiakberova & Dashinimaev, 2020).  BMPs exhibit cross-talk with several other critical 

developmental pathways; namely, WNT and SHH pathways (Brodski et al., 2019).  
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In the adult nervous system, BMPs foster glial differentiation but inhibit neuronal 

specification (Quiroz et al., 2018; Watabe & Miyazono, 2009). In the adult SVZ, BMP 

ligands and receptors are expressed within stem cells and neural progenitors, where they 

function as inhibitors of type B and type C neuronal cell differentiation. Hence, BMP 

signalling is important for maintenance of stemness properties (Quiroz et al., 2018). 

Additionally, BMP proteins have been found to encourage the differentiation of MSCs 

towards chondroblast or osteoblast fates (Roelen & Dijke, 2003). 

1.5.5. Hedgehog signalling 

SHH is a soluble extracellular signalling protein that was initially found to support 

differentiation in the neural tube and limb bud (Faigle & Song, 2013). The SHH signalling 

protein is a major morphogen involved in patterning of the CNS during embryogenesis, 

and in control of the cell cycle of NSCs and NPCs (Galiakberova & Dashinimaev, 2020).  

It is now known that SHH is highly involved in regulation of multiple aspects of nervous 

system development, including the differentiation of the ventral forebrain, midbrain DA 

differentiation, and cerebellar neuronal precursor proliferation (Ericson et al., 1995; 

Wechsler-Reya & Scott, 1999; Quiroz et al., 2018).  

SHH exerts its functions through interacting in a receptor complex comprised of 

the receptor Patched (Ptc), and its G-protein-coupled receptor Smoothened (Smo) (Faigle 

& Song, 2013). When the SHH ligand is present, via signal transduction of Smo, activated 

Ptc brings about the transcription of Gli-proteins amongst other SHH target genes. It has 

also been demonstrated that SHH plays a significant role in neurogenesis in adult 

neurogenic regions, such that SHH receptors Ptc and Smo are both expressed in adult 

hippocampus and progenitor cells obtained from this brain region (Traiffort et al., 1998; 

Lai et al., 2003). Ahn & Joyner, demonstrated that quiescent NSCs and progenitors in the 

adult SVZ and SGZ, responded to SHH signalling by committing to neurogenesis (2005). 
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Other than its function in boosting self-renewal, proliferation, and neurogenesis in adult 

NSCs, SHH has also been implicated in regulation of cellular migration in the adult brain 

(Faigle & Song, 2013).    

1.5.6. Rho Kinase pathway 

Rho is a small GTP-binding protein involved in multiple cellular functions 

(Labandeira-Garcia et al., 2015). RhoA, a member of the Rho family, conducts through a 

downstream effector Rho-associated kinase (ROCK). The ROCKs are a family of 

GTPases that modify actin cytoskeletal arrangements (Jia et al., 2016). Two genes, 

ROCK I and ROCK II encode the two isoforms of this protein, of which ROCK II is 

expressed in the brain (Labandeira-Garcia et al., 2015). ROCK proteins phosphorylate a 

multitude of substrates, of which the myosin light chain (MLC) and the myosin binding 

subunit of the MLC phosphatase, were the first substrates discovered (Labandeira-Garcia 

et al., 2015). The majority of ROCK substrates are proteins involved in regulation of the 

actin cytoskeleton. ROCK is also implicated as a central effector of morphological 

changes occurring during apoptosis including cell contraction, membrane blebbing and 

fragmentation of apoptotic cells (Labandeira-Garcia et al., 2015).  

In their study, Compagnucci et al., found that ROCK inhibition enhanced a 

neuronal morphology in iPSC-derived neurons (2016). Furthermore, ROCK inhibition in 

these cells also brought about increased expression of NR4A1, which is a nuclear receptor 

that acts as an inducer of neurite outgrowth. Hence, ROCK signalling causes an inhibition 

of neurite outgrowth. Tonges et al., investigated ROCK signalling and its effects on DA 

neurons in a cell culture model and in vivo mouse model of PD (2012). Their study found 

that inhibition of ROCK signalling rescued DA neuronal cell loss in both models. 

Moreover, they showed that ROCK inhibition in these models protected and conserved 

DA terminals. Tonges et al., proposed that the AKT survival pathway is a central player 
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in the neuroprotective effects brought about by ROCK inhibition (2012). Furthermore, 

Labandeira-Garcia et al., described how ROCK inhibition safeguards DA neurons from 

death (2014). ROCK inhibitors have axon-stabilising effects that enable neuroprotection 

and regeneration of DA neurons (Labandeira-Garcia et al., 2015).  

1.5.7. Neurotrophic Factor Signalling 

NTFs are proteins that are involved in regulation of survival, growth, morphological 

plasticity, and the synthesis of proteins necessary to conduct specific functions pertaining 

to mature neurons (Leal-Galicia et al., 2021). NTFs are classified into three individual 

subset families: neurotrophins (NTs), GDNF family ligands (GFLs), and neuropoietic 

cytokines. Each family stimulates different pathways, although the various pathways’ 

effects on cells are similar (Leal-Galicia et al., 2021). Both NTs and GFLs are highly 

involved in regulation of adult neurogenesis within the SVZ and SGZ of the DG, the SN, 

striatum, habenula and cerebellum.  

The NT family is highly involved in regulation of neuronal differentiation and 

survival, axonal and dendritic growth, synaptic transmission, and adult neural plasticity 

(Ribeiro & Xapelli, 2021). These NTs are also vital in the processes of memory and 

learning. Examples of NTs include NGF, BDNF, and NT3/4/5 (Leal-Galicia et al., 2021). 

These proteins are primarily produced as proneurotrophins, after which they are either 

secreted from cells or are subjected to proteolytic cleavage to produce the final NT. NTs 

may interact with two types of receptors: either the p75 neurotrophin receptor (p75NTR) 

or the receptor tyrosine kinase (RTK) family (Leal-Galicia et al., 2021). All NTs and 

proneurotrophins interact with p75NTRs, whereas only mature NTs bind to Trk receptors.  

GFLs are activated in various tissues and bind to receptors on target cells to regulate 

development, survival, and differentiation (Leal-Galicia et al., 2021). GFLs are also 

initially produced in a precursor form that undergoes proteolytic cleavage. Examples of 
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GFLs include GDNF, neurturin, artemin, and persephin. GFLs conduct their signals via 

binding to RTKs, however they are only activated if they are initially bound to GFRα 

receptors, which include four types (GFRα1-4). GDNF binds to GFRα1 and subsequently 

forms a complex which includes RET. GFLs are involved in the survival, differentiation, 

and migration of cells within various tissues. Importantly, GDNF is crucial for survival 

of DA neurons in the adult brain (Leal-Galicia et al., 2021). 

1.5.8. Notch signalling 

The Notch signalling pathway can provoke both the maintenance and 

differentiation of NSCs (Delgado-Garcia & Amorim, 2016). When the Notch receptor 

Delta is activated, the Notch intracellular domain (NICD) transports to the nucleus and 

forms a complex with the DNA-binding protein RBPJK and coactivator Mastermind-like 

(MAML). In the adult neurogenic regions, RBPJK inhibition augments cell proliferation, 

as adult quiescent NSCs progress into rapidly-dividing transit-amplifying progenitor 

cells. The study proposed that the NICD-RBPJK-MAML complex enables expression of 

several bHLH transcriptional repressors such as HES1/5/3 (Imayoshi et al.., 2010). Such 

HES factors have been found to bind specific DNA regions to restrict the expression of 

several pro-neural genes, including ASCL1/MASH1, and NGN2 (Imayoshi et al., 2010; 

Imayoshi et al., 2013; Kageyama, Shimojo, & Imayoshi, 2015). Interestingly, the 

activation of these genes causes an activation of Notch in neighbouring cells, which halts 

their neuronal differentiation. This lateral inhibition occurs so that the simultaneous 

differentiation of NSCs is repressed, and the adult neurogenic niche is maintained 

(Imayoshi et al., 2010). Hence, Notch signalling activation in early phases is important 

to inhibit expression of pro-neural genes to allow the neural population to proliferate  and 

expand to sufficient numbers (Wen, Li & Liu, 2009).  
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A coordinated activation of Notch and WNT signalling supports the maintenance 

of the NSC population for effective neurogenesis, whereas inactivation of Notch causes 

a premature neuronal differentiation, thus diminishing the NSC population (Delgado-

Garcia & Amorim, 2016). In a study by Das et al., ESCs were prompted with activation 

of Notch signalling for six hours on day 3 of their neural induction, which led to 

significantly increased proliferation (2010). This effect is postulated to come about 

because Notch signalling activates cyclin D1 expression. In fact, a decreased cyclin D1 

expression was found when Notch signalling was inhibited (Das et al., 2010).  

1.6. Small Molecules 

Several naturally-occurring small molecules selectively act on developmental 

pathways to elicit specific cellular responses (Liu et al., 2018). Thus, they can be used to 

bring about differentiation of stem cells within a chosen cell lineage and towards the 

cellular stages so desired. By changing the applied concentrations of small molecules, 

one can effectively manage their effects on cells to control their fate and differentiation 

(Liu et al., 2018). Small molecules are permeable to the cell membrane, their effects are 

reversible, and their concentrations may be easily adapted to alter their effects in a 

practical manner (Qin et al., 2020). Additionally, small molecules can be chemically 

synthesised, making them a cost-effective treatment. Such advantageous characteristics 

make them a favourable choice for small molecule cellular reprogramming strategies to 

be adopted into clinical therapy.  
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Name Pathway interactions Function 

Activin A 
Homodimer TGF-β 

superfamily cytokine 

Neuroprotective agent, promotes 

neurite outgrowth and neuronal 

differentiation. 

BDNF 

Neurotrophin signalling 

through various 

pathways 

Supports migration of neuronal cells, 

dendritic complexity, synaptogenesis, 

maturation, and plasticity of mature 

neurons, and serves a neuroprotective 

role. Specifically enhances survival of 

DA neurons. 

CHIR99021 
GSK-3β inhibitor and 

WNT pathway activator 

Induces reprogramming of stem cells 

and specifies a DA progenitor cell 

fate. Promotes DA neuronal 

differentiation. 

DAPT 

γ-secretase inhibitor 

which inhibits Notch 

signalling 

Inducer of neural differentiation and 

supports electrophysiological 

maturation. 

Dibutyryl cyclic-

AMP (db-

cAMP) 

Membrane permeable 

analogue of cAMP, 

PKA and CREB 

signalling 

Inducer of neuronal differentiation, 

neurite outgrowth and neuron 

survival. Increases dopamine uptake 

and TH expression in DA neurons and 

encourages commitment to the DA 

fate. 

FGF8 

FGF signalling induces 

several downstream 

signalling including 

MAPK and PI3K/AKT 

pathways 

Promotes specification of midbrain 

progenitors, and proliferation and 

differentiation of midbrain NSCs 

Forskolin (FSK) 

Adenylyl cyclase 

activator, increases 

cAMP and activity of 

protein kinases A/B 

Inducer of neuronal differentiation, 

neuronal fate specification, neuronal 

morphology and axonal regeneration 
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GDNF 

Neurotrophin signalling 

through various 

pathways 

Enhances DA neuron survival and 

differentiation, neurite outgrowth, 

morphological maturation, and 

synaptogenesis. 

Purmorphamine 
Smo receptor 

agonist/SHH activator 
Same as SHH 

SB431542/A8301 

Inhibitor of TGF-

βRI/ALK5, ALK4 and 

ALK7 

Induces reprogramming in stem cells 

and enhances commitment to 

neuroectoderm. 

SHH SHH pathway 

Promotes proliferation of progenitor 

cells, DA neural induction of NSCs, 

and axon path-finding in 

differentiating DA neuronal cells. 

TGF-β3 TGF-β family signalling 

NTFs involved in DA neuron 

survival, neurite outgrowth and 

neuronal migration. Plays a role in 

regulating excitatory/inhibitory 

synaptic balance in DA neurons. 

Y27632 ROCK inhibitor 

Axon-stabilising, support of neurite 

outgrowth and neuron survival along 

neural induction treatment 

Table 1.1. A summary table for the effects and pathway interactions of the small molecules and 

proteins used in the neural differentiation treatments in this study. 

1.6.1. N2 and B27 

N2 supplement is used in cultures to stimulate neuronal differentiation and 

morphogenesis, whereas B27 is a cytoprotective supplement that promotes neuronal cell 

maturation (Morii, Katayama & Inazu, 2020).  

1.6.2. SB431542 

This small molecule is an inhibitor of ALK4, 5, and 7 (Liu et al., 2018). It inhibits 

the Activin/TGF-β pathways through preventing phosphorylation of the ALK4, ALK5 
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and ALK7 receptors (Chambers et al., 2009). This compound has been found and 

employed in neural induction protocols to enhance reprogramming in stem cells (Liu et 

al., 2018; Qin, Zhao, & Fu, 2017).   

In amphibian models, BMP has been shown to inhibit neural differentiation of the 

ectoderm, instead promoting epidermal differentiation (Wilson & Hemmati-Brivanlou, 

1995; Sasai et al., 1995). In mouse ESCs, BMP signalling was found to inhibit neural 

induction instead enabling conversion into epidermis cells (Kawasaki et al., 2000; 

Tropepe et al., 2001; Ying et al., 2003). Overall, such research studies suggest that TGF-

β family signalling elicits the mesoderm and endoderm lineages (Vasan et al., 2021). 

Moreover, as aforementioned, TGF-β/Activin/Nodal signalling perpetuates ESCs 

pluripotency, in turn preventing them from entering the neuroectoderm lineage 

(Galiakberova & Dashinimaev, 2020). Thus, this needs to be inhibited in order to allow 

for induction of the neuroectodermal fate (Vasan et al., 2021). Studies have shown that 

inhibition of the TGF-β/Activin/Nodal pathway using the SB431542 inhibitor resulted in 

significant neural conversion of various stem cell types (Chambers et al., 2009; Patani et 

al., 2009). In another study, inhibition of TGF-β signalling was combined with activation 

of WNT signalling at early stages of neural induction and brought about considerable 

neural conversion of fibroblasts (Ladewig et al., 2012).  

1.6.3. CHIR99021 

The WNT signalling pathway plays a central role in self-renewal and pluripotency 

reprogramming in pluripotent stem cells through activating expression of WNT target 

genes (Qin, Zhao, & Fu, 2017). A transcriptional repressor, TCF-3, acts to suppress 

expression of WNT target genes by binding to DNA at promoter regions of WNT-

activated pluripotency genes. CHIR99021 is applied as a potent GSK-3β inhibitor (Wang 

et al., 2020) that inhibits TCF-3, stopping it from blocking transcription of WNT 
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pluripotency genes (Qin, Zhao & Fu, 2017). Thus, it is employed to induce 

reprogramming of stem cells. WNT signalling also regulates expression of TFs related to 

neuronal differentiation, including neuronal differentiation 1 (NEUROD1) and prospero-

related homeobox 1 (Jurkowski et al., 2020). These factors encourage neurite 

development and dendritic branching. The WNT1 protein has been found to bring about 

proliferation of mDA progenitors, whilst WNT5a enhances their differentiation 

(Volpicelli et al., 2020).  

In a study by Kriks et al., CHIR99021 was used to produce FP progenitors 

expressing LMX1a and FOXA2 (2011). The research study found that CHIR99021 

treatment was able to stimulate patterning of neural progenitors, and propelled iPSCs to 

commit to DA neuronal fate. Another study by Xi et al., also found that CHIR99021 

treatment in early stages of iPSC differentiation was essential for inducing the midbrain 

fate (2012). Interestingly, their production of midbrain FP progenitors that were capable 

of developing into TH-positive DA neurons, was dependent on treatment of the 

neuronally-induced cells with FGF8 later on in the protocol. This implied that FGF8 is 

also necessary in pushing mDA neuronal progenitor differentiation (Wang et al., 2020).  

1.6.4. SHH and Purmorphamine 

SHH is a soluble extracellular signalling protein that has been implicated in several 

aspect of nervous system development; namely, neuronal differentiation of the ventral 

forebrain, DA differentiation of the mesencephalon, and proliferation of neuronal 

precursors contained within the cerebellum (Navarro Quiroz et al., 2018). SHH is one of 

the main factors in neural patterning of the midbrain FP during embryogenesis (Brodski 

et al., 2019). In fact, all the factors required to activate SHH signalling are highly 

expressed in mDA progenitor regions during early neural development (Brodski et al., 

2019).  
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A study demonstrated how addition of exogenous SHH in vitro or its 

overexpression in vivo, augmented proliferation of progenitor cells (Lai et al., 2003). In 

another study, conditional knock-out of Smo resulted in significantly diminished 

production of mDA progenitors and mDA neurons (Blaess, Corrales, & Joyner, 2006). 

SHH signalling is critical for DA neural induction of NSCs in the beginning stages of 

neurogenesis, and then later on, contributes to axon pathfinding in differentiated mDA 

neurons (Brodski et al., 2019). The addition of SHH in neural induction treatments is vital 

for production of true mDA neurons in vitro (Brodski et al., 2019). Purmorphamine is a 

small molecule Smo receptor agonist (Kim, Jeong, & Choi, 2020), and the Smo receptor 

is the signal transducer of SHH signalling  (Faigle & Song, 2013). Thus, this can be used 

interchangeably with SHH.  

1.6.5. Y27632 

ROCK signalling activation has been found in neuroinflammatory processes, in 

axonal collapse and retraction and thus its inhibition has axon-stabilising effects and 

endorses neurite outgrowth (Labandeira-Garcia et al., 2019). Furthermore, ROCK 

inhibition averts DA cell death caused by DA neurotoxins (Labandeira-Garcia et al., 

2019). It has been postulated that the neuroprotective and regenerating effects of ROCK 

inhibitors on DA neurons are manifested through activation of neuroprotective survival 

cascades and axon-stabilising effects. Y27632 is a ROCK inhibitor small molecule (Liu 

et al., 2018) and can thus be used to protect stem cells and neurons from apoptosis during 

their neural differentiation and enhance their survival and neurite outgrowth (Labandeira-

Garcia et al., 2019).  
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1.6.6. FGF8  

FGF8, which is an endogenous inducer of embryonic neural differentiation, was 

found to enhance neural induction of early neural cells along with their self-renewal 

(Chen et al., 2010). Importantly, and as has been previously delineated, FGF8 is crucial 

in patterning of the midbrain area; specifically in establishment of the isthmus (Mesman 

& Smidt, 2020). FGF signalling may exert different effects depending on which stage of 

differentiation they are applied (Chuang, Tung, & Lin, 2015).   

In vitro FGF signalling has been shown to promote proliferation and differentiation 

of midbrain NSCs (Murphy, Drago, & Bartlett, 1990; Tropepe et al., 1999). Treatment of 

neural explants with FGF8 was found to elicit mDA neuron differentiation (Ye et al., 

1998). FGF treatment of cells in culture can simulate the signalling cascades that occur 

in embryonic neurogenic development and has thus been applied in mDA neuron 

differentiation protocols using neural progenitors, ESCs, iPSCs and somatic cells (Kim 

et al., 2011; Friling et al., 2009; Sánchez-Pernaute et al., 2001). Studies have produced 

posterior mDA neuronal precursors from ESC-derived ventral midbrain progenitors via 

the scheduled administration of FGF8, and these mDA precursors produced dopamine-

rich grafts that relieved PD symptoms when transplanted in an animal model (Kirkeby et 

al. 2017; Jaeger et al., 2011; Nolbrant et al., 2017). FGF signalling may be incorporated 

with other signalling morphogens known to be vital in embryonic mDA neurogenesis, 

such as SHH and WNT, in order to produce cultures of authentic mDA neurons, with 

diminished numbers of other cell subtypes (Brodski et al., 2019).  

1.6.7. Forskolin 

FSK is a plant extract (George, Hamblin & Abrahamse, 2019), and an adenylate 

cyclase activator that is employed to increase cAMP concentrations in the cell (Singh et 

al., 2020). FSK has been found to enhance neuronal specification and axonal 
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regeneration. In their study, Singh et al., found that FSK treatment of MSCs augmented 

neurite length, axonal development, and induced morphological changes towards a 

neuronal morphology including presence of a distinct nucleus (2020). Moreover, a 

combination of FSK and bFGF (FGF basic) treatment brought about expression of TFs 

involved in the survival of DA neurons including NGN2, PITX3 as well as of neuronal 

and DA genes such as TUJ1, MAP2, DAT and TH (Singh et al.,2020). 

When FSK brings about increased cAMP levels, it results in the phosphorylation of 

PKA and B-raf in MSCs (George, Hamblin & Abrahamse, 2019). The MAPK pathway 

utilises a protein chain which comprises Ras-Raf-MEK-ERK, that conduct signals from 

RTKs. This MAPK signalling plays a role in stem cell proliferation and differentiation 

via downstream regulators of cAMP signalling (George, Hamblin & Abrahamse, 2019). 

The sustained treatment with FSK and growth factors has been found to elevate cAMP 

and MAPK signalling, and the combination of FSK with bFGF has been proposed as an 

effective strategy for activating B-Raf and MAPK signalling for neuronal differentiation 

(George, Hamblin & Abrahamse, 2019).  

1.6.8. Activin A 

Activins possess a broad spectrum of roles in differing cell types, such that they 

may regulate cell death, cell proliferation, and cell differentiation (Rodríguez-Martínez, 

Molina-Hernández, & Velasco, 2012). Activin A is a homodimer TGF-β superfamily 

cytokine which is involved in neurogenesis in the CNS (Park et al., 2016). This cytokine 

has been found to promote neuronal differentiation through several pathways (Timmer et 

al., 2005; Fang et al., 2012). Activin A was found to serve as a NTF in the culture of 

hippocampal neurons (Iwahori et al., 1997), or as a neuroprotective agent, when it 

protected hippocampal cells from death in mice exposed to an excitotoxic compound 

(Tretter et al., 2000). Treatment of the neuroblastoma cell line SK-N-SH with Activin A 
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prompted significant neurite outgrowth and augmented neuronal marker expression 

(Suzuki et al., 2010). In their study, Rodríguez-Martínez, Molina-Hernández, & Velasco 

found that treatment of NPCs with Activin A significantly augmented their neuronal 

differentiation and expression of β-III Tubulin and MAP2 (2012). 

1.6.9. DAPT 

DAPT is a γ-secretase inhibitor that functions to indirectly inhibit Notch signalling 

(Qin, Zhao, & Fu, 2017). Activation of Notch signalling stimulates glial cell 

differentiation, whereas its deactivation brings about neuronal cell differentiation 

(Crawford & Roelink, 2007). Thus, DAPT has augmenting effects on neural 

differentiation. In a study by Zhang et al., out of several other small molecules, DAPT 

was found to be the most effective, at inducing neuronal conversion of astrocytes to 

neurons (2015). Additionally, DAPT has been found to aid in electrophysiological 

maturation of iPSC-derived neurons (Abranches et al., 2009; Borghese et al., 2010).  

Activation of Notch signalling prevents differentiation of NSCs by repressing 

expression of pro-neural TFs, such as NGNs and ASCL1 (Mukhtar & Taylor, 2018). It 

has been recognised that an activation of SHH signalling and restriction of Notch 

signalling together, brings about neural differentiation at the neural tube in vivo. Thus, 

Notch signalling must occur for proliferation and expansion of NSC pool in early stages 

of neural induction, however, this must be inhibited later on to enable expression of pro-

neural genes and urge neuronal differentiation (Chuang, Tung & Lin, 2015). 

1.6.10. Db-cAMP 

Db-cAMP is a membrane-permeable analogue of cyclic-AMP (Kim et al., 2011). 

It has been shown to have an inductive effect on neuronal differentiation after one week 

of treatment of adult rat SVZ NSCs (Zahir et al., 2009). Other research studies have 
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employed db-cAMP for neuronal differentiation of neural stem and progenitor cells 

towards neurons (Kume et al., 2008; Tojima, Koboyashi, & Ito, 2003). db-cAMP is 

postulated to conduct its neural effects via the PKA pathway, whose signalling activation 

brings about increased CREB expression (Kim et al., 2011). The CREB protein is a salient 

factor in neuronal differentiation, whose effects resemble those of NEUROD1 and 

include enhancing neurite development and dendritic branching (Jurkowski et al., 2020). 

Moreover, db-cAMP is a downstream effector of neurotrophin signalling, and is involved 

in enhancement of axonal regeneration, and neurite outgrowth (Kim et al., 2011).  

Db-cAMP has been found to decrease proliferation of human neuroblastoma cells 

whilst boosting TH activity, increasing cell size, and dendritic arborisation (Mena et al.,  

1995). Furthermore, db-cAMP treatment of rat midbrain neurons augmented dopamine 

and TH levels. Their study proposed that db-cAMP treatment protects DA neurons from 

death, promotes DA differentiation of progenitor cells, as well as enhancing the DA 

phenotype in immature neurons (Mena et al., 1995).  

1.6.11. BDNF and GDNF 

Neurotrophic pathways are paramount in the survival of DA neurons (Di Santo & 

Widmer, 2018). In a study by Di Santo & Widmer, treatment of DA neurons with NTFs 

increases survival and differentiation of NPCs (2018). GDNF enhances DA neuron 

survival and differentiation via activation of the RET-receptor complex and the GFRs. 

Studies have shown that GDNF increases dopamine uptake in foetal midbrain cultures, 

enhances DA differentiation and increases DA neuronal viability (Lin et al., 1993; 

Widmer et al., 2000). GDNF is also heavily involved in hippocampal neurogenesis 

(Oakes et al., 2019), and has been shown to enhance neurite outgrowth, cell survival, and 

differentiation and maturation of several neuronal populations (Paratcha & Ledda, 2008). 

A study by Bonafina et al., demonstrated that GDNF is crucial in morphological 
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maturation and synaptic integration of new neurons in the adult DG (Bonafina et al., 

2019).  

BDNF is involved in migration of neuronal cells, dendritic complexity, 

synaptogenesis, maturation, and plasticity of mature neurons (Leal-Galicia et al., 2021). 

This factor exerts its effects through activation of several pathways, including MAPK, 

and it brings about an increase in CREB protein (Sun, Qi, & Gao, 2018; Syal et al., 2018). 

The activation of BDNF-TrkB in immature DG cells has been shown to promote their 

maturation, demonstrating the crucial role of BDNF in adult hippocampal neurogenesis 

(Badurek et al., 2020). Moreover, BDNF is central to the early survival phase in the adult 

SGZ as it prompts proteins engaged in cell survival and migration through its effects on 

protein kinase C (Jurkowski et al., 2020).   

1.6.12. TGF-β3 

Survival of mDA neurons in vitro and in PD animal models has been found to be 

significantly regulated by multiple NTFs, including TGF-β2 and TGF-β3 (Arenas, 

Denham, & Villaescusa, 2015; Meyers & Kessler, 2017). TGF-β2 and TGF-β3 interact 

with GDNF to enable its signalling (Peterziel, Unsicker, & Krieglstein, 2002). TGF-β and 

GDNF deficient mice suffered a significant loss of mDA neurons, indicating that these 

two work in concert together (Roussa et al., 2009; Rahhal et al., 2009). All three TGF-β 

isoforms have been found to enhance survival of mesencephalic DA neurons, whereby 

neutralising antibodies against TGF-β impeded their survival (Krieglstein & Unsicker, 

1994; Poulsen et al., 1994; Roussa, Farkas, & Krieglstein, 2004).  

When both TGF-β2 and TGF-β3 were knocked out in mice embryos, a significant 

loss of DA neurons was observed (Roussa et al., 2006). Several TGF-β isoforms have 

been found necessary for induction of axon formation and neuronal migration (Yi et al., 

2010) and have been shown to augment neurite outgrowth and numbers (Unsicker et al., 
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1996). In another study, a loss of TGFβ Receptor 2 in DA neurons was found to reduce 

axonal growth, and TGF-β signalling was found to encourage dendritic growth and spine 

formation in DA neurons (Luo et al., 2016). Moreover, TGF-β signalling was found to be 

pertinent for regulation of excitatory/inhibitory synaptic balance in DA neurons.  

1.7. The outcome in terms of cell fate 

The neural induction and differentiation protocol assessed in this study is intended 

to produce mature and authentic DA neuronal cells. The final goal is to define a robust 

protocol which has the potential to be employed to produce genuine DA neuronal cells as 

a cell model. Such a protocol could be used on patient-derived MSCs for in vitro disease 

modelling involving drug screening, transcriptomic and proteomic analyses, and gene 

therapy assessment. Small molecules have been chosen depending on the pathways they 

affect in order to attempt to direct the MSCs to enter the neuroectoderm lineage, to specify 

a DA progenitor cell fate, and then differentiate and mature into DA neurons.  

1.8. Aims 

 Primary Aim – To define a fully-characterised DA neuronal differentiation 

protocol for research and therapeutic purposes. This will entail using small molecule 

concoctions that modulate cellular pathways involved in the development of DA neurons. 

In addition, to determine the functionality of the resulting induced-neuronal cells.  

Secondary Aims – To explore the post-translational modification (PTM) changes 

brought about by the neural transdifferentiation treatment. 
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1.8.1. Objectives 

1.8.1.1. Pertaining to fulfilment of the Primary Aim  

1. Cell culture and treatment of MSCs along a DA neuronal differentiation protocol 

comprised of treatment with cocktails of small molecules and proteins. 

2. Establish the effects induced by the small molecule treatments on MSCs through 

Reverse transcription quantitative Polymerase Chain Reaction (RT-qPCR) and 

Mass Spectrometry (MS) to determine cellular transdifferentiation extent.  

3. Assess the functionality of the induced-neuronal cells produced using Enzyme-

linked immunosorbent assay (ELISA) to measure dopamine released by the 

induced neurons in culture. 

1.8.1.2.  Pertaining to fulfilment of Secondary Aims   

1. Investigation of PTMs by means of Western blot.  
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Chapter 2 Methodology 

2.1. Materials 

Name Brand 
Catalogue 

Number 

Materials for cell culture and treatments 

Phosphate Buffered Saline (PBS) 

 

 

Sigma Aldrich 

P3813 

Dulbecco’s Modified Eagle Medium: Nutrient 

Mixture F-12 (DMEM:F-12) powder 

 

D5523 

Ethylenediaminetetraacetic acid disodium  salt 

dihydrate (EDTA) 
E5134 

PenStrep P0781 

50x B27 17504044 

Dimethyl Sulfoxide (DMSO) 276855-2L 

Calcium Chloride Anatar 10241 

100x N2 supplement 

Thermofisher 

Scientific 

17502048 

TrypLE Select 12563-011 

100x Glutamax A1286001 

0.2µm filter 564-0020 

Y27632 

Peprotech 

1293823 

FSK 6652995 

CHIR99021 2520691 

A8301 9094360 

TGF-β3 100-36E-10UG 

Activin A 120-14E-10UG 

SHH 100-45 

FGF8 100-25A 

GDNF 450-10 

BDNF 450-02 

bFGF 100-18B 

SB431542 616464 

db-cAMP 
Biogems 

1698950-50MG 

DAPT 2088055-10MG 

Materials for investigative techniques and kits 

Protein LOBind tube 1.5mL Eppendorf ™ 022431081 

1,4-Dithio-DL-thriethol (DTT) 98% Alfa Aesar A15797.06 

Trifluoroacetic Acid (TFA) for synthesis Biochem 

Chemopharma 

301920100 

Acetonitrile (ACN) 200122500 

Silver nitrate Sigma Aldrich 209139 
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Sodium Thiosulphate 1603121000 

Nuclear Fast Red 6409-77-4 

Aluminium Sulphate 7784-31-8 

Oil-red-o powder OD625 

Alcian Blue powder A5268 

NP-40 
(IGEPAL CA-

630) 

Endoproteinase Lys-C (sequencing grade) 11420429001 

Iodoacetamide (IAA) 144-48-9 

SOLu-Trypsin dimethylated 
EMS0005-

100UG 

Ammonium Hydrogen Bicarbonate 
AnalaR ® 

21219.292 

Sodium Dodecyl Sulphate (SDS) 108073J 

Thick Filter Papers (2.45mm, 8.6x13.5) 

BIO-RAD 

Bio-Rad 

1703967 

4X Laemmli Sample Buffer L004133A 

1000bp molecular ruler 170-8204 

Quick StartTM Bradford Protein Assay 5000205 

iScript Reverse Transcription Supermix 1708840/1 

FIREPol EvaGreen qPCR supermix Solis BioDyne 08-36-00001 

1.1X ReddyMix PCR Master Mix 
Thermofisher  

Scientific 

12951258 

SeeBlue plus2 Pre-stained Standard protein 

marker 
LC5925 

RNeasy ® Mini Kit Qiagen 74104, 74106 

Dopamine ELISA Kit 
Labor 

Diagnostika 
BA E-5300R 

Dual Mini Slab Electrophoresis Kit Atto AE-6450 

Human MSC Functional Identification Kit 

R&D systems 

SC006 

StemXVivo Oesteogenic/Adipogenic Base 

Media 
CCM007 

Asymmetric Di-methyl Arginine Motif Rabbit 

mAb 

Cell Signalling 

13522S 

Symmetric Di-Methyl Arginine Motif Rabbit 

mAb 
13222S 

Tri-Methyl Lysine Motif Rabbit mAb 14680S 

Mono-Methyl Lysine Rabbit mAb 14679S 

Di-Methyl Lysine Rabbit mAb 14117S 

Mono-Methyl Arginine Rabbit mAb 8015S 

Beta Actin 3700T 

Table 2.1. The materials used in this study, grouped by cell culture and treatments as well as 

investigative techniques and kits. 
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2.2. Experimental Design 

Tissue explant culture from umbilical cord (UC) was used to establish a healthy 

population of MSCs in culture. MSCs were characterised for trilineage differentiation 

according to ISCT recommendations. Both cord extraction and characterisation of MSCs 

were conducted by other researchers in the laboratory since these techniques do not fall 

within the scope of this project. A neural induction treatment strategy has been devised 

using a protocol that was previously investigated as an undergraduate research project. 

The protocol was updated, and several other small molecules have been adopted into the 

treatment strategy after researching current literature. The small molecule 

transdifferentiation treatment was composed of 3 treatment stages, each with different 

small molecule combinations (Section 2.3.1.3. defines such stages and their composition). 

Treated cells were collected at various stages along their neural induction for indication 

of the success of the treatment strategy via their extent of neuronal differentiation (Fig. 

2.1).  

PCR was employed as a quantitative technique to assess changes in expression of a 

panel of neural markers that are significant along the differentiation process. This 

involved Ribonucleic Acid (RNA) extraction and complimentary DNA (cDNA) 

production from differentiated cells. MS was selected as a technique to further investigate 

the success of the small molecule transdifferentiation treatment strategy. The proteins that 

were expressed in the induced neuronal cells (Stage 3), vs the starting cells (MSCs) were 

investigated as an indicator of transdifferentiation success in the cells as brought about 

by the devised protocol. Proteins were extracted from treated and untreated cells, 

processed for MS and then sent abroad for identification of the main proteins within 

samples. An ELISA was another technique utilised for assessment of neural induction 

efficacy. The ELISA assessed the levels of dopamine released by the neuronally-induced 
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cells, as an indication of the function and maturation extent of the final cells. Thus, 

deductions on the success of cellular treatments are based on changes in cellular 

morphology and characteristics towards those of neurons, including expression of 

neuronal proteins. Western blotting was used as another method to explore changes 

occurring in the cells along their treatment, in terms of PTM changes. This involved 

protein extraction from differentiated and untreated cells, separation of extracted proteins 

using Polyacrylamide Gel Electrophoresis (PAGE), electroblotting, and incubation with 

methylation antibodies. 

 

 

 

 

 

 

 

 

 

2.3. Cell Culture  

2.3.1. Media Preparation  

2.3.1.1. Basal Media  

1 L of basal cell culture medium was first prepared and then used in aliquots for 

individual cell treatment experiments. Dulbecco’s Modified Eagle Medium:F-12 

(DMEM:F-12) was used as the culture medium. All medium preparations were conducted 

in a Class II safety cabinet (SafeFAST Elite, Faster S.r.l.), under aseptic conditions. The 

Figure 2.1. A flowchart illustrating the research design of this project. The main objectives can be 

found within purple boxes. For each, the main steps can be found within blue boxes. 
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medium was reconstituted from lyophilised constituents by diluting 12 g of DMEM:F-12 

powder and 1.2 g of NaHCO3 in 1 L of sterile distilled water. This mixture was then 

thoroughly stirred and passed through a 0.2 μm filter. Stock medium was stored at 4 oC 

until required. The MSC/induced cells basal media constituted 20 % human plasma (200 

μL/ml); PenStrep (1:100 dilution or 10 μL/ml); 1x B27 (1:50 dilution or 20 μL/ml); 1x 

N2 (1:100 dilution or 10 μL/ml); 1x Glutamax (1:100 dilution or 10 μL/ml); 10 μM 

Y27632 (1:1000 dilution or 1 μL/ml) in an aliquot of DMEM:F-12.  

2.3.1.2. Human Plasma Collection and Preparation  

The basal medium was also supplemented with 10 % cryo poor plasma (CPP). This 

was prepared using human plasma obtained from the National Blood Transfusion 

Services Malta (see Appendices, ethics Ref. no. 90/2016). Human plasma was used as a 

replacement serum instead of Foetal Bovine serum to enable xeno-free cell culture 

conditions whilst still providing the necessary nutrients for cells in culture. Under aseptic 

conditions, 2 mg/ml of calcium chloride (CaCl2) was added to a given plasma bag, gently 

mixed and then this was placed in a Transfer Bag and incubated at 37 oC for 3 hour 

minimum. The application of CaCl2 and heat was used to promote coagulation and 

precipitation of factors contained in the plasma. The resulting portion of uncoagulated 

plasma was poured into several 50 mL centrifuge tubes and stored at -20 oC. When 

needed, a tube was taken out of storage and thawed at 37 oC and then centrifuged for 10 

minutes at 1000XG.  

2.3.1.2. Small Molecule Stock solutions 

Stock solutions were prepared for all media supplements and small molecules used 

for treatments. Such stock solutions were prepared keeping in mind the final working 

concentrations that were needed for treatments. When preparing cell treatments, an 

appropriate volume of each stock solution was added to a volume of DMEM:F12 in order 
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to produce the final working concentration for each additive. Stock solutions were 

prepared as follows.  

Composite Stock 

A8301 2.5 mM stock solution – 1.05 mg per mL of DMSO 

Activin A 0.76 nm stock solution – 20 µg per 1 mL of sterile deionised water 

B27 supplement 50X stock solution 

BDNF 3.57 nM stock solution – 0.1 mg per mL of sterile deionised water 

CHIR99021 2 mM stock solution – 0.931 mg per mL of DMSO 

DAPT 10 mM stock – 10 mg per mL of sterile deionised water 

db-cAMP 500 mM stock solution – 246 mg per mL of sterile deionised water 

FGF8 0.1 mg per mL of sterile deionised water 

FSK 50 mM stock solution – 20.53 mg per mL of absolute ethanol 

GDNF 3.3 nM stock solution – 0.1 mg per mL of sterile deionised water 

Glutamax left as a 100X stock solution 

N2 supplement left as a 100X stock solution 

Purmorphamine 2 mM stock solution – 1 mg per mL DMSO 

SB431542 2.5 mM stock solution – 0.96 mg per mL of absolute ethanol 

SHH 0.1 mg per mL of sterile deionised water 

TGF-β3 0.04 nM stock solution – 1 µg per mL of acetic acid in sterile 

deionised water 

Y27632 10 mM stock solution –  3.2 mg per mL of sterile deionised water. 

Table 2.2. Showing how stock solutions for each media composite were prepared. The stock solution 

concentration is shown, along with the amount of each composite per mL diluent. 

2.3.1.3. Complete Media 

Small aliquots of complete medium were prepared prior to treating cells in culture. 

The chosen volume to prepare depended on how many wells of MSCs or neurally-induced 

cells were to be treated (i.e., 5 mL if 5 wells were to be treated so that 1 mL was added 

per well). Complete media was composed of the basal medium (as shown below; 

DMEM:F12 with several additional supplements), together with the addition of small 
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molecules or proteins depending on the stage of neural treatment. The volume of each 

additional ingredient was decided upon based on the dilution factors required to achieve 

the final concentration from the small molecule stock solutions. Such small aliquots were 

freshly prepared prior to each cell culture treatment. The media components and 

concentrations of each composite for each stage of treatment are defined below:  

Basal Medium  

1. DMEM:F12 

2. N2 – 1:100 

3. B27 – 1:50 

4. GlutaMAX – 1:100 

5. PenStrep – 1:100 

6. Ampicillin – 1:100 

7. Heparin – 1:1000 

8. Human serum (cryo-poor plasma) – 1:10 

Proliferation and Induction Medium (days 1-7)  

1. SHH – 250 ng/ml 

2. Y27632 – 10 µM 

3. CHIR99021 – 2 µM 

4. SB431542 – 2.5 µM 

Differentiation Medium (days 7-14) 

1. FSK – 50 µM 

2. SHH – 250 ng/ml or Purmorphamine – 2 µM 

3. FGF8 – 100 ng/mL 

4. Activin A – 20 µg/ml 

5. DAPT – 10µM 
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6. db-cAMP – 500µM 

Maturation Medium (days 14-28)  

1. BDNF – 20ng/ml 

2. GDNF – 20ng/ml 

3. TGF-β3 – 1ng/ml 

4. db-cAMP – 500µM 

5. DAPT – 10µM 

7. Activin A – 20µg/ml 

2.3.2. Mesenchymal Stem Cells 

2.3.2.1. Sample Collection  

Primary MSC cell cultures were generated by tissue explant culture from UC tissue. 

A UC sample was collected from a healthy donor after delivery by caesarean-section and 

transported to the laboratory in a sterile PBS solution. The cords were obtained from 

donors within the Obstetrics and Gynaecology Department at Mater Dei Hospital, Malta. 

These samples were obtained by researchers conducting a different study in which 

informed consent was obtained from pregnant donors prior to sample collection. A copy 

of the ethics declaration (Ref no. 90/2016) for the mentioned study has been included in 

the appendices.  

2.3.2.2. MSC Extraction and Culture Initiation 

Once at the lab, operating inside a laminar flow hood, the UC was taken out from 

the PBS solution and washed thoroughly with 70 % ethanol solution to remove residual 

blood. Ethanol was removed after washing briefly for one minute since its prolonged 

exposure could cause a loss of cell viability. The cord was washed again with PBS three 

times over to ensure that any traces of debris or alcohol would be removed. The vascular 

and endothelial tissue components were removed from the Wharton’s jelly (WJ) which 
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was retained. The WJ was subsequently divided, using a scalpel, into small pieces around 

1.5 cm in length. Each tissue piece was individually rewashed carefully using forceps to 

squeeze and discard blood within the blood vessels in the WJ. Each piece was then 

transferred into its own well in a 12-well plate. The ability for MSCs to migrate enables 

them to exit from the tissue and establish themselves on the cell culture flask or well 

surface. The tissue pieces were allowed to stand for 10 minutes to enable them to adhere 

to the new surface. Approximately 1.5 mL of media was added to each well and then the 

plate was placed in an incubator at 37 oC in a 5 % CO2 humidified atmosphere for MSCs 

to expand in their new environment. The cell culture medium was composed of 

DMEM:F12, N2 1:100, B27 1:50, GlutaMAX 1:100, Penstrep 1:100, Amphotericin 

1:100, and 10 % cryo-poor plasma obtained from human plasma.  

The first media change was carried out one week later, when only half of the media 

was removed and replaced so that some growth factors that are released by the tissue are 

retained, whilst still replenishing media nutrients and removing cell debris. This was 

repeated once a week for 3-4 weeks, until cells reached their confluency. After the first 

week, the ROCK inhibitor Y27632 was added to the media to prevent cell apoptosis and 

enhance cell viability. Morphological appearance of MSCs was assessed and followed 

using the laboratory microscope.  

2.3.2.3. Trilineage differentiation 

Multipotency of MSCs in culture was assessed by trilineage differentiation, carried 

out using the Human MSC Functional Identification Kit. Adipogenic and osteogenic 

media were composed of StemXVivo osteogenic or adipogenic base media, 1% PenStrep, 

and either osteogenic or adipogenic supplement at a 1:20 dilution. Chondrogenic medium 

was composed of DMEM:F12, 1 % PenStrep, 1 % ITS supplement and 1 % chondrogenic 

supplement. The MSCs were cultured until they appeared to reach a confluency of around 
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40 %, and then 6 individual wells (2 wells per cell differentiation type) were treated using 

osteogenic, adipogenic and chondrogenic differentiation medium. MSC differentiation 

medium was changed every 4 or 5 days, and for 21 days the cells were incubated at 37 oC 

and 5 % CO2. After the 21 days had elapsed, all wells were washed with 500 µL PBS and 

fixed with 500 µL Tokuda-Baron Fixative (Tokuda et al., 2018). After 15 minutes with 

the fixative, the cells were washed twice over with another 500 µL PBS. Then, the von 

Kossa staining method was used to detect calcification matrices formed in osteocytes in 

culture, Oil-red-O staining was used to detect lipid vacuoles in the adipocytes, and Alcian 

Blue staining for detection of glycosaminoglycans in cartilage within chondrocytes.  

2.3.2.3.1. Von Kossa staining  

Several solutions were prepared before starting. First, a 1 % silver nitrate solution 

which contained 1 g silver nitrate powder in 100 mL distilled water; a 5 % sodium 

thiosulphate solution which was composed of 5 g sodium thiosulphate in 100 mL distilled 

water; and a 1 % Nuclear Fast Red solution which contained 0.1 g nuclear fast red and 5 

g aluminium sulphate in 100 mL distilled water. Cells were stained using 500 µL of 1 % 

silver nitrate solution and kept under ultraviolet light for 20 minutes. Next, cells were 

washed using 500 µL distilled water 3 times over, and then treated with 500 µL of 5 % 

sodium thiosulphate for 5 minutes to expel any excess silver. The cells were washed for 

another 3 times with distilled water and then stained with 1 % Nuclear Fast Red solution 

for 5 minutes and then rinsed again. Finally, 500 mL distilled water was added to the 

wells and cells were viewed under the microscope to visualise calcium deposits that were 

stained brown-black.  

2.3.2.3.2. Oil-Red-O staining 

Before beginning the staining, a stock solution of 3 % oil-red-o was made to contain 

0.30 g oil-red-o powder in 100 ml 2-propanol. For staining cells, this was further diluted 
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with distilled water at a ratio of 6:4 and filtered with a 0.2 µm filter. Next, cells were 

stained using 500 µL of diluted oil-red-o for 15 minutes. Then the oil-red-o was removed, 

and wells were washed with 500 µL distilled water. To view cells under the microscope, 

another 500 µL of distilled water was added on top of the cells, and they were examined 

for the presence of red lipid vacuoles.  

2.3.2.3.3. Alcian Blue Staining  

A stock solution of Alcain blue was prepared to contain 100 mg Alcian Blue powder 

in 60 mL ethanol and 40 mL acetic acid. This was diluted in distilled water at a ratio of 

1:3 and 500 µL was added on top of the cells and left to stain for 15 minutes, after which 

the wells were washed with distilled water. 500 µL of distilled water were added to the 

cells and they were examined under the microscope for glycosaminoglycans.   

2.3.2.4. Sub-culturing of MSCs 

Sub-culturing is used to replenish used growth medium so that cells in culture are 

provided with an optimal environment and are enabled to grow and propagate further. 

Since MSCs are adherent cells, they cannot grow properly when the cell culture surface 

is densely occupied. Hence, sub-culturing is a pertinent aspect of their cultivation, since 

it allows for the cells to grow at their optimal density, with sufficient space and growth 

media for them to proliferate in their culture.   

Cell culture work was always carried out in a laminar flow hood, and each solution 

and piece of equipment used was sterilised using 70 % ethanol. Each week, half of the 

media was removed from the culture and discarded, and then half of the media was 

replenished with fresh media. The MSCs were first subject to a pre-wash using their old 

media. In cases where a lot of debris had collected over the week, the cells were instead 

washed with PBS.  
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Usually within 3-4 weeks MSCs would have grown substantially, and colonies can 

be seen under the microscope. Once the required confluence (minimum 50 %) was 

achieved, tissue pieces were removed from the individual flasks and MSCs were sub-

cultured as follows. The pre-wash fluid was discarded and approximately 2 mL of TrypLE 

was added to the culture to detach the cells. TrypLE was used in preference to trypsin 

since it is a less potent form of trypsin and MSCs are highly sensitive to stress. The plate 

was left in the incubator for 3 minutes with TrypLE at 37 oC and 5 % CO2. Cells were 

again visualised under the microscope to assess whether they had successfully detached. 

Once they detached, 4 mL of complete medium was added, and the cells were 

redistributed by re-aspiration of media over the entire culture surface. The suspended cells 

were then transferred to 15 mL conical tubes and centrifuged at 1200 rpm for 5 minutes. 

The resulting supernatant was removed, and 3-4 mL of fresh complete medium was added 

to the tube and the cell pellet was again resuspended. The resuspended cells within the 

tube were then removed and added to the original MSC well.  If cells were highly 

confluent, after centrifugation, half of the suspension was returned to the original well 

and half placed in a new well.  

2.4. Treatment of MSCs with small molecules 

When MSCs in culture reached a confluency of at least 50 % the cells were ready 

to be treated with small molecules. In Fig. 2.2, the small molecules treatment is illustrated. 

This treatment was divided into 3 individual media stages, each having a unique 

combination of small molecules. Small molecule concentrations can be found in Section 

2.3.1.3. As can be seen in Fig. 2.2., the first stage was applied to the MSCs on days 1-7 

and served as a Reprogramming and Induction Media to promote the progression of 

MSCs towards the neuroectoderm and to increase cell numbers. Next, the Differentiation 

Media was applied from days 7-14 and served to push NSCs further along the neuronal 
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lineage and towards an immature neuronal stage. Finally, the Maturation Media was 

added on days 14-28 and served to push the induced immature neurons towards maturity. 

Throughout the small molecule induction treatment, the media was changed every 3-4 

days and included basal media components (Section 2.3.1.3) as well as the small 

molecules specific to each stage.  

 

Figure 2.2. A flowchart depicting the 3 stages of the small molecule treatment. The purpose and title 

of each stage media can be found within the arrows, whilst the composites making up each stage 

media can be found within boxes. Blue represents Stage 1, purple represents Stage 2, and brown 

represents Stage 3. The boxes in green define the differentiation stages that cells were expected to 

reach and go through with each stage of treatment. Above, a timeline showing the days elapsed for 

each stage can be seen, with a total of 28 days. 

2.4.1. Cell collections and freezing for storage 

Stages 1, 2 and 3 cells were dislodged from the culture flask surface with 2 mL of 

2 mM EDTA in PBS, and allowed 3 minutes, tapping the plate gently to encourage the 

cells to dislodge. The cells were then neutralised with 2 mL complete DMEM, collected 

and transferred into a 1.5 mL microcentrifuge tube, after which they were centrifuged at 

250 XG for 5 minutes. The supernatant was discarded, and the cell pellet resuspended in 

1 mL of PBS. The cells were centrifuged again at 250 XG for another 5 minutes (to ensure 

no residual EDTA solution would remain), and just as before, the supernatant was 

discarded. The cell pellets were then stored at -20 oC until they were needed for PCR, MS 
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or Western blotting experiments. For MSCs, the same procedure was used, except that 

TrypLE was used instead of EDTA.  

2.5. Microscopy 

Cells were observed under the microscope continuously throughout their neural 

induction. This was done to ensure that cells were healthy and viable along their 

treatment, to assess confluency of the cells, and importantly, to visualise changes in the 

morphology of the cells as they progress towards neurons. Cells were visualised using the 

Nikon Eclipse Ti-2u Inverted Microscope at a magnification of x100 and x200 (x10 

eyepiece and x10/x20 lens). Photos of the cells were captured at each media change (every 

3 days) so that any subtle changes on cell morphology were documented for examination.  

2.6. PCR 

2.6.1. RNA extraction from cells 

RNA extraction was carried out using the Qiagen RNeasy Mini Kit. The cells used 

for RNA extraction included MSCs, and induced cells from stages 1, 2, and 3. First, the 

cells were taken out of storage and thawed at room temperature (RT). The cells were 

washed with PBS and then cell lysis was performed by adding 300 μL of the RNA Lysis 

Buffer RLT to the cells, and the pellet was dislodged. The mixture was vortexed and then 

passed through a 20-gauge needle (0.9 mm diameter) attached to an RNase-free syringe 

5 times over to ensure proper sample disruption and homogenisation. 

Next, 1 volume of 70 % ethanol was added to the lysate and mixed. The mixture 

was transferred to the RNeasy spin column contained within a 2 mL collection tube. This 

was then centrifuged at 8000 XG for 15 seconds. The flow-through liquid was discarded 

and 700 μL of the Buffer RW1 was added to the spin column. This was centrifuged again 

at 8000 XG for 15 seconds. The flow-through liquid was discarded again. Next, 500 μL 
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of Buffer RPE was added to the spin column. This was centrifuged again at 8000 XG for 

another 15 seconds. Another 500 μL of Buffer RPE were added to the spin column, and 

this was centrifuged again at 8000 XG for a period of 2 minutes. The spin column was 

retrieved and placed in a new 1.5 mL collection tube. 40 μL of RNase-free water was then 

added directly to the spin column membrane, and this was centrifuged at 8000 XG for 1 

minute to elute the RNA. The eluate was reused and added to the spin column membrane, 

and the centrifugation step was repeated to ensure that all the RNA had eluted. Resulting 

mRNA concentrations were measured using the Eppendorf BioPhotometer (Eppendorf®, 

Germany). A 1:50 dilution of the RNA extract was prepared by diluting 2 μL mRNA in 

98 μL sterile deionised water, and absorbance at 260 nm was measured. Knowing the 

RNA concentration was necessary to determine the ratios of reaction components for 

reverse transcription. 

2.6.2. Reverse Transcription of RNA and cDNA production  

cDNA synthesis was carried out using the iScript Reverse Transcription Supermix 

Kit. The kit was stored at -20 oC until needed, when all kit components were thawed at 

RT and RNA thawed on ice. Total RNA concentration was checked using the Bioanalyser 

to determine what volume of RNA template would be needed in the reaction so that it 

was within the recommended concentrations of 1 µg-1 pg. Next, 16 µL of RNA template 

were added to a labelled reaction tube with 4 µL of iScript Supermix for a total of 20 µL. 

This was the complete reaction mix and was thus incubated in the thermocycler according 

to the followed protocol: priming occurred at 25 oC for 5 minutes, reverse transcription 

at 46 oC for 20 minutes, and RT inactivation at 95 oC for 1 minute.  
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2.6.3. Primer Design 

Primers used for both end-point PCR and RT-qPCR were already available in the 

lab. These were previously designed in-house and used for related research. For their 

design, the recommended primer criteria were followed. These include: (1) each primer 

is an average length of 18-24 bases, (2) the primer G/C content is between 40-60 %, (3) 

primers start with 1-2 G/C pairs, (4) their melting temperatures (Tm) fall between 50-60 

oC, (5) primer Tms fall within 5 oC of each other, and lastly (6) primer pairs do not have 

complimentary sequences (Addgene Inc., 2018)  

2.6.4. End-point PCR procedure for CD markers 

End-point PCR was used to determine characteristic CD marker expression in 

MSCs, and to investigate whether CD markers expression was retained as the cells 

proceeded along the neural treatment. First, a PCR reagent mix was prepared in a PCR 

tube for each of the 3 CD markers, and contained 9 μL of the PCR Reddy Mix, 0.25 μL 

of 10 μM reverse primer, and 0.25 μL of 10 μM forward primer. Next, 0.5 μL of the 

template cDNA was added to the PCR reagent mix, giving a total volume of 10 μL.  

The tubes were placed in the Eppendorf Mastercycler (Eppendorf®, Germany) 

thermocycler with pre-programmed conditions. The initial denaturation step (performed 

once at the beginning) was set at a temperature of 95 oC for 5 minutes, the denaturation 

step was set at 95 oC for 15 seconds, the annealing step set at 50 oC for 30 seconds, and 

the extension step was set at 72 oC for 30 seconds. The PCR was set to cycle for 35 times. 

A final extension step was conducted at 72 oC for 1 minute. Once the procedure was 

completed, the PCR tube was retrieved, and the sample was used to perform gel 

electrophoresis to visualise and determine which CD markers were expressed in each of 

the cell extracts. 
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Gene 

Name 
Primer Sequence 5’ to 3’ Tm in oC 

CD90 
F: TGCTCTTTGGCACTGTGG 

R: AGAGGGAGAGCAGGAGCAG 

F: 55.7oC 

R: 58.7oC 

CD105 
F: GGGGTCAACACCACAGAG 

R: CAGGACCCTCAGGATGTG 

F: 55.5oC 

R: 54.8oC 

CD166 
F: AGGAAATGGACCCAGTGAC 

R: CCCCTTCTTTGATGGCA 

F: 54.5 oC 

R: 52.2 oC 

Table 2.3. Showing the primer sequences and melting temperatures for the CD markers tested with 

end-point PCR. Both forward and reverse primer sequences are shown for each, and their respective 

primer Tms (in oC). 

2.6.5. Gel Electrophoresis 

After end-point PCR the amplified DNA fragments were separated using gel 

electrophoresis. A 1 % gel was used to confirm the presence or absence of DNA fragments 

pertaining to 3 CD markers in cell samples. First, 0.5 g of agarose was dissolved in 50 

mL 1x Tris-acetate-EDTA (TAE) buffer prepared from 10x TAE Buffer (40 mM Tris, 20 

mM acetate, 2 mM EDTA, pH 8.1). After dissolution, 1 µL ethidium bromide was added 

to this mixture, and mixed further. This was then poured into the mould and the well comb 

fixed on top. Once the gel had solidified, the comb was removed and the mould with the 

gel was placed inside the electrophoresis tank. Next 1x TAE buffer was poured into the 

tank until the gel was completely covered. A1000 bp molecular weight marker was loaded 

into the first lane of the gel, and 5 μL of each PCR product were loaded, each in an 

individual well. The electrophoresis chamber was closed, and the power supply was set 

at a voltage of 50 V and current of 200 mA. This was left to run for approximately 20 

minutes. Once completed the gel was removed from the tank and viewed on a 

transilluminator to visualise the bands of the PCR products.  
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2.6.6. Reverse transcription quantitative Polymerase Chain Reaction for stemness 

and neural markers 

Before beginning anything, the PCR set-up was prepared on excel to determine how 

many genes and samples would be run. Next, the template cDNA, primers and 5X 

EvaGreen qPCR Supermix were taken out of storage (-20 oC) and thawed at RT.  

PCR tubes were prepared for each gene for each sample tested with appropriate 

labels. Next, a Master Mix reaction tube was prepared for each gene, to contain the total 

amount needed for 10 reactions (for 8 cell samples). For each gene, 2.0 µL of EvaGreen 

qPCR Supermix, 0.5 µL of both forward and reverse primers for the given gene, and 6.0 

µL nuclease-free water were added to the respective tube (with each component x10 per 

gene reaction mix). Next, 9.0 µL of each gene reaction mix were added to the appropriate 

PCR tube (1 for each cell sample type for each gene), and then 1.0 µL cDNA was added 

for a total of 10.0 µL. Each qPCR mix was set up for every gene marker in duplicate and 

with 1 No Template Control (NTC, made up to 20 µL without cDNA) mix for each gene. 

Next, the PCR tubes were vortexed briefly (Whirli Mixer – SGP-202-010J), and then 

placed into the Rotor-Gene Q (Qiagen, Netherlands). The program was set for an initial 

denaturation at 95 oC for 15 minutes, followed by a repeated denaturation (94 oC for 20 

seconds), annealing (50 oC for 20 seconds) and elongation (71 oC for 30 seconds) program 

for 40 cycles. This was followed by a high-resolution melt (HRM) increasing at 1 oC/0.5 

s from 50-90 oC. 
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Gene Name Primer Sequence 5’ to 3’ Tm in oC 

SOX2 
F: CAAGATGCACAACTCGGAGA 

R: GGGCAGCGTGTACTTATCCT 

F: 54.9 oC 

R: 56.9 oC 

MASH1 
F: GAACTGATGCGCTGCAAACG 

R: CATGCTCGTCCAGCAGCTGC 

F: 57.7 oC 

R: 61.6 oC 

TUBB3 
F: GGAGATCGTGCACATCCAG 

R: TCGAGGCACGTACTTGTGAG 

F: 55.6 oC 

R: 56.8 oC 

NEUROD1 
F: TAAATTGAGACGCATGAAGG 

R: GGTGGTGGGTTGGGATAAGC 

F: 50.4 oC 

R: 58.4 oC 

NEUN 
F: TGTACACACCAGCACAGACC 

R: CGAACATTTGCCGCAAGTCG 

F: 57.2 oC 

R: 57.6 oC 

MAP2 
F: ATACAGGGAGGATGAAGAGG 

R: GGAGAAGGAGGCAGATTAGC 

F: 53.0 oC 

R: 54.9 oC 

TH 
F: GTTCATTGGGCGCAGG 

R: CTAGATGGTGGATTTTGGCT 

F: 54.4 oC 

R: 52.3 oC 

Table 2.4. Showing the primer sequences and melting temperatures for the neural markers tested 

with RT-qPCR. Both forward and reverse primer sequences are shown for each, and their respective 

primer melting temperatures (in oC). 

2.7. Polyacrylamide Gel Electrophoresis and Western Blotting  

Prior to beginning any steps of the Western blotting experiments, several reagent 

solutions were prepared. 

Buffer/Reagent Composition 

10% Ammonium 

persulfate (APS) 
0.1 g APS powder in 1.0 mL sterile deionised water 

5% Blocking Buffer 
2.5 g sodium caseinate salt in 50.0 mL of 1X Tris Buffered 

Saline (TBS) 

1M Tris Base 
18.2 g Trizma ® Base powder in 100.0 mL sterile deionised 

water, with pH adjusted to 8.8 

10X Running Buffer 
30.0 g Tris Base, 144.0 g Glycine, 10.0 g SDS in 1.0 L of 

sterile deionised water 
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10X Transfer 

(Towbin) Buffer 

3.0 g Trizma base powder, 14.4 g glycine, 100.0 mL 

methanol in 1.0 L sterile deionised water and adjusted to a 

pH of 8.3 

10X TBS 
24.0 g Tris Base, 88.0 g NaCl, dissolved in 1.0 L sterile 

deionised water. The pH was adjusted to 7.6 

1X RIPA Lysis Buffer 

1.5 mL 5 M NaCl, 0.5 mL 0.5 M EDTA (pH 8.0), 2.5 mL 1 

M Tris (pH 7.4), 0.5 mL NP-40, 2.5 mL 10% sodium 

deoxycholate, 0.5 mL 10% SDS, 42 mL deionised water 

Table 2.5. Showing the composition and concentrations of various reagents used for PAGE. 

2.7.1. Protein Extraction 

Cells that had been collected from MSC cultures, small molecules stages 1, 2, and 

3 (SM1, SM2 and SM3) as per section 2.4.1., were used for protein analysis. The cells 

were first allowed to thaw and then they were lysed using the RIPA buffer. First, 1X 

RIPA buffer was added to the cell pellet at a concentration of 10 µL per µg mass of cells. 

The cell pellet was dislodged, and the contents were mixed by pipetting, and vortexed 

briefly. Samples were then placed in refrigeration at 4 oC for 20 minutes and then 

sonicated at 50 Amps for 10 seconds (Q55 Probe Sonicator – Qsonica 4422). Samples 

were then centrifuged at 20,000 XG for 10 minutes. The supernatant was transferred to a 

fresh tube to quantify the protein concentration using the Bradford Assay (Section 2.7.2.).  

2.7.2. Bradford Assay 

The Bradford Assay was used to generate a standard calibration curve for Bovine 

serum albumin (BSA) to quantify protein extract concentrations. The 1X Bradford 

Reagent was retrieved from refrigeration and left to stand at RT for 5 minutes. A 1:4 

dilution was made by adding 200 µL of 1X Bradford Reagent to 800 µL of sterile 

deionised water. A BSA solution was prepared using 2 mg BSA in 1 mL sterile deionised 

water. The BSA solution was then used to prepare 3 dilutions for the standard calibration 
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curve. These included 0 µg/µL, 2 µg/µL, and 4 µg/µL dilutions made by adding 0 µL, 1 

µL, and 2 µL of the 2 mg/mL BSA solution in 2 µL, 1 µL, and 0 µL of sterile deionised 

water, respectively.  

Cell lysate solutions were prepared for spectrophotometry by adding 2 µL of protein 

extract into 0.5 mL microcentrifuge tubes with 98 µL of the diluted Bradford Reagent 

(1:50 dilutions). A blank sample was prepared to contain 2 µL Urea Lysis Buffer in 98 

µL of diluted 1X Bradford Reagent. Diluted protein samples were left at RT for 10 

minutes, then vortexed briefly and transferred to plastic cuvettes. The spectrophotometer 

was blanked, the absorbance of each BSA dilution and sample were measured against the 

black at a wavelength of 595 nm. A standard calibration curve was formulated by plotting 

the absorbance values on the y-axis against their respective BSA concentrations on the x-

axis. The line of best fit as constructed with its intercept at 0 and the line equation 

generated for the standard curve was used to calculate protein concentrations for the 

protein extracts. The volume of protein loaded for each well was calculated using the 

determined protein concentrations, when 25 μg was the desired protein mass. This was 

calculated by dividing 25 μg by the resulting protein concentration. 

2.7.3. Polyacrylamide Gel Electrophoresis 

First, two glass plates were clamped within the casting stands and then an 8 % 

resolving gel was prepared in a centrifuge tube according to Table 2.6.  

8 % Resolving gel 6 % Stacking gel 

Reagent Volume Reagent Volume 

Deionised water 3.1 mL Deionised water 3.51 mL 

1.0 M Tris-HCl pH 8.8 3.0 mL 1.0 M Tris-HCl pH 6.8 0.75 mL 

40 %  (w/v) acrylamide 1.6 mL 40 % (w/v) acrylamide 0.63 mL 
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10 % (w/v) SDS 80.0 µL 10 % (w/v) SDS 50.0 µL 

10 % (w/v) APS 80.0 µL 10 % (w/v) APS 50.0 µL 

TEMED 10.0 µL TEMED 5.0 µL 

Table 2.6. Showing the composition of the 8 % resolving and 6 % stacking gel. The reagents found 

within each gel are shown, along with the respective volumes needed. 

An appropriate amount of resolving gel solution was added to fill the gap between 

the glass plates. Approximately 200 μL of butanol were added on top of the resolving gel 

to avoid formation of air bubbles. The resolving gel was allowed 20 minutes to 

polymerise. The butanol was decanted, the gel surface was washed using a pipette with 

deionised water, and filter paper was used to remove any residue. A 6 % stacking gel 

solution was then prepared in a centrifuge tube as specified in Table 2.6. 

The stacking gel was pipetted above the resolving gel. The 14-well-forming comb 

was inserted into the fresh stacking gel, acting cautiously to avoid trapping air under the 

teeth. This was left for 20 minutes to polymerise. This time was used to prepare the 

samples and sample buffer for electrophoresis. Then, 25 μg of each protein extract were 

added to an Eppendorf® tube according to the volume that was previously determined 

with spectrophotometry, together with 5 μL of Laemmli sample buffer and made up to 20 

µl with deionised water. Depending on the experimental conditions and the number of 

antibodies being tested, each protein sample was prepared a different number of times. 

For example, for the lysine methylation expression tests, 3 protein samples were prepared 

for 3 blots. The samples were placed in a heating block at 95 oC for 5 minutes and then 

micro-centrifuged briefly to collect them at the bottom of the tubes. 

Once the stacking gel had polymerised, the glass plates were removed from the 

casting frame and placed in the electrophoresis chamber. The well-forming comb was 

removed and the 1X Running buffer (produced by 1:10 dilution of the 10X stock, Table 
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2.5.) was poured into the electrophoresis chamber to reach its level marking. Blank 

solutions were then prepared to contain 5 µL 4X Laemmli Buffer in 20 µL deionised 

water. 2 µL of SeeBlue 2 Pre-stained protein marker along with blank samples and 

prepared protein samples were loaded into appropriate lanes of the stacking gel. Leads 

were then connected, and electrophoresis was set to run at 200 V for 1 hour. When done, 

the gel was removed from the chamber and the stacking gel detached and discarded. The 

resolving gel was then placed in 1X Transfer buffer on a rocker shaker for several 

minutes.  

2.7.4. Electroblotting  

Before beginning immunoblotting, the filter papers (4.5 mm) and PVDF membrane 

were cut, and the membrane was soaked in methanol for 2 minutes. Furthermore, a 

solution which contained 10 mL 10X Transfer buffer (Table 2.5.), 10 mL methanol and 

80 mL deionised water was prepared. The filter papers and membrane were then placed 

inside this solution on a rocker shaker for 5-10 minutes. Then, 1 of the pre-cut filter papers 

was placed on the electroblotter (Amersham Pharmacia Biotech) and the PVDF 

membrane on top of it. The resolving gel was placed on top of the membrane, with the 

other filter paper on top it. This was covered and the electroblotter was set to run at 100 

mA for 1 hour.  

When this was done, the membrane was retrieved and separated from filter papers 

and the gel. The gel was discarded, and the membrane placed in a petri dish with 0.1 % 

Ponceau S solution to shake for 5 minutes. The membrane was checked for successful 

protein transfer and then Ponceau S solution was removed through rinsing several times 

with 1X TBS solution (Table 2.5.). The membrane was placed on the rocker shaker, in a 

50 mL centrifuge tube with 20 mL Blocking buffer (Table 2.5.) for 30 minutes. When the 

time was up, the buffer was discarded, and the membrane washed with 1X TBS for 5 
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minutes. The membrane was then cut into 2 or 3 pieces depending on how many 

antibodies were being tested in that experiment. The membranes were placed in 

individual tubes covered in foil for primary antibody incubation.  

2.7.5. Western Blotting 

Western blotting was performed on MSC, SM1, SM2, and SM3 cells for 

methylation antibodies (asymmetrical and symmetrical di-methylated arginine, mono-

methylated arginine, mono/di/tri-methylated lysine). Loading controls included alpha-

tubulin, beta-actin, and HSP90. 

Firstly, 500 mL 1X TBS (antibody diluent solution) was prepared using 50 mL 10X 

TBS in 450 mL deionised water. For each primary antibody, 0.5 g BSA or caseinate 

(depending on manufacturing instructions) were dissolved in 10 mL of the diluent 

solution. Then dilutions of each primary antibody were prepared using 5 µL antibody in 

5 mL diluent solution (1:1000), 10 µL antibody in 5 mL diluent solution (1:500), or 25 

µL antibody in 5mL diluent solution (1:200) following manufacturer’s suggestions. 

Membranes were retrieved, and 5 mL of diluted primary antibody solution was added to 

membrane in its tube and incubated at 4 oC overnight. Once time had elapsed, the 

membrane was washed 3 times with 1X TBS for 5 minutes whilst shaking. The secondary 

antibody was prepared as before using 1 µL antibody in 10 mL diluent solution (1:10000) 

and then 5 mL were added to the membrane tubes and left rolling for an hour at RT. When 

time was up the membranes were washed several times with 1X TBS. Detection of protein 

bands was carried out using the Odyssey Infrared Imaging System. The software was set 

to scan at 800 nm, intensity 5. Most often, membranes were used for re-incubation with 

the loading control antibodies, incubated overnight and then with their appropriate 

secondary antibody. Blots were then visualised again using the same settings.  
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2.8. Mass spectrometry 

Protein was extracted from MSC and SM3 cell samples using the PTS lysis buffer 

and then protein concentration was measured with Bradford assay (as in Section 2.7.2.). 

Extracted proteins were kept in low binding tubes upon lysis and for the duration of MS 

sample preparation. Several reagents were prepared prior to the start of the experiment, 

according to the table below.  

Reagent Contents 

0.1 M DTT 15.43 g in 1000 mL deionised water 

0.55 M IAA 101.73 g in 1000 mL deionised water 

50 mM ABC buffer 3.95 g NH4HCO3 in 1000 mL deionised water 

10 % TFA TFA (1:10) in deionised water 

Buffer A 0.1 % TFA in deionised water 

Buffer B 0.1 % TFA, 80 % Acetonitrile, in deionised water 

Buffer E 2 % Acetonitrile, 0.1 % TFA, in deionised water 

PTS lysis buffer 
100 µL 120 mM SDC, 100 µL 120 mM SLS, 100 µL 1 M 

Tris (pH 9.0) in 670 µL deionised water for a total of 1 mL 

Table 2.7. The composition of several reagents used for MS sample preparation. 

First, 20 µL of 0.1 M DTT was added to each tube (incubated for 30 min at 37 C). 

Next, 20 µL of 0.55 M IAA were added and the tube was covered to avoid exposure to 

light (samples incubated again for 30 min at 37 C). The tubes were retrieved and 800 µL 

of 50 mM ABC buffer was added. Next, the Lys-C reagent was added to a ratio of 1:100 

µg (Lys-C:protein). This was then incubated at 37 C for 3 hours.  

Samples were retrieved and a calculated volume of Trypsin was added to a ratio of 

1:100 µg (Trypsin:Protein). Samples were incubated overnight (12 hours, 37 ℃). The 

next morning, 1000 µL of ethyl acetate was added as an equivalent amount of sample in 

its respective tube. 100 µL of 10 % TFA was added to each sample for a 0.5% TFA final 

concentration. Each tube was vortexed for 2 minutes, and then centrifuged for 5 min at 
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10,000 XG. Samples were retrieved, and the upper layer (containing ethyl acetate and 

detergents) were removed by pipetting, whilst making sure the visible ring between the 2 

layers was not removed. The samples were then covered and placed in the SpeedVac 

(aqueous, no heating, vacuum on) for 4-5 hours, until all liquid had evaporated. During 

this time, the sample tips were prepared to contain 2 layers of the 

polystyrenedivinylbenzene (SDB-XC) extraction disk at the lower end of the tip. This 

was carried out using a special cleaving tool for cutting out small circular bits from the 

membrane, and using a 1-gauge needle, the disks were pushed into the lower end of a 

pipette tip. Once the samples were dry, they were retrieved from the SpeedVac and 200 

µL of Buffer A was added to dissolve the dried sample and vortexed briefly. Samples 

were then centrifuged (10,000 XG, 2 minutes).  

The next steps involved the desalting of the sample. First 20 µL of Buffer B was 

added on top of the disks within the tip to activate the membrane. The tip was placed in 

a microcentrifuge tube and spun (1000 XG, 2 minutes) and the elute was discarded. Next, 

20 µL Buffer A was added on top of the tip and this was centrifuged again (1000 XG, 2 

minutes) and the elute discarded. Finally, the dissolved sample was added (200 µL) on 

top of the membrane disks and centrifuged (500 XG, 5 minutes) and the elute was re-

aspirated and set aside. Next 20 µL Buffer A was added on top of the membrane disks as 

a wash step and centrifuged (1000 XG, 2 minutes). Then, 20 µL Buffer B was added as 

an elution step and this was centrifuged (500 XG, 5 minutes then again at 2000 XG, 2 

minutes), and the elute discarded. As a precaution, the dissolved sample elute that was 

previously set aside, was used again and added on top of the membrane disks, and the 

washing and eluting steps were repeated in the same order.  
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2.9. Enzyme-linked immunosorbent assay 

The amount of dopamine released by the induced neuronal cells at their final stage 

of differentiation was investigated by means of ELISA. The kit used was the Dopamine 

Research ELISA kit produced by Labor Diagnostika. The assay was a competitive 

ELISA. When the small molecule treated cells had reached the end of the final induction 

stage, the media supernatant was collected for the last two media changes and stored in a 

microcentrifuge tube at 4 oC.  

First several reagents were prepared. The Wash Buffer was prepared by diluting 20 

mL of the concentrate with deionised water to a total of 1000 mL. Then the Enzyme 

Solution was prepared by reconstituting the Enzyme powder with 1 mL deionised water, 

then adding 0.30 mL Coenzyme and 0.70 mL Adjustment Buffer. Next the standards, 

controls and samples were prepared in the Extraction Plate. The 6 standards and 2 controls 

were run in duplicate to take up a total of 16 wells. 10 µL of each standard or control were 

added to an individual well made up to 500 µL using deionised water. As for the samples, 

250 µL of sample were added and made up to 500 µL with deionised water and run in 

duplicate for a total of 16 wells (2 MSC, 4 SM1, 4 SM2, 6 SM3). Next, 25 µL TE Buffer 

were added to all wells. The plate was covered and placed on a shaker (Eppendorf 

thermomixer comfort) at 600 rpm for 1 hour at RT.  

Once the hour elapsed, the plate was emptied and blotted dry. 1 mL of Wash Buffer 

was added to all wells, and the plate was again shaken (600 rpm, 5 minutes, RT). The 

plate was again inverted and blotted dry. This washing step was repeated once more. Next 

150 µL of Acylation Buffer was pipetted into all wells, followed by 25 µL of Acylation 

Reagent. The plate was again shaken (600 rpm, 20 minutes, RT). The plate was emptied 

and blotted dry, then 1 mL of Wash Buffer was added to all wells. The plate was again 

shaken (600 rpm, 5 minutes, RT) and then emptied. This washing step was repeated once 
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more. Next, 100 µL of HCl was added to each well. The plate was covered and shaken 

(600 rpm, 10 minutes, RT).  

90 µL of the extracted samples, controls and standards were transferred into wells 

of the Microtiter Plate and 25 µL of Enzyme Solution was added on top. The plate was 

shaken (600 rpm, 1 minute, RT) and then incubated for 2 hours at 37 oC. After the time 

elapsed, 100 µL of each standard, control and sample were transferred into wells within 

the Enzyme Plate containing the pre-coated Dopamine Microtiter Strips. Next, 50 µL of 

Dopamine Antiserum was added into each well. The plate was covered, shaken (600 rpm, 

1 minute, RT) and then incubated overnight for 15 hours at 4 oC. The next morning, the 

plate was inverted, and contents discarded. The wells were washed 4 times over by 

addition of 300 µL Wash Buffer, then discarding it from wells and blotting dry. Next, 100 

µL of Enzyme Conjugate were added into all wells and the plate was shaken (600 rpm, 

30 minutes, RT). The plate was retrieved, and contents were discarded. Wells were 

washed 4 times over as done previously. Then 100 µL of Substrate was added to each 

well and the plate was incubated on a shaker (600 rpm, 20 minutes, RT) whilst avoiding 

exposure to sunlight. Next 100 µL of Stop Solution was added to each well. Finally, the 

absorbance of each solution was read at 450 nm and reference wavelength at 620-650 nm 

(Berthold Mithras LB 940).  

2.10. Data Treatment and Statistics 

2.10.1. Reverse transcription quantitative Polymerase Chain Reaction 

The ∆∆Ct method was employed to process RT-qPCR data. Both RT-qPCR sets 

were processed separately. Briefly, mean Ct values were first calculated by taking an 

average of the two Ct values resulting for each gene per individual cellular treatment 

stage. The mean Ct of the target gene was normalised to the Ct of the housekeeping gene 
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glyceraldehyde-3-phosphate dehydrogenase (GAPDH), by subtracting the average 

housekeeping gene Ct (for that cell type in question, i.e., MSC, SM1, SM2 or SM3) from 

the average target gene Ct for each target gene. This gave the ∆Ct values for each target 

gene, which were used for the next step. The ∆∆Ct values for each target gene were then 

calculated by subtracting the control group ∆Ct values from the target gene ∆Ct values, 

for each target gene. The MSCs were the untreated, starting cells, thus they were used as 

the control group and baseline for comparison. Each ∆∆Ct value was calculated using 

target gene ∆Ct and the control sample ∆Ct values pertaining to the same target gene, but 

different cell samples. Finally, the fold difference in expression between treated samples’ 

target genes and the control sample’s target genes was obtained by computing 2 to the 

power of the negative ∆∆Ct values for each experimental gene (2-∆∆Ct). 

2.10.2. Enzyme-linked immunosorbent assay 

Using the Assayfit Pro add-in on Excel, the ELISA standard curve was generated 

and sample concentrations were determined. The add-in was opened on Excel and the 

ELISA option was selected from the ribbon under the Assayfit tab. Data for standards, 

controls (absorbance values and concentrations) and samples (absorbance values) were 

added to the relevant boxes. A 4-paramater logistic curve was then plotted according to 

manufacturer’s instructions.  

2.10.3. Neurite growth 

The significance of changes in the average neurite lengths for each cellular 

differentiation stage were assessed by performing a one-way analysis of variance 

(ANOVA). This was done using Excel data analysis.  
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2.11. IMAGEJ software analysis  

2.11.1. Neurite outgrowth measurement 

The Fiji package (Schindelin et al., 2012; Rueden et al., 2017) was downloaded 

from the Fiji website. The Fiji program was opened and the ImageScience plugin (with 

NeuronJ) was installed onto the application by adding it to the update list.  

For calculating changes in neurite outgrowth along the neural differentiation of 

cells, 3 microscopy images were selected for each differentiation stage. Images were 

selected based on several characteristics. Primarily, the images had to have cells 

containing neurites that were visible and not covered with debris or other cells. All cells 

in a field of view, and more so, the cells which had neurites, had to be seen clearly. 

Moreover, the images had to be an average representation of all images taken for that 

stage. Once an image was opened on the Fiji application, importantly, image distances 

were calibrated by creating a line of known distance and setting the scale appropriately 

(1 cm = 100 µm). Images were adjusted for brightness/contrast to make cells and neurites 

better visible for calculation. Finally, neurite tracing was performed using the NeuronJ 

plugin. Tracings were done manually by tracing lines over each visible neurite. These 

were then labelled as primary, secondary, or tertiary depending on whether they appeared 

to be directly coming out of the cell body or out of another neurite linked to a cell body. 

Measurements were then computed on ImageJ for each image and saved as an excel 

document.  

2.11.2. Integrated density measurements (western blots, end-point PCR gels) 

Scans were colour-inverted which made it easier to recognise bands. The program 

was set to measure integrated density. From the gel analyser options, the option for 

inverted peaks was ticked, so that light bands were shown as inverted peaks. Each scan 
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was loaded onto the program and each lane was set in its own individual box. This way 

it was easier to identify which peak corresponded to the band being measured. Peaks were 

closed off using the line draw tool and then measured using the wand tool. Individual 

blots/gels with several lanes were assigned different lanes (boxes) on the program which 

were measured at once, together. This was done to ensure that the resulting peaks 

corresponded to the density of each band in comparison to the others in that blot. 

The loading control (actin) bands were also assessed for integrated density to 

confirm equal loading. The experimental band values were not normalised to the loading 

control, since different blots did not need to be compared to one another. Rather the 

analysis requires the comparison of different amounts of protein methylation between 

different cell stages. In fact, where bands were present for different cell stages within the 

same blot, the integrated densities were used to compute a ratio of the higher value to the 

lower value. The ratio indicates the fold increase in protein methylation as compared to 

the lesser value.  
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Chapter 3 Results 

3.1. Microscopy 

3.1.1. Trilineage differentiation 

  

Table 3.1. MSC trilineage differentiation. Microscope images showing MSCs that were treated with 

adipogenic (A) and Chondrogenic (B) media. These differentiated cells were then stained with Oil-

Red-O (A) and Alcain Blue (B) staining for adipocyte lipid vacuoles, seen as red clumps in A, and 

glycosaminoglycans, seen as blue clumps in B. Images were produced at 100X magnification (scale 

bar equal to 100 µm). 

The microscopy images shown in Table 3.1 illustrate the successful formation of 

adipocytes and chondrocytes from MSCs. Upon Oil-red-O staining, MSCs that were 

treated with adipogenic media appeared to have a red colour tint. In the image on the left, 

there are several small red structures that can be seen within the cells, thus giving cells 

an overall red appearance. These red structures were adipocyte lipid vacuoles and thus 

indicate the successful differentiation of MSCs into adipocytes. On the other hand, upon 

Alcain Blue staining, the MSCs that were treated with chondrogenic media appeared to 

produce a multitude of small blue structures through the culture well. This can be seen in 

the image on the right, where the appearance of numerous small blue structures, denotes 

Oil-Red-O staining Alcain Blue staining 

100µm 100µm 

A B 
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the presence of glycosaminoglycans in the culture. This indicates that MSCs were 

successfully differentiated into chondrocytes.  

As established by the ISTC, MSCs should possess the ability to be differentiated 

into adipocytes, chondrocytes, and osteoblasts (Dominici et al., 2006). Thus, these results 

demonstrate that the starting cells were authentic MSCs. 

 

3.1.2. Neural Induction 

  

 

 

 

 

 

 

 

 

MSCs before treatment 

100µm 

A 

SM1 Day 4 

100µm 

C 
SM1 Day 7 

D 

100µm 

MSCs before treatment 
B 

100µm 



 

82 

 

  

  

  

SM2 Day 10 

100µm 

G 
SM2 Day 10 

100µm 

H 

SM3 Day 4 
I 

100µm 

SM3 Day 6 
J 

100µm 

SM2 Day 7 

100µm 

E 
SM2 Day 7 

100µm 

F 



 

83 

 

  

Table 3.2. MSC Neural Induction: a display of microscopy images for each stage of differentiation 

treatment. SM1/2/3 stands for small molecules treatment stages 1, 2 or 3. A box beneath each image 

denotes at which stage of treatment the cells were in when the image was captured, followed by the 

number of days that elapsed for the cells within that stage of treatment. Briefly: images A, B - MSCs 

before treatment; image C, D – Stage 1; image E-H – Stage 2; images I-L – Stage 3. All images were 

captured at 100X magnification (scale bar equal to 100 µm). A number of arrows or boxes of various 

colours have been included within these images to emphasise several aspects of the culture that were 

observed. These are as follows: black arrows indicate spindle-shaped MSCs (image A); yellow arrows 

indicate neurite outgrowths (images C, D and E); the yellow box indicates neural networks appearing 

as rounded cell structures in close contact with one other (image F); black boxes indicate cells with a 

flattened morphology (images B, C, D and F); the white box indicates a neurosphere-like structure 

(image I); pink boxes indicate cellular debris appearing like burst neuronally-induced cells (images 

E, F and J); white arrows indicate dendritic arborisation (images G, H and K). 

 

In Table 3.2, a clear progression in cellular morphology can be seen on going from 

image A through L. As can be seen in image A and B, the starting cells were flat and 

spindle-shaped, as is characteristic of MSC morphology. Some MSCs had more of a 

flattened morphology and appeared as though they were stretched out on the well surface. 

These more flattened out MSCs can be seen in image B. These MSCs had their nuclei 

visible within their flattened morphology. This is normal for MSC cultures, since these 

cells tend to be a heterogeneous cell population (Haasters et al., 2009). Their cellular 

morphology can be either one of the following: small, elongated and spindle-shaped 

(black arrows, image 10A), or else large, cuboidal and flattened (black boxes, image 

SM3 Day 18 

100µm 

K 
SM3 Day 18 

L 

100µm 
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10B). Importantly, no neurites were seen growing out of the starting cells prior to 

treatments (Image A, B).  

Along each stage of differentiation media, there were significant changes in the 

cells’ morphology towards that characteristic of neurons in culture.  In image C, cells can 

be seen 4 days into Small Molecules Stage 1 (SM1) treatment (Reprogramming and 

Induction media). At this point, cells were already retracting inwards, they had a more 

spherical appearance and were less flattened. Additionally, they were shorter and smaller 

as compared to the starting cells, and neurite-like structures (yellow arrows) started to 

grow out of some of the cells in multiple directions. Some flattened cells were still present 

(black boxes in images C, and D). 

In the second stage (Differentiation media) cells further developed their neuronal 

morphology. Many cells had developed very distinct cell bodies, as can be seen in image 

E.  At this point the cells started to appear brighter, indicating that they were adopting 

more of a 3-dimensional morphology. On day 7 of Small Molecules Stage 2 (SM2) (image 

E) cells appeared to have longer and more developed neurite structures growing from 

either end of the cell body (yellow arrows). Cells that had started to develop a typical 

neuronal morphology began forming neural clusters or networks. This aspect of their 

culture can be seen in image F. On the left half of the image, one can observe a multitude 

of rounded cell structures in close contact with or even stacked on one other (yellow box). 

Again, cells with a flattened appearance (black box) can be seen amidst the more 

developed cells (image F). In images G and H (SM2 treatment extended for 10 days), 

more developed, brighter and distinct cell bodies can be seen.  Here were the first signs 

of dendritic arborisation surrounding cell body-like structures, seen as secondary and 

tertiary neurites (white arrows).  
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By Day 4 of the third stage (Maturation media), parts of the culture had very dense 

and thick neurite connections growing out of cells in all directions (image I). Cell bodies 

and axonal structures are hard to make out in this image, due to the layering of induced 

neuronal cells growing out neurites in all directions. Interestingly, in Small Molecules 

Stage 3 (SM3) culture, induced neuronal cells appeared to be forming neurosphere-like 

structures as can be seen on the bottom right corner of image I (white box). In both SM2 

and SM3 cultures, one could note the occurrence of some debris that appeared like burst 

cells with surrounding neurites (pink boxes in images E, F and J).  

At day 18 of SM3 (extended past 14 days), distinct and spherical cell bodies were 

observed (image K, L). Neurite projections were thicker and more complex in terms of 

connections to neighbouring cells. In image L, a great degree of dendritic arborisation 

can be seen surrounding several cell bodies (white arrows). Additionally, axonal 

processes appeared to be growing longer and thicker, with a bright appearance, suggesting 

the occurrence of axonal transport. These changes indicate that increased neuronal 

maturation and function occurred by Stage 3. Fig. 3.1 illustrates a structure that was found 

in several SM2 and more so in SM3 cultures. Cells that had acquired a neuron-like 

morphology, appeared to be more likely to form clusters of neural networks with other 

morphologically-similar cells. Under the microscope, these clusters appeared as clumps 

of circular cells that caught a lot of the microscope’s light. In some neural networks there 

were neurites growing out of the edges in all directions to meet with neighbouring cells. 
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Figure 3.1. Neuronally-induced cells during extended SM3 treatment (day 18). This image 

demonstrates a structural manifestation of the neuronally-induced cells in culture. Structures similar 

to this were forming in several SM2 and SM3 cultures. In these stages, cells that had acquired a 

neuron-like morphology, had a tendency to form clusters of neural networks with other 

morphologically-similar cells. In the above image, one of these neural structures can be seen. The 

neural network structure appears as layers of circular cells with several neurites growing out of the 

cells on its edges to meet with neighbouring cells. This image was captured at 100X magnification 

(scale bar equal to 100 µm). 

As a means by which to assess changes in morphology in a quantifiable manner, 

the changes in the lengths of neurites in cells of each stage were calculated using ImageJ 

as described in Section 2.11.1. Results are shown in Table 11 and the average neurite 

lengths, longest neurite, and total neurite outgrowth data are presented as bar graphs (Fig. 

3.2, 3.3 and 3.4 respectively).  

The measured values for the mean lengths of neurites growing out of cells were 

126.0, 100.6, and 90.0 µm for SM1 (average: 101.7 µm); 141.5, 367.7, and 238 µm for 

SM2 cells (average: 214.6 µm); and 371.2, 305.9, and 507.7 µm for SM3 cells (average: 

100µm 
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374.2 µm). This positive trend is illustrated clearly in Fig. 3.2. The same trend was found 

for the lengths of the longest neurites measured for each image for each stage (Fig. 3.3.). 

The range of neurite lengths found for each differentiation stage are as follows: SM1: 

14.5 – 522.7 µm; SM2: 28.1 – 909.1 µm; SM3: 23.1 – 1596.0 µm. The total neurite 

outgrowths found for each stage also reveal significant increases on going from SM1 to 

SM3 cells, with a range of 6235.6 – 12149.7 µm for SM1; 11186.0 – 15811.5 µm for 

SM2; and 23385.1 – 39152.4 µm for SM3 cells.   

Cell 

Stage 
Count 

Min, Max 

(µm) 

Mean 

length per 

image (µm) 

Mean length of 

all 3 images 

(µm) 

Total Neurite 

outgrowth (µm) 

SM1 68 28.2, 475.1 126.0 

101.7 

8566.5 

SM1 62 14.5, 409.0 100.6 6235.6 

SM1 135 16.2, 522. 7 90.0 12149.7 

SM2 105 28.1, 582.2 141.5 

214.6 

14856.5 

SM2 43 97.8, 909.1 367.7 15811.5 

SM2 47 55.7, 786.6 238.0 11186.0 

SM3 63 80.3, 1236.4 371.2 

374.2 

23385.1 

SM3 128 48.5, 1077.2 305.9 39152.4 

SM3 67 23.1, 1596.0 507.7 34014.8 

Table 3.3. Showing the data output for the neurite length analysis conducted on 3 microscopy images 

pertaining to each cellular differentiation stage. From columns left to right, the table denotes the 

cellular differentiation stage of the cells in the image used to measure neurites; the number of neurites 

measured; the min and max neurite lengths measured in that image (µm); the average length of all 

neurites measured within a single image (µm); the average length of all neurites within all 3 images 

pertaining to an individual differentiation stage (µm); and the total combined lengths of all neurites 

measured within each of the 3 individual images for each differentiation stage (µm). 

A one-way ANOVA at a 99% confidence level was carried out (using Excel) to 

explore the significance of the differences in the average neurite lengths found for the 

cells in each differentiation stage. The analysis is as follows.  
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Ho: µSM1= µSM2= µSM3 

HA: At least one mean is different 

ANOVA 

Source of Variation SS df MS F P-value F crit 

Between Groups 9775040 2 4887520 141.3161 1.92E-52 4.634959 

Within Groups 24728789 715 34585.72 
   

Total 34503829 717         

Table 3.4. Statistical analysis of the significance of differences found in the average neurite lengths 

of cells in the 3 differentiation stages. This ANOVA table is as produced on Excel and was computed 

at the 99% confidence level. From the left-hand side is the source of variation (between or within 

groups and the total); the sum of squares (SS); the degrees of freedom (df); the mean squares (MS); 

the resulting F statistic for this test (F); the resulting p value for this test (p-value); and the 

appropriate critical value as per the degrees of freedom (F crit). This table shows that the resulting 

F statistic (141.32) is greater than the critical value (4.63) and the resulting p value (1.92x10-52) is 

lesser than the level of significance (α = .01). Thus, the null hypothesis was rejected, and the ANOVA 

indicates significant differences between the average neurite lengths pertaining to each stage of 

differentiation. 

As can be seen in the ANOVA table, the resulting p value is lesser than the level of 

significance (p < .01). Thus, the null hypothesis is rejected, and the alternative hypothesis 

can be accepted. This result indicates that there are highly significant differences between 

the different cellular differentiation stages in terms of their average neurite lengths.  
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Figure 3.2. Bar graph depicting the changes in average neurite lengths (µm) along neural 

differentiation. Three bars can be seen, one per stage of differentiation treatment (SM1, 

SM2, SM3). A colour legend can be found beneath the graph. The y-axis denotes the  average 

neurite lengths in µm, and the x-axis denotes the cellular differentiation stage. Within each 

bar can be found the number (N) of neurites measured for computation of that average.  The 

neurite counts for each stage are as follows: SM1 - an average of 265 neurites, SM2 -  an 

average of 195 neurites, and SM3 – an average of 258 neurites. Standard error (SE) bars are 

depicted on top of each bar. These error bars are showing the standard error of the mean 

(SEM or SE) and these values were computed by calculating the standard deviation (SD) for 

each set, and then dividing this value by the square root of N (SEM = SD/√n). The SEM 

values for each stage are as follows: SM1 – 4.83; SM2 – 11.51; SM3 – 16.51. It can be inferred 

that these means are significantly different to each other since none of the SE bars overlap. 

The asterisk denotes significance of the differences between each of the 3 means (p < .01). 
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Figure 3.3. Bar graph depicting the measurements of the longest neurites (µm) for each 

differentiation stage. Three bars can be seen, one per stage of differentiation treatment (SM1, 

SM2, SM3). The colour legend can be found beneath the graph. The y-axis denotes the 

longest neurite lengths in µm, and the x-axis denotes the cellular differentiation stage. N=1 

for each of these bars since each bar shows the single longest neurite measured for each 

differentiation stage. At the centre of each bar is the value of the longest neurite pertaining 

to that differentiation stage. 
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Figure 3.4. Bar graph depicting total neurite lengths (µm) found for 3 microscopy images taken 

for each neuronal differentiation stage. 9 bars can be seen, with 3 per stage of differentiation 

treatment (SM1, SM2, SM3) pertaining to 1 of the 3 images measured for that stage. The colour 

legend can be found beneath the graph. The y-axis denotes the total neurite lengths in µm, and 

the x-axis denotes the cellular differentiation stage. Within each bar can be found the number 

of neurites measured for computation of the total neurite lengths for that image. On the top of 

each bar is the value of the total neurite length pertaining to that image measured for that 

differentiation stage. 
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3.2. End-point PCR gel 
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Figure 3.5. The first gel showing bands for CD105 and CD166 expression following 

amplification by End-point PCR. The cell types pertaining to each lane can be seen as numbers 

on top of each lane within the blot: 1 – ladder, 2 – MSC, 3 – SM1, 4 – SM2, 5 – SM3. Resulting 

bands can be seen at the bottom end of the gel. Briefly, a weak band can be seen for CD105 for 

MSCs and SM3 cells. CD166 expression shows a weak band in MSCs, and bands of greater 

density in SM1, SM2 and SM3 cells, the densest band being that found for SM2 cells. 

Figure 3.6. The second gel showing bands for CD105 and CD166 expression following 

amplification by End-point PCR. The cell types pertaining to each lane can be seen as numbers 

on top of each lane within the blot: 1 – ladder, 2 – MSC, 3 – SM1, 4 – SM2, 5 – SM3. Resulting 

bands can be seen halfway through the gel. Briefly, a strong band was obtained for each cell 

type for CD105, all bands of similar intensities. As for CD166, dense bands were found for all 

cell types, with the lowest density band being that found for SM1 cells. 
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Figure 3.7 Gel showing bands for CD90 and GAPDH expression following amplification by 

End-point PCR. The cell types pertaining to each lane can be seen as numbers on top of each 

lane within the blot: 1 – ladder, 2 – MSC, 3 – SM1, 4 – SM2, 5 – SM3. Resulting bands can 

be seen halfway through the gel. Briefly, CD90 gave strong bands in MSCs and each cellular 

differentiation stage, with the SM3 band being the weakest. As for the reference gene 

(GAPDH), this gave bands of very similar intensities, with integrated density ratios of 

approximately 1 for each differentiation stage in relation to the starting cells. This indicates 

that there was equal loading of each cell sample in each lane. 
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Figure 

number 

CD 

number 

Lane/Cell 

type 

Integrated 

density 
Ratio 

3.5 

CD105 
MSC 902 

SM3:MSC – 3.5 
SM3 3161 

CD166 

MSC 393 
SM1:MSC – 4.6 

SM2:MSC – 11.9 

SM3:MSC – 3.4 

SM1 1825 

SM2 4676 

SM3 1331 

3.6 

CD105 

MSC 6460 
SM1:MSC – 1.2 

SM2:MSC – 1.3 

SM3:MSC – 0.8 

SM1 7895 

SM2 8501 

SM3 5298 

CD166 

MSC 4273 
SM1:MSC – 0.7 

SM2:MSC – 1.2 

SM3:MSC – 1.5 

SM1 2953 

SM2 5122 

SM3 6546 

3.7 

CD90 

MSC 4892 
SM1:MSC – 1.5 

SM2:MSC – 1.5 

SM3:MSC – 0.8 

SM1 7234 

SM2 7378 

SM3 3924 

GAPDH 

MSC 9019 
SM1:MSC – 1 

SM2:MSC – 1.1 

SM3:MSC – 0.9 

SM1 9007 

SM2 10060 

SM3 8328 

Table 3.5. Showing the integrated density values for observed bands in the presented end-point PCR 

gels. Integrated density values were calculated using ImageJ. This table includes the figure number 

where the gel in question can be found, the corresponding CD markers investigated within that gel, 

the cell type represented in the lanes where bands were observed, and the calculated integrated 

densities corresponding to the band found within that lane. The last column includes the integrated 

density ratios computed as differentiated cell type : starting cell. These ratios indicate the fold 

increase or decrease in integrated density values for a band resulting for the experimental cells vs the 

starting cells. 
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The expression of several CD markers was explored in the starting cells and each 

stage of differentiation treatment. GAPDH was used as a reference gene for this analysis. 

As can be seen from Table 3.5, the bands that resulted for GAPDH gave very similar 

integrated density values, with integrated density ratios of approximately 1 for each 

differentiation stage in relation to the starting cells. This indicates that there was equal 

loading of each cell sample in each lane. CD markers that were assessed include CD105,  

CD90 and CD166. CD90 and CD105 are two established MSC markers as published by 

the ISCT (Dominici et al., 2006). CD166 is expressed in several cellular compartments 

of neurons in the brain, including axons, dendrites, and the neuronal cell body, and is 

involved in cell adhesion and migration processes (Kent et al., 2002; Raney et al., 2013).  

In both gels where CD166 expression was tested (Fig. 3.5, 3.6), CD166 expression 

was positive in all lanes, meaning that MSCs, SM1, SM2 and SM3 cells were all found 

positive for CD166 expression. In the first gel (Fig. 3.5), CD166 expression was very low 

in MSCs, and this increased greatly in SM1, SM2 and SM3 cells, giving the densest band 

for SM2 cells, with an integrated density ratio of 11.9 for SM2:MSC. In contrast, in the 

second gel (Fig. 3.6), dense bands were obtained for all cell types, with the lowest density 

band for SM1 cells and an integrated density ratio of 1.5 for SM3:MSC. In this gel, the 

expression did not change as much as the first gel, being in the range of 0.7-1.5-fold that 

of MSCs. Such a gel would indicate that CD166 expression was more-or-less maintained 

along the differentiation of the starting cells.  

As for CD105 expression, Fig. 3.5, shows a very light band for MSCs and one of 

greatest density for SM3 cells, where ImageJ analysis indicated an increased integrated 

density of 3.5-fold for SM3:MSC. On the other hand, Fig. 3.6, shows that the second gel 

assessing CD105 expression produced bands of similar intensities (integrated density 

ratios of approximately 1) for each cell stage (MSCs, SM1/2/3). CD90 was found to be 
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positive in MSCs, but also gave a strong band for each cellular differentiation stage (Fig. 

3.7.). Interestingly, its expression seemed to increase by 1.5-fold in SM1 and SM2 cells 

but was decreased very slightly in SM3 cells.  

3.3. Reverse transcription quantitative Polymerase Chain Reaction expression  

A panel of neural markers was devised to have markers pertaining to each stage of 

differentiation. SOX2 expression is found in NECs and radial glia (Abcam, 2016), and it 

is considered a pluripotency marker involved in neural differentiation (Zhang & Cui, 

2014). MASH1 is found in IPCs, TUBB3 and NEUROD1 in immature neurons, and 

NEUN and MAP2 are mature neuronal markers (Abcam, 2016). TH was chosen as a 

marker for mature DA neurons. According to the devised protocol and the intended 

purposes of the 3 media stages, cells from each stage were expected to be expressing 

several of these markers. A strong positive SOX2 expression was expected in SM1 cells 

and though this could still be expressed in SM2 cells it was expected to decrease 

significantly in relation to its expression in SM1 cells. SM2 cells were expected to be at 

late IPC stages. Thus, they were expected to be expressing MASH1 and maybe show a 

low TUBB3 and NEUROD1 expression. Finally, the Stage 3 cells were expected to 

maintain the expression of TUBB3 and NEUROD1. Importantly, SM3 cells were 

expected to be expressing the mature neural markers NEUN, MAP2 and TH, which would 

confirm their successful specification towards the DA neuronal fate. The tables below 

detail the calculated fold-changes in expression for SM1, SM2 and SM3 cells in relation 

to the starting cells.  
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 Fold change in expression (2-(∆∆Ct) values) 

Gene SM1 SM2 SM3 

SOX2 2.75 0.87 0.30 

MASH1 2.22 0.10 0.18 

NEUROD1 6.66 2.90 5.56 

TUBB3 0.36 13.32 0.40 

NEUN 1.47 2.60 0.27 

MAP2 1.81 5.74 0.19 

TH 2.08 2.81 0.87 

Table 3.6. Showing the computed values for the fold change in expression for neural markers in SM1, 

SM2, and SM3 cells for RT-qPCR run 1. Values were computed on Excel using the ∆∆Ct method. 

Values shown in this table correspond to the fold-change in expression pertaining to a single gene for 

a specific cellular differentiation stage in relation to the starting cells (MSCs). The markers represent 

the following: SOX2 – a pluripotency marker, MASH1 – an early neural marker, NEUROD1 and 

TUBB3 – immature neural marker, NEUN and MAP2 – mature neural marker, TH – specific DA 

neural marker. Briefly, increased expression for SM1 cells was found in SOX2, MASH1, NEUROD1 

and a slight increase in TH; increased expression for SM2 cells was found in NEUROD1, TUBB3, 

NEUN, MAP2 and TH. The output for SM3 cells has been found to be invalid. 

 Fold change in expression (2-(∆∆Ct) values) 

Gene SM1 SM2 SM3 

SOX2 1.31 0.91 0.15 

MASH1 2.02 0.42 0.09 

NEUROD1 0.83 1.28 0.28 

TUBB3 6.11 15.89 0.99 

NEUN 1.29 3.84 0.32 

MAP2 3.69 7.11 0.12 

TH 0.77 1.77 1.41 

Table 3.7. Showing the computed values for the fold change in expression for neural markers in SM1, 

SM2, and SM3 cells for RT-qPCR run 2. Values were computed on Excel using the ∆∆Ct method. 

Values shown in this table correspond to the fold-change in expression pertaining to a single gene for 

a specific cellular differentiation stage in relation to the starting cells (MSCs). The markers represent 

the following: SOX2 – a pluripotency marker, MASH1 – an early neural marker, NEUROD1 and 

TUBB3 –immature neural marker, NEUN and MAP2 – mature neural marker, TH – specific DA 
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neural marker. Briefly, increased expression for SM1 cells was found in MASH1, TUBB3 and MAP2; 

increased expression for SM2 cells was found in TUBB3, NEUN, MAP2 and slight increase in TH. 

The output for SM3 cells has been found to be invalid. 

In the first RT-qPCR run (Table 3.6), SM1 cells were found to have increased 

expression of the stemness marker SOX2 (2.75-fold), the IPC marker MASH1 (2.22-

fold), and NEUROD1 (6.66-fold). Additionally, SM1 cells indicated a very slight 

increase in expression of NEUN (1.47-fold) and MAP2 (1.81-fold), as well as a 2.81-fold 

increase in TH expression. SM2 cells had decreased SOX2 and MASH1 expression and 

increased expression of the immature neuronal markers NEUROD1 (2.90-fold) and 

TUBB3 (13.32-fold) and of both mature neuronal markers NEUN (2.60-fold) and MAP2 

(5.74) compared to their expression in SM1 cells. Furthermore, SM2 cells indicated a 

2.81-fold increase in TH expression.  

In the second RT-qPCR run (Table 3.7), SM1 cells also had increased SOX2 (1.31-

fold) and MASH1 (2.02-fold) expression, although this was slightly lesser than that seen 

in the first run. This time, it was TUBB3 (6.11-fold increase) expression that was 

increased and not NEUROD1 (0.83-fold decrease). Similarly, to the first run, SM1 cells 

had slight increases in both NEUN (1.29-fold) and MAP2 expression (3.69-fold). As for 

the SM2 cells, there was a decreased expression for SOX2 and MASH1 as in the first run. 

Furthermore, and similarly to the first run, SM2 cells had increased expression of the 

immature neuronal marker TUBB3 (15.89-fold) and not much of an increase in 

NEUROD1 expression. TH expression increased less than that found in the first run, with 

a 1.8-fold change in expression. 

Both RT-qPCR runs performed gave an unexpected output for SM3 cells. In Table 

3.6, a decreased expression for all markers except NEUROD1 (5.56-fold increase), can 

be seen for SM3 cells. In the second run (Table 3.7), SM3 cells had no increase in 

expression for any markers, except a slight increase in TH expression (1.41-fold). 
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Reasons for such a conflicting output for SM3 cells are suggested in the Discussion. Figs. 

3.8 (RT-qPCR run 1) and 3.9 (RT-qPCR run 2) are bar graphs that depict the changes in 

expression for each of the neural markers tested in each cellular differentiation stage. 

These bar graphs illustrate the changes delineated in Tables 3.6 and 3.7, respectively. 

Furthermore, Fig. 3.10, is a bar graph depicting the values of neural markers pertaining 

to each differentiation stage, averaged for both runs. In this figure, the averaged values 

for each stage of differentiation illustrate what is shown for both runs in Table 3.6, and 

3.7. From this graph it can be noted that SM1 cells have the highest expression of early 

neural markers in comparison to SM2 and SM3 cells; whilst SM2 cells show large 

increases in immature and mature neuronal markers in comparison to SM1 cells. The 

flawed output for SM3 cells is also illustrated effectively – showing a decreased 

expression of all markers in relation to SM1 cells.   
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Figure 3.8. Bar graph depicting the changes in expression for neural genes in SM1, SM2 

and SM3 cells in relation to MSCs as the starting cells, RT-qPCR run 1. Fold-change in 

expression is found on the y-axis with the neural markers on the x-axis. Neural markers 

appear in sequence on going from early to mature markers, making it easier to see a trend 

in changes in expression on going from stage 1 to stage 3 cells. A legend on the right-hand 

side of the bar graph indicates which colours pertain to which cellular differentiation 

stage. Briefly, increased expression for SM1 cells was found in SOX2, MASH1, NEUROD1 

and a slight increase in TH and mature neural markers; increased expression for SM2 

cells was found in NEUROD1, TUBB3, NEUN, MAP2 and TH. The output for SM3 cells 

has been found to be invalid – only decreases in gene expression was found for Stage 3 

cells tested, except for an increase in NEUROD1. 
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Figure 3.9. Bar graph depicting the changes in expression for neural genes in SM1, SM2 

and SM3 cells in relation to MSCs as the starting cells, RT-qPCR run 2. Fold-change in 

expression is found on the y-axis with the neural markers on the x-axis. Neural markers 

appear in sequence on going from early to mature markers, making it easier to see a 

trend in changes in expression on going from stage 1 to stage 3 cells. A legend on the 

right-hand side of the bar graph indicates which colours pertain to which cellular 

differentiation stage. Briefly, increased expression for SM1 cells was found in MASH1, 

TUBB3 and MAP2; increased expression for SM2 cells was found in TUBB3 (large 

change), NEUN, MAP2 and a slight increase in TH. The output for SM3 cells is 

considered to be invalid – all neural markers (except TH, 1.4-fold) were found to have 

decreased in expression in the Stage 3 cells tested. 
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3.4. Western Blotting  

Cell extracts were used for investigation of PTM changes through the use of several 

methylation antibodies. Table 3.8 displays the calculated integrated densities for each 

band observed on the presented western blots. Blots in which there was only one band 

pertaining to one lane/cell type visible were not included in this table and their integrated 

density values were not calculated considering that they had nothing to be compared to. 

An appearance of a band in one lane and not in the others is indicative of a change in 

itself. One example of a blot not included is the di-asymmetric arginine (neither of the 2 
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Figure 3.10. Bar graph depicting the mean expression values for neural genes in SM1, SM2 

and SM3 cells, with standard deviation (SD) bars. The values for the changes in expression 

seen here are averages of the values found within the 2 runs. Early neural markers appear 

first, then immature and later mature neural markers. In this bar graph the overarching 

expression changes can be deduced. Briefly, SM1 cells show greatest expression of early 

neural markers in comparison to SM2 and SM3 cells; SM2 cells show large increases in 

immature and mature neuronal markers in comparison to SM1 cells. The erroneous result 

for SM3 cells can also be observed in terms of a decreased expression of all markers in 

relation to SM1 cells. 
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blots gave any band). Another blot which was not included is the mono-methylated 

arginine in Fig. 3.13, since there was only a band for SM1 and nothing for SM3. 

Actin was used as a loading control for these Western blotting experiments (Fig. 

3.13.). Bands can be seen on the blot in Fig. 3.13, between 35-50 kDa. Actin gave bands 

of similar intensity for both SM1 and SM3 cells, thus indicating equal protein loading. In 

Fig. 3.11, scanned images of western blots for lysine mono-, di-, and tri-methylation are 

shown. On the left, bands for lysine mono-methylation can be seen between 25-50 kDa. 

As can be seen in Table 3.8 and Fig. 3.11, there was an increase in lysine mono-

methylation in SM2 and SM3 cells in comparison to MSCs and SM1 cells. More 

specifically, no bands occurred for MSCs and SM1 cells, whilst several bands could be 

seen for SM2 and SM3 cells. The calculated integrated densities of SM2 and SM3 cells 

were very similar, and thus their lysine mono-methylation changes were found to have 

occurred to a similar extent. In the blot on the right, lysine di-methylation bands can be 

seen just below 50 kDa. Di-methylated lysine bands were found to be of lesser intensity 

in SM1, SM2 and SM3 cells in relation to MSCs. The MSC di-methylated lysine band 

was found to be 1.6- to 3.2-fold the integrated density of SM1, SM2 and SM3 cells. In 

the bottom blot, there can be observed bands for lysine tri-methylation, just below 75 

kDa. MSCs gave a very light band for tri-methylated lysine residues, SM1 gave no band, 

and SM2 and SM3 cells had integrated densities of approximately 11-fold greater than 

MSC.  

In Fig. 3.12, are the blots that were incubated with arginine methylation antibodies. 

Bands can be seen above 75 kDa. Note that these blots that were previously incubated 

with lysine methylation antibodies and then re-incubated with arginine methylation 

antibodies. Thus, there are faint bands remaining in the mono- and di-symmetric arginine 

blots, and the black bands at 75 kDa in the di-asymmetric arginine blot are not pertaining 
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to arginine but are remaining bands from the previous blot. In Fig. 3.12, the resulting 

bands showed increased arginine mono-methylation in SM1, SM2 and SM3 cells with no 

band present for MSCs. These bands were of very similar integrated densities and each 

of these bands was weak. Bands for di-symmetric methylated arginine were found in all 

lanes, although this was strongest for MSCs (1343) and SM1 (2373), with SM2 and SM3 

cells giving very similar integrated densities (888, and 827 respectively). As for the di-

asymmetric arginine, no bands were found for each cell type in both blots performed 

(Figs. 3.12 and 3.13). 

In Fig. 3.13, scanned images show new blots incubated with arginine methylation 

antibodies. Bands can be seen above 75 kDa. Unfortunately, SM2 cell extracts had run 

out, so the bands show arginine methylation for SM1 vs SM3 cell extracts. In Fig. 3.13, 

the SM1 band for di-symmetric methylated arginine was 2.3-fold the integrated density 

of that found for SM3 cells. In contrast to the first blot, in the second mono-methylated 

arginine blot, no band was found for SM3 cells, and as before, a weak band was found in 

the SM1 lane. 
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Figure 3.11. Western blot scanned images for Lysine Mono-, Di-, and Tri-methylation. Protein sizes 

(in kDA) can be found on the left-hand side of each blot. The cell types pertaining to each lane can 

be seen as numbers on top of each lane within the blot: 1 – protein marker, 2 – MSC, 3 – SM1, 4 – 

SM2, 5 – SM3. Bands for lysine mono-methylation can be seen between 25-50 kDa. No bands can 

be observed for MSCs and SM1 cells, whilst several bands could be seen for SM2 and SM3 cells. 

Di-methylated lysine bands can be seen just below 50 kDa –  these bands are of lesser intensity in 

SM1, SM2 and SM3 cells compared to that for MSCs. Lysine tri-methylation bands can be seen 

just below 75 kDa. MSCs gave a very light band, SM1 gave no band, and SM2 and SM3 cells had 

very strong bands. 
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Figure 3.12. Re-incubated blots showing arginine mono-, di-symmetric, and di-asymmetric 

methylation. Protein sizes (in kDA) can be found on the left-hand side of each  blot. The cell types 

pertaining to each lane can be seen as numbers on top of each lane within the blot: 1 – protein 

marker, 2 – MSC, 3 – SM1, 4 – SM2, 5 – SM3. Bands can be seen above 75 kDa. The above blots 

were previously incubated with lysine methylation antibodies and then re-incubated with arginine 

methylation antibodies. Hence, faint bands can be seen that do not correspond to arginine but are 

remaining bands from the previous blot. There can be seen weak bands of similar intensities for 

arginine mono-methylation in SM1, SM2 and SM3 cells with no band present for MSCs. Bands for 

di-symmetric methylated arginine can be seen in all lanes, the strongest band being that for MSCs 

and SM1. As for the di-asymmetric arginine, no bands were found for each cell type. 
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Figure 3.13. Scanned blots showing arginine mono, di-symmetric and di-asymmetric methylation. 

Protein sizes (in kDA) can be found on the left-hand side of each blot. The cell types pertaining to 

each lane can be seen as numbers on top of each lane within the blot: 1 – protein marker, 2 – SM1, 

3 – SM3. Bands can be seen above 75 kDa. A mono-methylated arginine band was found for SM1, 

with no band for SM3 cells. A strong SM1 band for di-symmetric methylated arginine was found 

with a weak band for SM3 cells. As in the previous blot, no bands can be observed for di-asymmetric 

arginine for each cell type. In the last blot, Actin bands (loading control) can be seen between 35-50 

kDa. Actin gave bands of similar intensity for both SM1 and SM3 cells, thus indicating equal protein 

loading. 
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Figure 

number 
Antibody Lane/Cell type 

Integrated 

density 
Ratio 

3.11 

Mono-

methylated 

lysine 

MSC - Values are very 

similar and there 

are no bands 

visible for MSC 

SM1 - 

SM2 9820 

SM3 8494 

Di-methylated 

lysine 

MSC 4015 
MSC:SM1 – 1.7 

MSC:SM2 – 3.2 

MSC:SM3 – 1.6 

SM1 2381 

SM2 1256 

SM3 2487 

Tri-methylated 

lysine 

MSC 438 

SM2:MSC – 11 

SM3:MSC – 10.7 

SM1 - 

SM2 4818 

SM3 4694 

3.12 

Mono-

methylated 

arginine 

MSC - Values are very 

similar and no 

bands visible for 

MSC 

SM1 1551 

SM2 1669 

SM3 1330 

Di-symmetric 

methylated 

arginine 

MSC 1343 SM1:MSC – 1.8 

MSC:SM2 – 1.5 

MSC:SM3 – 1.6 

SM1:SM3 – 2.9 

SM1 2373 

SM2 888 

SM3 827 

3.13 

Di-symmetric 

methylated 

arginine 

SM1 6210 

SM1:SM3 – 2.3 
SM3 2738 

3.13 Actin 
SM1 12307 

SM1:SM3 – 1.3 
SM3 9224 

Table 3.8. Showing the measured integrated density values for observed bands in the presented 

western blots. Integrated density values were calculated using ImageJ. A dash for integrated density 

means that there was no band visible for that lane in the blot. This table includes the figure number 

where the blot in question can be found, the corresponding methylation antibodies investigated 

within that blot, the cell type represented in the lanes where bands were observed, and the calculated 
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integrated densities corresponding to the band found within that lane. The last column includes the 

integrated density ratios computed as differentiated cell type : starting cell or the other way around 

depending on which band had a greater density. These ratios indicate the fold increase or decrease 

in integrated density values for bands resulting for the experimental cells or the starting cells. 

3.5. Dopamine Enzyme Linked Immunosorbent Assay 

 

The dopamine ELISA was performed as an investigation of the extent of DA 

differentiation of induced-neuronal cells, and as an assessment of their functionality. 

Using the AssayFitPro add-in on Microsoft Excel, the calibration curve (Fig. 3.14) was 

computed using the controls and standards provided by Labor Diagnostika as part of the 
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Figure 3.14. The ELISA calibration curve (4-parameter) computed using the AssayFitPro add-in 

on Excel. The dots on the curve represent the outputs for the standards and control solutions 

tested in the ELISA. The absorption signal is depicted on the y-axis and the concentrations 

pertaining to each standard are shown in pg/mL. 
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dopamine ELISA kit. The standard curve was plotted as a 4-parameter line according to 

manufacturer’s instructions. The function of the standard curve is as follows: 

𝑦 = (𝐷 + (
(𝐴 + 𝐷)

(1 + ((𝑥/𝐶)𝐵))
)) 

Where:  

A = 1.221 

B = 0.708 

C = 6332.335 

D = 0.271 

Furthermore, the inverse function, as solved for x is as follows: 

x = 𝐶 ((
𝐴−𝐷

𝑦−𝐷
) − 1)

1

𝐵

 

Where A, B, C, and D are the same values as shown above, and Y is the resultant 

absorbance value and X is the dopamine concentration for a given sample.  

The standard curve generated for this analysis produced a coefficient of 

determination (R2) value of 0.9797. This indicates that the standard curve produced on 

AssayFitPro was a good fit for the obtained data, and that results can be considered 

accurate in terms of their data processing calculations. The concentrations for each cell 

sample tested were calculated with AssayFitPro add-in using the determined inverse 

function and standard curve. These concentrations can be seen in Table 3.9 below. This 

table shows each analytical duplicate’s determined concentration, their average, and final 

concentrations using the appropriate correction factor (amount of standard extracted, 

divided by amount of sample extracted), and their concentrations in nmol/L. Calculations 

determined that MSCs and SM1 cells were not releasing any dopamine (0 pg/mL) into 

their culture media. SM2 samples were found to have released 4.38, 0.73, 4.64, and 5.31 

pg/mL of dopamine into their media, with analytical duplicate averages of 2.55 (SM2a) 
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and 4.98 (SM2b) . SM3 samples were found to have released 0.80, 0.87, 4.90, 0.15, 1.10, 

and 0.00 pg/mL of dopamine into their media, with analytical duplicate averages of 0.84 

(SM3a), 2.52 (SM3b), and 0.55 (SM3c).  

3.6. Mass Spectrometry 

Main Proteins in MSCs Main Proteins in Stage 3 Cells 

Q14767 

Latent-transforming growth 

factor beta-binding protein 

(LTBP) 2/3 

O15240 
Neurosecretory protein 

VGF 

P23142 Fibulin-1/2 Q16352 Alpha-internexin 

P17936 
Insulin-like growth factor-

binding protein (IGFBP) 2/3 
P29762 

Cellular retinoic acid-

binding protein 1 

(CRABP1) 

 Determined concentrations (pg/mL)  

Sample D1 D2 A 
Final concentration for 

D1, D2, A 

Conversion 

(nmol/L) 

MSC 0.00 0.00 0.00 0.00 0.00 

SM1a 0.00 0.00 0.00 0.00 0.00 

SM1b 0.00 0.00 0.00 0.00 0.00 

SM2a 109.50 18.20 63.90 4.38, 0.73, 2.55 0.017 

SM2b 116.00 132.80 124.40 4.64, 5.31, 4.98 0.032 

SM3a 20.00 21.80 20.90 0.80, 0.87, 0.84 0.006 

SM3b 122.6 3.7 63.2 4.90, 0.15, 2.52 0.017 

SM3c 27.6 0.0 13.8 1.10, 0.00, 0.552 0.004 

Table 3.9. Showing the determined dopamine concentrations for duplicate samples of conditioned 

media obtained from 2 biological replicates of SM1 (SM1a, SM1b) and SM2 cells (SM2a, SM2b), 3 

biological replicates of SM3 cells (SM3a, SM3b, SM3c) and 1 sample of MSCs. Within this table are 

the determined concentrations (in pg/mL) for each analytical duplicate (D1 and D2), their average 

(A); the final concentrations (pg/mL) determined by multiplying with the appropriate correction 

factor (0.04); and their concentrations in nmol/L. 
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O00468 Agrin P07196 
Neurofilament light (NF-

L) polypeptide 

P24043 
Laminin subunit alpha-2 

(LAMA2) 
P09172 

Dopamine beta-

hydroxylase (DBH) 

P02751 Fibronectin Q7L099 Protein RUFY3 

Q9HCU0 Endosialin Q5BJH7 Protein YIF1B 

P07996 Thrombospondin-1 P13521 Secretogranin-2 

Q13219 Pappalysin-1 P20711 
Aromatic-L-amino-acid 

decarboxylase (AAAD) 

P24821 Tenascin-C Q06787 
Synaptic functional 

regulator FMR1 

Table 3.10. Showing the top 10 proteins found within MSCs and those within Stage 3 cells.  Protein 

names are shown alongside their respective MS codes. The functions pertaining to each protein are 

described below.  

The MS analysis specified the expression of 360 unique proteins in MSCs, and a 

further 650 unique proteins in Stage 3 cells. The top 10 proteins that were expressed in 

both these cell samples are delineated in Table 3.10. The functions of these proteins found 

in both cell types are described below. 

The 10 main proteins that were found in MSCs used in this study, have been 

previously found in MSCs in other studies (Ragelle et al., 2017; Mizukami et al. 2019). 

Their implicated functions are as follows. LTBPs function in the extracellular matrix 

(ECM) and in the characteristic differentiation of MSCs (Robertson et al., 2015; Singh et 

al., 2022). Fibulin is an ECM paracrine factor (Won et al., 2020), and IGFBPs serve as 

carrier proteins for IGFs, whereby they regulate IGF activities, including proliferation, 

migration and differentiation (Jeon et al., 2017). Agrin has been implicated to function in 

MSC proliferation and haematopoiesis (Mazzon et al., 2011). LAMA2 serves to regulate 

characteristic MSC fate commitment (Zhu et al., 2020). Endosialin (CD248) is a C-type 

lectin-like transmembrane receptor in MSCs that interacts with fibronectin (Kondo et al., 
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2021) and other ECM proteins to facilitate cell adhesion and migration (Tomkowicz et 

al., 2007). Thrombospondin-1 is implicated to play a role in MSC proliferation (Belotti 

et al., 2016). Pappamysin is a metalloproteinase that interacts with glycosaminoglycans 

on cell surfaces and functions as a growth promoting enzyme via its effects on IGFs 

(Oxvig, 2015). Tenascin represents a family of 4 ECM glycoproteins, of which Tenascin-

C has been implicated to play a role in neural, skeletal and vascular morphogenesis in 

development (Tsai et al., 2014). 

When it comes to the main 10 proteins found in Stage 3 neuronal cells, these were 

all different to those found in MSCs. Their neuron-related functions are described below. 

The Neurosecretory protein VGF is part of the granin family of neuropeptides and 

functions in regulation of energy, synaptogenesis, and neurogenesis (Quinn et al., 2021). 

α-Internexin is a type IV neuronal intermediate filament protein (Zhao & Jiang, 2016), 

and has been implicated to exert various functions, such as in dendritic and axonal growth 

(Chien et al., 2005; Benson et al., 1996), and post-synaptic signalling (Suzuki et al., 

1997). CRABP1 regulates intracellular retinoid activity (Zetterström et al., 1999) to exert 

various effects on cellular functions in neurons (Nhieu, Lin & Wei, 2022), such as 

regulation of NSC proliferation, and calcium signalling (Lin et al., 2017). The NF-L 

polypeptide functions as a principal scaffolding constituent of the axoskeleton  (Pogue et 

al., 2022), and has various roles such as in neurotransmission, and synaptogenesis (Pogue 

et al., 2022). DBH is an enzyme that catalyses the formation of norepinephrine from 

dopamine (Gonzalez-Lopez & Vrana, 2019). Protein RUFY3 has been implicated in 

axonal development and growth (Wei et al., 2014), and neuronal polarity (Wang et al., 

2022). Protein YIF1B has been implicated in cargo transport in neurons (Carrel et al., 

2008) and serotonin (5-HT) receptor targeting to dendrites (Alterio et al., 2015). 

Secretogranin II is a member of the secretogranin family (Wen et al., 2021), and has been 
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implicated to function in promotion of neuronal differentiation and maturation (Kim et 

al., 2015). AAAD is an enzyme that is critical for the production of catecholamines and 

indolamines (Hadjiconstantinou & Neff, 2008). Importantly, this enzyme is needed for 

the generation of dopamine from L-dihydroxyphenylalanine (L-DOPA) (Ren et al., 

2017). Lastly, the FMR1 protein is an RNA-binding regulator that functions in synaptic 

protein synthesis, and formation of axonal and dendritic structures (Smidak et al., 2017). 
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Chapter 4 Discussion 

4.1. Introduction 

Neurodegenerative disorders are affecting an ever-growing number of people in 

today’s world and are a leading cause of death (Choudhary, Gupta & Singh, 2020). As 

aforementioned (Section 1.1), current treatments for such disorders help reduce pain and 

symptoms but do not work against their cause (Choudhary, Gupta & Singh, 2020). Stem 

cell therapy has come forth as a possible solution for treatment of neurodegenerative 

diseases and thus, much research has focussed on the development of specific subtypes 

of neurons for the regeneration of damaged brain regions (Choudhary, Gupta & Singh, 

2020). With more research, stem cell therapy will make it possible to delay 

neurodegenerative disease progression, and even target the causing factor (Zakrzewski et 

al., 2019).   

In this project, a neural induction protocol for the production of DA neurons was 

developed from previous research (Warrington, 2021). Considering the issues related to 

the use of ESCs and iPSCs (as elaborated on in section 1.3.4.), somatic stem cells were 

chosen as the starting cells (MSCs) to assess the devised protocol. Accordingly, MSCs 

are void of tumourigenicity, ethical and immunological tolerance issues, and, provided 

with the right environment for induction, MSCs can be differentiated towards cells of the 

neuronal lineage (Jiménez-Acosta et al., 2022).  

Small molecules for neural induction protocols were chosen based on the pathways 

that they target. Looking towards the literature that explores in vivo DA neurogenesis and 

differentiation, along with specific morphogens and TFs involved in driving this process, 

a 3-stage protocol (Fig. 2.2) was devised and tested on Wharton’s jelly mesenchymal 

stem cells (WJ-MSCs). The timely activation/inactivation of 4 pathways and their cross-

talk have been heavily implicated in the differentiation of NSCs to mature DA neurons 
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(Gaggi et al., 2020; Brodski et al., 2019). Such morphogens include SHH, FGF8, WNT, 

and TGF-β whose interaction bring about expression of multiple TFs crucial to DA 

neuronal development (Brodski et al., 2019). The 3 stages of the devised protocol are 

based on the sequential events occurring in mDA neurogenesis, to target the 

aforementioned morphogens and attempt to mimic events occurring in vivo. In the 

following subsections, the roles of each media stage and the small molecules and proteins 

within them are defined accordingly.  

4.1.1. Stage 1 – Reprogramming and Induction media (days 1-7) 

Signalling pathways that influence stem cell quiescence and pluripotency were 

targeted in this first stage of treatment. The stage 1 media consisted of SHH, Y27632, 

CHIR99021, and SB431542/A8301. This stage served to encourage the reprogramming 

of MSCs so that they may be pushed to enter the neuroectoderm lineage. Furthermore, it 

served to specify MSCs toward a mDA fate.  

SHH is central to induction and patterning of the FP and basal plate (Mesman & 

Smidt, 2020; Blaess & Ang, 2015), and is thus vital for the commitment of NSCs to the 

mDA fate (Volpicelli et al., 2020). SHH pathway components are expressed very early 

on in mDA progenitor cells, and these are maintained until cells become differentiated 

(Brodski et al., 2019). CHIR99021 is a potent WNT signalling inducer (Wang et al., 

2020). It is applied to this stage of the protocol to enhance transcription of WNT-activated 

pluripotency genes thus enhancing pluripotency reprogramming (Qin, Zhao & Fu, 2017). 

In vivo, WNT signalling is specifically involved in development of mDA progenitors and 

their specific differentiation towards mDA neurons (Brodski et al., 2019). SB431542 was 

added as an inhibitor of TGF-β family signalling to inhibit endodermal and mesodermal 

fates, and encourage reprogramming of MSCs so that they may enter the neuroectoderm 

lineage (Brodski et al., 2019; Galiakberova & Dashinimaev, 2020). Finally, the ROCK 
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inhibitor Y27632 served to protect cells from cell death during their treatments 

(Labandeira-Garcia et al., 2019).  

4.1.2. Stage 2 – Differentiation media (days 7-14) 

Stage 2 served as a means to further specify an mDA neuronal fate and encourage 

the MSCs’ differentiation along this fate. Stage 2 media consisted of SHH, FSK, FGF8, 

Activin A, DAPT, db-cAMP.  

FGF8 is an essential part of the beginning stages of mDA neuronal development 

(Brodksi et al., 2019) and its expression is specifically induced during development of 

the isthmus (Mesman & Smidt, 2020). FGF8 signalling is also vital for maintenance of 

neural progenitor viability (Brodski et al., 2019). In vitro, the addition of FGF8 has been 

found to induce DA neuron differentiation of neural cells. Importantly FGF8 and SHH 

work concertedly to induce NPCs to acquire an mDA fate (Mesman & Smidt, 2020). 

Thus, SHH was maintained in this stage of the protocol to sustain promotion of the mDA 

fate specification. FSK was added to increase intracellular cAMP concentrations, in turn 

activating MAPK signalling (George et al., 2019). Such an effect enhances neuronal 

specification and neurite outgrowth (Singh et al., 2020). The Notch inhibitor DAPT 

served to inhibit glial differentiation and boost neuronal differentiation (Crawford & 

Roelink, 2007). Activin A has been implicated to serve a neuroprotective role (Tretter et 

al., 2000) and to enhance neuronal differentiation (Park et al., 2016). Finally, db-cAMP 

activates PKA signalling and CREB expression (Kim et al., 2011). In this stage it served 

to promote neuronal differentiation of progenitor cells towards immature neurons.  
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4.1.3. Stage 3 – Maturation media (days 14-28)  

The final stage of small molecules treatment served to promote further 

differentiation and the final maturation of induced neuronal cells. Stage 3 media consisted 

of BDNF, GDNF, TGF-B3, Activin A, DAPT, and db-cAMP.  

Firstly, Activin A served the same function as it did for Stage 2 media. DAPT has 

been implicated to play a role in the maturation of neurons during their differentiation, as 

well as in their electrophysiological development (Rakovic et al., 2022). Its addition fits 

in well with the purpose of Stage 3 media. In addition to the aforementioned roles, db-

cAMP is involved in NT signalling (Kim et al., 2011), thus, its addition with GDNF and 

BDNF served to further enhance their effects. Moreover, db-cAMP boosts neurite 

outgrowth and for these reasons it was deemed highly suitable for this stage of the 

induction protocol. 

NTs and NTFs enhance survival of DA neurons (Di Santo & Wildmer, 2018), and 

are involved in the early survival phase in vivo (Jurkowski et al., 2020). Addition of both 

BDNF and GDNF in this stage served to discourage neuronal cell death and promote their 

viability in this last stage of treatment. Both these factors served to promote neurite 

outgrowth and encourage further differentiation, as well as morphological maturation 

(Leal-Galicia et al., 2021). Finally, TGF-β3 was added to further enhance the effects of 

GDNF on the induced neuronal cells (Meyers & Kessler, 2017). Furthermore, this factor 

was added since it specifically serves to promote the survival of DA neurons in vitro and 

encourages neurite outgrowth and morphological maturation (Luo et al., 2016).  

4.2. Morphological changes 

A clear progression in cellular morphology was found in cells as they progressed 

through the small molecule treatments (Table 3.2). The starting cells were either flat and 

cuboidal, or spindle-shaped, as is characteristic of MSC morphology, and had no neurites 



 

119 

 

growing out of them. Upon the cells’ treatment with Stage 1 media (Reprogramming and 

Induction media), the cells started changing their morphology. By the second stage of 

treatment (Differentiation media), cells had more distinct cell bodies, with a more 3D 

morphology and elongating neurites growing from either end of the cell bodies (Image 

E). During Stages 2 and 3, cultures were observed to present with formation of neural 

networks composed of many rounded neuron-like cells in close association with one 

another, thus forming a cluster. Additionally, in Stage 2 cultures, there was the occurrence 

of dendritic arborisation, and increased neurite complexity, seen as a multitude of 

secondary and tertiary neurites. During the third stage of treatment (Maturation media), 

distinct and spherical cell bodies were observed with very dense neurite connections that 

grew out of cells in all directions (image I). A great degree of dendritic arborisation was 

observed in Stage 3 induced-neuronal cells (image K, L). Additionally, axonal processes 

appeared to be growing longer and thicker. This observation suggests the occurrence of 

axonal transport in the final cells.  

By the end of the SM1 treatments (image D), cells seemed to adopt a more neuron-

like morphology which suggested that the starting MSCs had been successfully 

reprogrammed to enter the neuroectoderm lineage with Stage 1 media. Cells at the end of 

Stage 2 could be said to morphologically resemble IPCs or immature neurons, and the 

changes in SM3 cells indicated that increased neuronal maturation and function occurred 

by Stage 3. Moreover, induced neuronal cells appeared to be forming neurosphere-like 

structures (bottom right corner of image I) and neural networks throughout cultures.  

Image J, showing cells on Day 6 of their SM3 treatment, is a good example to 

illustrate a limitation experienced during neuronal induction treatment of cells in this 

project. Besides cells undergoing neuronal differentiation changes, there are also areas of 

the image that show a lot of debris. These debris collections had a shape similar to that of 
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the transdifferentiated cells, suggesting that they were previously differentiated cells that 

had died, and their cell contents left behind. Surrounding these bubble-like structures are 

neurites which formed connections with other cells or neurites of neighbouring cells. 

Burst cells can also be seen to have started occurring in the SM2 stage (images E, F). 

Potential reasons for this, and amendments are discussed in later sections.  

One thing to note is that in every stage of treatment, there were cells that appeared 

to be at different stages of differentiation. Some cells appeared as though they had a more 

MSC-like morphology amongst other cells that seemed to be much more advanced in 

their differentiation. This could be due to the inherent heterogeneity of cells, and thus of 

their reactions to treatment. Alternatively, in their study, Nolbrant et al., 2017 suggested 

that this is common for DA progenitors, since in their experiments, differentiating DA 

progenitors did not display a typical rosette-forming neuroepithelial morphology. They 

described an occurrence of cells with different stages of morphology along the treatment, 

with some cells having a more flattened appearance that does not resemble neuronal cell 

types. Researchers elaborated further and stated that this was an indication that the cells 

needed more time for maturation. Their starting cells were iPSCs and this flattened 

morphology that they described was strikingly similar to that seen in cultures in this study.  

An analysis on microscopy images of cells at each stage of differentiation was 

carried out. As a means by which to quantify changes in neuronal morphology along the 

cells’ differentiation treatment, neurite outgrowth lengths (Table 3.3) were measured on 

ImageJ (Schindelin et al., 2012; Rueden et al., 2017). This ImageJ analysis of neurite 

changes depicted a positive trend for the average lengths of neurites growing out of cells, 

length of the longest neurite measured, and the total neurite outgrowths (µm) on going 

from SM1 to SM3 cells. Despite the inclusion of many short secondary and tertiary 

neurites in the quantification of neurites in SM3 images, the average neurite lengths still 
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increased substantially. Neurite lengths increased by an average of over 100 µm from 

SM1 to SM2 and SM2 to SM3; a trend that is illustrated in Fig. 3.2. Moreover, there was 

a significant increase in the length of the longest neurite measured, which was a length of 

523 µm in SM1 and 1596 µm in SM3 (Fig. 3.3). Additionally, the lowest value for total 

neurite outgrowth in SM3 (23385 µm) was almost double the greatest total neurite 

outgrowth measured in SM1 (12150 µm).  

This analysis supports what was implied upon observation of morphological 

changes by microscopy. Statistical analysis of changes in average neurite outgrowths 

along the differentiation protocol, further validated these results. The one-way ANOVA 

indicated that differences between the average neurite lengths measured for each stage 

were significant, suggesting that morphological changes along the induction and 

differentiation protocol were considerable.  

4.3. Gene Expression 

4.3.1. CD Markers 

In this study, expression levels of CD166 were found to match those of CD105, an 

official MSC marker also used in this analysis. Considering the expression of CD166 in 

several cellular components in neurons, CD166 was intended as a marker that could 

indicate the differentiation from MSCs, such that a negative expression was expected for 

MSCs, followed by bands of increasing intensity with increasing differentiation. 

However, CD166 expression has also recently been found expressed in several types of 

MSCs isolated from different sources (Brinkhof et al., 2020). This would explain the 

obtained results for CD166 expression, since a positive expression was found for all 

stages (MSCs, and SM1/2/3 cells). 
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No literature could be found to explain a positive expression of CD105 for SM2 

and SM3 cells, in terms of its positive expression having been found in neuronal cells. 

What this can indicate, however, is that there could have been contaminating, 

undifferentiated MSCs within the SM2 and SM3 cultures. This is quite a plausible 

explanation, considering that neural transdifferentiation protocols are never 100% 

efficient, and that cells differentiate in a very heterogenic manner (Wang et al., 2022). 

Moreover, as aforementioned, cells that resembled the morphology of starting MSCs 

were found to be present in both SM2 and SM3 cultures.  

CD90 was only tested since CD105 expression results were not as expected. 

Considering these are both established markers for MSCs, their expression, at least in 

MSCs, should be similar. As expected, CD90 was positive in MSCs, however its 

expression was maintained throughout the treatment of cells (Fig. 3.7). CD90 expression 

has been found on the cell surface of many cell types, including in neurons throughout 

the nervous system (Bradley, Ramirez, & Hagood., 2009; Jósvay et al., 2014). Thus, its 

expression in starting cells and in cells pertaining to each stage of differentiation can be 

rationalised based on its expression pattern.  

As can be seen from Table 3.5, the bands that resulted for the reference gene 

(GAPDH) gave very similar integrated density values, implying that equal loading of 

each cell sample in each lane had occurred. Thus, unequal loading can be ruled out as a 

reason for changes in band intensities or lack of a band signal. In Fig 3.5, two faint bands 

were found for MSCs and SM3 cells for CD105 expression. This result did not make 

much sense, and that is why the second end-point PCR run to check CD105 expression 

was performed. Fresh cDNA was prepared from different frozen cell collections for the 

second set of gels shown in Figs. 3.6 and 3.7. Thus, it could be that the sample used for 

these subsequent end-point PCR runs, had a greater number of contaminating 
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undifferentiated MSCs in SM1, SM2 and SM3 cultures in comparison to the first samples 

that were used. Alternatively, it could be that the starting cells used for treatment that 

resulted in those cell samples, did not have a high expression of CD105 to begin with. 

This would be due to naturally-occurring endogenous differences in CD marker 

expression in MSCs.  

4.3.2. Neural Markers  

In the first RT-qPCR run (Table 3.6), the SM1 cells showed a slight increase (a 2- 

to 3-fold change compared to MSCs) in pluripotency marker SOX2 and IPC marker 

MASH1. Note that the starting cells that were used as a baseline for comparison of 

expression for these neural markers in treated cells, being MSCs, are stem cells and might 

be expected to have a certain degree of pluripotency marker expression. In fact, MSCs 

express pluripotency markers OCT4 and SOX2 at low levels at the beginning of their 

culture (Han et al., 2014).  Thus, having increased SOX2 expression in comparison to 

that in MSCs, indicates that the Stage 1 media served its purpose in causing cells to 

dedifferentiate to a more primitive state of greater pluripotency. The MASH1 result 

indicates that the Stage 1 media was able to push cells to enter the neuroectoderm lineage 

and start expressing markers for cells in IPC stages, such that maybe the Stage 1 media 

was able to push cells further than was expected. This was decreased in SM2 and SM3 

cells, which is as would be expected. However, the MASH1 results are not considered 

reliable since in each run and for each cell sample, the Ct number was very low, even in 

MSCs. This suggests that there might have been a problem with the MASH1 primers, and 

that unspecific annealing might have occurred with these primers.  

What was quite unexpected was that SM1 cells in the first run (Table 3.6), showed 

a 6-fold increase in NEUROD1 expression. No immature neurons were expected to have 

formed during Stage 1 treatment, and the TUBB3 expression result was conflicting, such 



 

124 

 

that it showed a decreased expression in relation to MSCs. Although NEUROD1 is 

generally used as a marker for immature neurons, several papers state that this expression 

first appears before cells have reached immature stages. In Tutukova, Tarabykin & 

Hernandez-Miranda (2021), it is stated that the expression of this TF is timely with the 

transition from primary progenitor cells to intermediate progenitors and is maintained for 

their terminal neuronal differentiation. Furthermore, in Kempermann, Song & Gage 

(2015), the authors state that type 2b cells, a kind of IPC in adult neurogenesis, begin to 

express several neuronal lineage markers including NEUROD1. Thus, the increased 

expression in SM1 cells could indicate that the cells were in IPC stages approaching 

immaturity, rather than already immature neurons.  Still, this would mean that SM1 media 

pushed cells a little further than expected. Moreover, there was a very slight increase in 

expression of the mature neuronal markers NEUN, MAP2 and 2-fold in TH. 

In the second run (Table 3.7), SM1 cells showed a slight increase in SOX2 and 

MASH1 expression, as was expected, although a slightly greater increase in their 

expression would have been more suitable. In contrast to the first run, TUBB3 expression  

was increased and NEUROD1 was decreased. Considering that NEUROD1 expression 

may appear earlier than that of TUBB3, this increased TUBB3 expression cannot mean 

that cells were in late IPC stages, rather they had reached the stage of immature neurons. 

Besides, there were also small increases in mature neuronal markers NEUN and MAP2. 

NEUN was very slightly increased, however MAP2 was increased 3- to 4-fold. This is 

still a small increase in expression; however, it implies that some cells in this SM1 sample 

might have already been progressing towards maturity. TH expression was as expected 

and did not increase.  

SM2 cells in the first run (Table 3.6) had decreased pluripotency marker SOX2 

expression, and MASH1 expression, indicating that cells were past progenitor stages. 



 

125 

 

TUBB3 expression was greatly increased (13-fold) in comparison to the starting cells, 

which would suggest that there were cells in an IPC stage. Interestingly, NEUROD1 

expression was increased almost 3-fold, however this was half the increase seen for this 

IPC/immature neural marker in SM1 cells. Considering that NEUROD1 can be seen 

earlier than TUBB3, it makes sense that TUBB3 expression is much greater than that of 

NEUROD1. This suggests that these SM2 cells were mostly immature neuronal cells 

rather than IPCs. As expected, there was an increase in both mature neural markers NEUN 

and MAP2. NEUN showed a 2.6-fold increase in expression, and MAP2 a 5.7-fold 

increase. This results suggests that some of the cells within this SM2 sample tested here, 

had progressed further and were in a mature neuronal state of differentiation. Some degree 

of heterogeneity within the cells in the various differentiation cultures was expected, since 

there is an inherent heterogeneity in cells during their in vivo neurogenesis, where some 

cells are always maintained as proliferating progenitors whilst others differentiate further 

(Zhang & Jiao, 2015). Hence, it would make sense that some cells in this SM2 sample 

were still progressing towards maturity, whilst others had already started to mature. 

Considering the values that resulted for their fold-change in expression (Table 3.6), it can 

be suggested that most cells were in immature stages still progressing towards maturity. 

However, an almost a 6-fold increase in MAP2 indicates that a good number of cells had 

reached maturity. Importantly, the TH expression showed a 2.8-fold increase, indicating 

that some of these induced neuronal cells had begun expressing TH. This suggests that 

the small molecules protocol had successfully specified a DA neuronal fate in at least 

some of the cells in culture.  

As in the first run, SM2 cells had decreased SOX2 and MASH1 expression in the 

second run (Table 3.7). Also, similarly to the first run, SM2 cells showed a great increase 

in TUBB3 expression, indicating that cells were in an immature neuronal state. However, 
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NEUROD1 did not increase at all, indicating that these cells were past IPC stages, rather 

at a stage of late immaturity. In fact, both mature neuronal markers were increased. NEUN 

increased almost 4-fold, and MAP2 increased 7-fold. The SM2 results in both RT-qPCR 

runs were quite congruent, and both indicated that cells in SM2 had successfully reached 

immaturity and even started maturing. In the first run SM2 cells showed a 2.8-fold 

increase in TH expression, which is enough to indicate that the cells had started 

progressing towards a DA neuronal fate. However, in this second run, the SM2 cells gave 

only a slight increase in TH expression (1.8-fold).  

Unfortunately, when it came to the SM3 cell sample, both runs gave an odd result. 

In the first run, all markers showed a decreased expression, except for NEUROD1 which 

was increased by 5.5-fold. This increase in NEUROD1 expression suggests that cells here 

were lesser differentiated than cells in SM2. However, explanation for the lack of 

expression for all other markers cannot be based solely on the cells being in a lesser 

differentiated state. The same was found in the second run. SM3 cells showed no 

increases in expression in any markers, but a very slight increase in TH expression. 

Something went wrong in the RT-qPCR of this SM3 sample and reasons for this are 

expanded on in the Limitations and Improvements Section (4.7).  

Overall, excluding SM3, these results indicated that the small molecules protocol 

was successful at pushing MSCs to dedifferentiate out of their mesenchymal lineage and 

start differentiating within that of the neuroectoderm. Changes in expression were not 

exactly as expected for SM1 and SM2, however, they imply that the media stages pushed 

cells even further than they were meant to. Specification of the DA neuronal fate might 

have occurred, however without well-grounded SM3 results, this could not be reliably 

inferred.  
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4.4. Western Blotting 

4.4.1. Methylation Changes  

PTMs on histones within chromatin are varied and complex (Shimomura & 

Hashino, 2013). Chemical modifications include methylation, acetylation, 

phosphorylation, sumoylation, and ubiquitination amongst others. However, histone 

methylation and acetylation are considered the most extensive in terms of having an effect 

on biological processes during neural differentiation (Shimomura & Hashino, 2013). 

Histone methylation is performed by histone methyltransferases (HMTs) and removed by 

histone demethylases (HDMs), and predominantly transpires at lysine and arginine 

residues on histone tails (Ren et al., 2020).   

Methylation at these residues has been linked to both transcriptional repression and 

activation (Shimomura & Hashimo, 2013). Which effect is conveyed depends upon which 

residue is methylated. For example, methylations on histone (H) 3 lysine (K) 9 (H3K9), 

H3K27, and H4K20 have been associated with gene silencing, whereas methylations on 

H3K4, H3K36 and H3K79 have been shown to activate gene transcription (Shimomura 

& Hashimo, 2013). Moreover, lysine residues can be mono-, di-, or tri-methylated, which 

influences the degree of transcriptional activation or repression, and these bring about 

different outcomes.  

Histone demethylation has been linked to regulating proliferation and 

differentiation of stem cells (Zhou et al., 2018). Both Lysine-specific demethylase 1 

(LSD1) and JmjC histone lysine demethylases have been found to be involved in 

regulating differentiation of stem cells. Inhibition of LSD1 activity has been found to 

result in a decreased proliferation of NSCs (Sun et al., 2010). Moreover, LSD1 was found 

to be involved in transcriptional inactivation of multiple developmental genes in hESCs 

through regulating methylation of lysine residues on histone 3 (Zhou et al., 2018). Such 
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studies demonstrate the involvement of histone modifications in activating and promoting 

neural differentiation of NSCs. However, these changes and their mechanisms are still 

largely not understood.  

Histone modification of lysine residues has been implicated in activating or 

repressing transcription of genes for TFs involved in early lineage commitment in ESCs 

(Huang & Jiang, 2015). Specifically, H3K27 tri-methylation (repressive) and H3K4 tri-

methylation (activating) modifications have been implicated for TFs such as SOX, FOX, 

and PAX gene family members. Enhancer of Zeste homology 2, an HMT with H3K27 

trimethylation specificity has been found to have an inhibitory effect on the neuronal 

transdifferentiation of MSCs both in vitro and in vivo (Yu et al., 2011; Ren et al., 2020).  

In ESCs, the promoters of pluripotency genes such as OCT4 and Nanog have been 

demonstrated to be trimethylated at H3K4 residues, that is strongly linked with 

transcriptional activation (Azuara et al., 2006; Bernstein et al., 2006). On the other hand, 

genes that lead to neuronal differentiation, are kept in a transcriptionally competent yet 

inactive state by combined histone modifications that are both activating (H3K4 

trimethylation) and inhibiting (H3K27 trimethylation). This is referred to as bivalent 

histone methylation, and is found in the promoters of pro-neural genes such as 

neurogenins, PAX6, and MASH1 in undifferentiated ESCs (Mikkelsen et al., 2007). This 

bivalent histone modification is controlled by Polycomb-group (PcG) and Trithorax-

group (TrxG) proteins, which are responsible for repression (H3K27) and activation 

(H3K4) respectively (Shimomura & Hashimo, 2013). Furthermore, other repressive 

histone modifications have been discovered to play a role in neuronal differentiation. A 

study found that during their differentiation, ESCs experienced continuous increases in 

chromatin silencing via H3K9 methylation (Meshorer et al., 2006). It has thus been 

suggested that these repressive H3K9 methylation modifications contribute to acquiring 
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an appropriate neuronal gene expression profile in response to extracellular signals (Song 

& Ghosh, 2004). In another study they discovered that BIX-01294, a G9a  HMT inhibitor, 

induces expression of neuronal genes such as Nestin and Musashi by downregulating G9a 

and H3K9 dimethylation in repressor regions of these genes (Kim, Jeong & Cho, 2016). 

Such methylation modifications at histone residues were expected to occur between 

the different cellular differentiation stages in this study. However, whether an increase or 

a decrease in such modifications was expected could not be determined, since 

trimethylation of lysine residues seems to occur for both gene activation and silencing. In 

addition, there would be the inactivation of pluripotency genes, and activation of pro-

neural and neuronal genes occurring as the cells differentiate along the neuroctoderm 

lineage. Thus, there would be different degrees of increases or decreases in lysine 

trimethylation, depending upon what needs to be activated or repressed at that point in 

the differentiation timeline for those cells. Furthermore, since histone methylation and 

demethylation at different histone residues have different effects in terms of activation or 

repression of genes, then methylation changes explored by Western Blotting are not 

enough to specifically conclude on what these changes mean. However, having big 

differences in bands indicating large alterations in methylation patterns, strongly indicates 

that the neuronal differentiation protocol has epigenetically modified the cells along their 

treatment. Such protein methylation changes correspond to gene expression changes, and 

thus signify a lot in terms of the altered phenotypes of the cells along their neural 

induction treatment.  

As can be seen in Table 3.8, there was a big change in lysine mono-methylation in 

SM2 and SM3 cells in comparison to MSCs and SM1 cells. In fact, no band even occurred 

in MSCs and SM1 cells, whereas around 6 bands in sequence occurred in SM2 and SM3 

lanes. On the contrary, there seemed to be a decrease in lysine di-methylated proteins in 
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SM1, SM2 and SM3 cells when compared to the starting cells, where the band in the 

MSC lane was between 1.6- to 3.2-fold the intensity of bands in the lanes corresponding 

to treated cells. Highly significant changes were found for lysine tri-methylation (Fig 

3.11). MSCs gave a very faint band (integrated density: 438), SM1 cells gave no band 

whatsoever, and SM2 and SM3 cells gave bands that were found to be more than 10-fold 

more intense than the MSC band. Such drastic changes indicate that epigenetically, the 

induced cells were very different to the starting cells. Considering the literature on lysine 

tri-methylation’s involvement in neuronal differentiation, these changes might have 

occurred to repress pluripotency genes, and activate neuronal genes in response to the 

signals dictated by the small molecule treatments.  

When it comes to arginine methylation changes, not much literature could be found 

regarding its involvement in neuronal differentiation. Two blots for each of the 3 arginine 

methylation antibodies were carried out. The first was only a reincubation of the lysine 

blots, and that is why a second arginine methylation blot was performed. In the first blots 

(Figs. 3.12), resulting bands suggested an increased arginine mono-methylation in SM1, 

SM2 and SM3 cells when there was no band for MSCs, though these were all weak bands. 

Additionally, bands for di-symmetric methylated arginine were present in all lanes. 

However, there was a slight increased signal for SM1 cells, and decreased signals for both 

SM2 and SM3 in comparison to MSCs (where the MSC band was around 1.5 times the 

density of both SM2 and SM3 bands). Finally, there were no resulting bands for any lane 

in the di-asymmetric methylated arginine blot. The same was seen in the second set of 

blots (Fig. 3.13) for both di-symmetric methylated and di-asymmetric methylated 

arginine (second and third blots respectively). More specifically, there were no bands in 

the arginine di-asymmetric methylation blot, and the SM1 di-symmetric methylated 

arginine band was between 2-3 times denser than the band for SM3. These results 
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indicated that there were no changes in arginine di-asymmetric methylation occurring on 

proteins in cells along their progression in the neural induction protocol. However, there 

were changes in their di-symmetric arginine protein methylation levels, with a general 

decrease as cells progressed further along the treatment protocol.  

Finally, when it came to the second mono-methylated arginine blot, no band 

resulted for SM3 cells, which is a different result to that found with the previous blot. 

However, in the first blot, the bands were very faint altogether, with that for SM3 cells 

being the faintest. In any case, both blots indicated a change in arginine mono-

methylation. This was either a change in mono-methylation levels from MSCs to the 

treated cells (no band vs positive signal), or decreased levels (weak band for SM1 cells 

vs no band for SM3 cells) for Figs. 3.12 and 3.13 respectively.  

Actin, which was used as a loading control, gave bands of more-or-less equal 

intensities for SM1 and SM3 cells. Although these were slightly different, the SM1 band, 

which was the stronger one, was only 1.3 times the intensity of the SM3 band. This 

suggested that the lanes were loaded equally and that unequal protein loading for each 

lane was not a source of variation in these blots. Unfortunately, when the incubation of 

blots with Actin antibodies was finally successful and gave a good signal, this was on the 

SM1 vs SM3 blot. Thus, the equal protein loading for all 4 lanes cannot be assured. An 

issue was experienced whereby blots kept drying up very quickly after being incubated 

only once or twice, and fresh blots had to be made each time for antibodies to bind 

properly to result in good and reliable signals. Additionally, there was an issue in getting 

bands for Actin since the Actin isoform expressed in these cells seems to change along 

their treatment.  

These results suggest that significant changes in protein methylation patterns at 

lysine and arginine residues have occurred on going from MSCs through each stage of 
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differentiation. These results can be supported by the literature elaborated on above, 

which advocates the success of the devised small molecules treatment protocol in pushing 

cells to transdifferentiate within the neural lineage. Taken together with changes in 

morphology, and neural marker expression in SM1 and SM2 cells, these results further 

suggest that changes in the transcriptome, proteome, and thus phenotype of cells must 

have occurred along the treatment of cells. These results, however, are not specific, and 

only indicate general changes in methylation patterns as epigenetic changes occurring 

while the cells undergo treatment. Hence, conclusions on what they mean exactly cannot 

be made. Ideally, these results would be further explored by means of MS analysis of 

protein methylation sites. In this way, the histones and other proteins on which lysine and 

arginine methylation occurred could be identified, which would paint a better picture 

regarding the success of this transdifferentiation protocol.  

4.5. Dopamine Enzyme Linked Immunosorbent Assay 

An essential characteristic of the function of DA neurons is their ability to 

synthesise and release dopamine in response to membrane depolarisation (Yang et al., 

2016). The dopamine ELISA was used as another means to explore the differentiation 

extent of induced neuronal cells, as well as the success of the protocol in specifying a DA 

neuronal fate.  

Table 3.9 shows the determined concentrations for duplicate samples of conditioned 

media obtained from 2 biological replicates of SM1 and SM2 cells, 3 biological replicates 

of SM3 samples and 1 sample of MSCs. The resulting determined concentrations were in 

the range of approximately 0.0-5.3 pg/mL. As expected, calculations showed that MSCs 

released 0 pg/mL of DA into the media, and the same was found for SM1 cell samples. 

SM2 samples were found to have released between 0.73 and 5.31 pg/mL of dopamine 

into their media. SM3 samples were found to have released between 0.00 and 4.90 pg/mL 
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of dopamine into their media. It seems odd that SM2 samples gave 3 out of 4 tests greater 

than 4 pg/mL, when SM3 samples gave only 1 out of 6 tests that were greater than 4 

pg/mL, with 4 out of 6 being less than 1 pg/mL. There could be multiple reasons attributed 

to this. Firstly, it could simply be an accurate representation of the dopamine levels 

induced by the different stages of the media, although this is unlikely considering that 

SM3 cells had been in differentiation media for longer. It could also be due to variations 

in the way the differentiation culture was followed between experimental wells 

(elaborated on in further sections), variations in the number of cells within the wells out 

of which media was collected, or variations in the number of viable or non-viable cells, 

since non-viable induced cells would not likely be releasing dopamine. Reasons could 

also be the presence of chemicals that degraded the dopamine in the sample, pipetting 

errors, and improper mixing of the sample after it had been thawed, amongst others.  

The standard curve produced gave a coefficient of determination (R2) value of 

0.9797. This indicates that the standard curve produced on AssayFitPro was a good fit for 

the obtained data, and that results can be considered accurate, at least in terms of their 

data processing calculations. Some of the determined duplicate concentrations might 

seem very distant from each other, however these are measurements found in picograms, 

so large differences are in fact quite small. Additionally, the competitive ELISA used 

here gives absorbances that are very similar to each other but translate to large differences 

in concentrations. An example of this is the small difference in the average absorbance 

readings for 2 of the lower standards. The 500 pg/mL standard had readings of 1.033 

when the 1500 pg/mL standard had readings of around 0.99. This shows that very small 

fluctuations in absorbance readings in this assay resulted in large differences in the output 

sample concentrations. One aspect of the ELISA that could have resulted in such large 

variations within samples of the same type could be the fact that standard concentration 
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samples are given in ng/mL and not pg/mL, and thus they are not accurate within the 

picogram range.  

When looking to the literature, several different papers were found in which a 

dopamine ELISA was also used for quantification of dopamine released by their 

neuronally-induced cells. Some reported dopamine concentrations are: 5-20 pg/mL (Yang 

et al., 2019), 0.36-10.3 pg in 1-2 x105 cells (Chabrat et al., 2019), or 400 pg/mL (Trzaska 

et al., 2007), 10 ng/well (Lim et al., 2015), 1.3 ng/mL (Kim et al., 2017), 20-100 

ug/million cells (Yang et al., 2016), and 4.5-6 ng/mL (Singh et al., 2020). However, it is 

worthy to note that the results reported in all of them except for Yang et al., 2019 were 

found after the induced-cells were instigated to release dopamine by depolarisation of 

cells using elevated K+ solutions, or the addition of L-DOPA (in Chabrat et al., 2019), 

and cells were also sometimes treated with a DAT inhibitor (in the study by Trzaska et 

al., 2007). Such additions to cells must have substantially influenced their results. 

Additionally, the fact that some measurements were given in per million cells, rather than 

in pg/mL makes it quite difficult to compare. Lim et al., (2015) gave their dopamine 

measurement in ng/well. Since they used 6-well plates, their culture media volume was 

in the range of 1-3 mL, and thus their reported dopamine concentrations can be converted 

to approximately 3-10 ng/mL.  

The only paper which reported dopamine release without it being evoked by 

membrane depolarisation was Yang et al., 2019, and their values were quite comparable 

to those obtained for induced cells in this study. However, the values reported for the 

induced cells in this study are on the lower side of what Yang et al., reported. Yang et al., 

used the same dopamine ELISA kit, which makes comparison more reliable. However, 

they processed their collected spent media samples, filtered out debris and concentrated 

them, mixing several media collections into one, before they analysed them with the 
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ELISA. Concentrating their media samples with reduced volumes would have increased 

their resulting dopamine concentrations in a way that the samples in this study weren’t. 

Spent media samples tested in this study were collected individually and ELISA 

experiments were not performed on pooled media concentrated from different collections. 

This could have decreased the dopamine potency in media samples for this study in 

relation to those tested in Yang et al., (2019). All this being considered, it could be said 

that the dopamine release concentrations found for induced neuronal cells in this study, 

was comparable to that found in one study with similar experimental conditions, despite 

their samples being concentrated.  

Additionally, dopamine release concentrations found in this study were within the 

same range that was found in a study conducted by Chabrat et al., (2019). The dopamine 

concentrations they obtained in their study were for a lesser number of cells compared to 

other studies. It could be that the number of cells in culture when spent media was 

collected for the ELISA in this project, was similar to the number of cells used for their 

dopamine measurements in Chabrat et al., (2019). The researchers in this study stated 

that dopamine synthesis was found to increase significantly when L-DOPA was added to 

the cell culture media. However, they did not state whether the dopamine values they 

listed for their induced cells were those obtained with or without such treatment. 

Unfortunately, other studies had evoked dopamine release in their cells, and thus 

comparison with their results would not be ideal. In addition, most of these papers do not 

specify how the dopamine concentration was calculated from their absorbance 

measurements, or the volume of sample they used for extraction of dopamine. Such things 

may vary the final concentrations obtained.  

The fact that there was a general increase in the amount of dopamine released by 

the more induced-cells in relation to the starting MSCs, indicates that the protocol did 
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successfully specify cells to be induced neuronally, and towards a DA fate. Although the 

determined dopamine concentrations were not as high as the values reported in other 

studies, their values could be representing a much greater number of cells than that in 

cultures in this study. Nevertheless, these results are not enough to confirm that fully-

mature DA neurons were present in those cultures. The determined concentrations in this 

study might suggest that the treated cells required further maturation in culture. 

Additional runs, with a few modifications might give a better idea on the dopamine-

releasing ability of the induced cells. It would have been ideal to count the cells in the 

wells that media was collected from, however this is very difficult since cells tend to 

detach as clusters. Knowing a rough estimate for the number of cells that the dopamine 

amount pertains to would paint a clearer picture. Cells were kept in 12-well plates, thus 

there can only be a maximum of 0.5 x106 cells in one well. Considering that cells were 

not at a confluency of 100% but most probably between 60-70% at any point, cells must 

have been between 3.0 - 3.5 x105. On top of that, not all cells in culture were at their final 

stage and those cells were not releasing dopamine, dropping the number further. Thus, 

the reported dopamine release values in this study, was for a number of cells similar to 

that reported by Chabrat et al., (2019).  

Importantly, all technical replicates had coefficient of variation values of less than 

10% indicating good confidence in pipetting precision and thus the results. This suggests 

that the different results amongst biological replicates most likely came about due to other 

reasons. One such reason could be that conditioned media samples were collected on 

different days and at different time points. Generally, the media was left a few days and 

collected once it was found to have changed colour. However, it was not always collected 

after the same amount of time. Additionally, some of the media samples would have been 

the first collected so maybe the cells had matured more and released more dopamine by 
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the last time the media had been collected. This further highlights how collecting the 

media for the same stage and concentrating it as one sample would have been 

advantageous.  

4.6. Mass Spectrometry 

The MS analysis revealed many different and unique proteins on going from the 

starting cells to the end-stage cells. This was already an indication that the final cells were 

drastically different to the starting cells. In addition, the top 10 proteins that were 

expressed in both these cell samples were all different (Table 3.10 in Section 3.6.). 

In a recent study, Ragelle et al., (2017), investigated the protein composition of 

ECM proteins produced in vitro from BM-MSCs amongst other cells. A BM-MSC 

protein signature was developed, and the main proteins found within at least 3-5 donors 

were revealed. Their results included 5 of the main proteins found for MSCs in the MS 

analysis in this research project: Fibulin-1/2, LTBPs, Fibronectin, Thrombospondin-1, 

Tenascin C (Ragelle et al., 2017). Thus, having been identified in several BM-MSC 

samples in Ragelle et al., the occurrence of these 5 proteins in the MSC samples used in 

this study, can be supported. Although the source of MSCs is different, they are still the 

same kind of stem cell, and thus they would be expected to share a similar protein 

expression signature.  

In another study, MS was used to identify and quantify the global protein expression 

within conditioned media of UC-MSCs, from 3 different donors (Mizukami et al., 2019). 

The research group found each of the main 10 proteins shown for MSCs in Table 3.10, 

within their MSC samples. More specifically, Fibulin-1/2, LTBP2/3, IGFBP 2/3, Agrin, 

LAMA2, Fibronectin, Endosialin, Thrombospondin-1, Pappalysin-1, and Tenascin were 

all found to be present in their MSC samples. In their study, Fibronectin was found to be 

the most highly expressed within all MSC samples, and Thrombospondin-1 was within 
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their top 10 proteins, whereas the rest of the aforementioned proteins were found in each 

of their MSC donor samples, except for Tenascin, which was found in 2 out of the 3 donor 

samples they investigated (Mizukami et al., 2019). Thus, the results of Ragelle et al., 

(2017) and Mizukami et al., (2019) corroborated the MS findings in this study, since the 

major 10 proteins found in our MSCs have also been found in other similar proteomic 

investigations. This suggests that the occurrence of these proteins is typical of MSCs.  

The LTBPs are critical players in the ECM, where they interact with fibrillin 

microfibrils to exert different effects (Robertson et al., 2015). LTBPs have been found to 

serve important functions in TGF-β regulation, stabilisation of microfibril bundles and 

elastic fibre assembly. Importantly, different LTBPs have been found to work together 

during various phases of MSC differentiation to osteoblasts (Koli, Ryynänen & Keski-

Oja, 2008). Recently, LTBP3 was also found to be involved in adipogenesis of MSCs 

(Singh et al., 2022). Thus, the occurrence of this protein as one of the main proteins in 

MSC samples is greatly justified.  

As for the other major proteins found in MSCs, briefly other studies are cited below 

for the expression of such proteins within MSCs. In a recent study, a different isoform of 

Fibulin has been implicated as a major ECM paracrine factor secreted from WJ-MSCs 

(Won et al., 2020). IGFBPs function as transport proteins for IGFs and regulate their 

bioavailability and effects (Ding & Wu, 2018). These carrier proteins are also involved 

in cell growth, adhesion, migration and apoptosis (Ding & Wu, 2018). Several members 

of the IGFBP family have been found to be secreted by MSCs (Park et al., 2010). Agrin 

is expressed in BM-MSCs both intracellularly and at the cell surface and was also found 

to be important for in vitro MSC haematopoiesis (Mazzon et al., 2011). LAMA2 has been 

shown to be a crucial regulator of MSC fate commitment towards osteogenic and 

adipogenic fates (Zhu et al., 2020).  
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Endosialin or CD248, is a marker of MSCs and is commonly expressed in MSCs 

found in developing embryos (Naylor et al., 2014). Its expression is diminished in adults; 

however, it is upregulated in pathological circumstances such as during fibrosis or 

inflammation. In their study, Naylor et al., found that Endosialin acted as a negative 

regulator of bone formation in mice (2014). Thrombospondin-1 has been found to be a 

major regulator of MSC proliferation (Belotti et al., 2016). Pappamysin is a secreted 

metalloprotease that functions to increase IGF availability via cleavage of IGFBPs 

(Mohrin et al., 2021). In their study, MSCs were found to be the principal source of 

Pappamysin production in bone marrow (Mohrin et al., 2021). Finally, Tenascin-C 

expression is found in connective tissues, tendon, muscle and stem cell niches 

(Murdamoothoo et al., 2018). This ECM protein serves various roles such as in tissue 

repair, pathological inflammatory or fibrotic processes, immunity and angiogenesis 

(Murdamoothoo et al., 2018). Thus, the expression of these main 10 proteins in MSCs in 

this research project can be supported by the results from several studies, and from this it 

can be inferred that these proteins are characteristically indicating the presence of MSCs.  

When it comes to the major proteins found for SM3 cells, these included 

Neurosecretory protein VGF (also secretogranin VII), α-internexin, CRABP1, NF-L 

polypeptide, DBH, protein RUFY3, protein YIF1B, secretogranin-2, AAAD (also dopa 

decarboxylase), and synaptic functional regulator FMR1.  Neurosecretory protein VGF 

expression may be upregulated in cortical and hippocampal neurons in response to NGF 

and other NTFs, such as BDNF.  Neurosecretory protein VGF and its peptides are crucial 

modulators of energy, synaptogenesis, and neurogenesis, as well as learning and memory 

(Quinn et al., 2021). α-Internexin is a type IV neuronal intermediate filament protein 

found in most neurons of the CNS (Zhao & Liem, 2016). Its expression is tissue specific, 

and developmentally-regulated. It is highly expressed at the start of neuronal 
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differentiation, appearing before the expression of NF-M and NF-L (Zhao & Liem, 2016). 

This NF has been implicated to play a role in axonal growth (Chien et al., 2005), in the 

formation and maintenance of dendrites (Benson et al., 1996), and post-synaptic 

signalling (Suzuki et al., 1997).  

CRABP1 regulates intracellular retinoid activity (Zetterström et al., 1999) and is 

postulated to exert its effects by forming several RA-regulated signalling protein 

complexes that influence certain cellular functions (Nhieu, Lin & Wei, 2022). In their 

study, Lin et al., found that CRABP1 is involved in modulation of the NSC pool in the 

adult hippocampus, whereby it exerts its effects on the cell cycle, slowing down NSC 

proliferation (2017). CRABP1 has also been found to be involved in modulation of 

calcium signalling in neurons, and through this, its role has been suggested to act as a 

protective factor in neurons (Nhieu, Lin & Wei, 2022). The NF-L polypeptide is a highly 

abundant NF in neurons, that functions as a principal scaffolding constituent of the 

axoskeleton (Pogue et al., 2022). This NF supports neuronal structure, neurotransmission, 

synaptogenesis, and inter-neuronal signalling through its interaction with numerous 

synaptic-phosphoproteins (Pogue et al., 2022). DBH is an enzyme that catalyses the 

formation of norepinephrine from dopamine (Gonzalez-Lopez & Vrana, 2019). In the 

brain, DBH is highly expressed in noradrenergic cells of the Locus Coeruleus.  

Protein RUFY3 is a RUN domain-containing protein expressed specifically in 

neurons where it interacts with Actin filaments (Wei et al., 2014). This protein has been 

implicated in axonal development and growth. Moreover, this protein is an adaptor 

protein of a GTPase protein family, that also functions to support neuronal polarity (Wang 

et al., 2022). Protein YIF1B forms part of the Yip1 domain family of proteins that are 

abundant in the Golgi apparatus (Shaik et al., 2019). This protein has been implicated to 

be involved in cargo transport in neurons (Carrel et al., 2008) and serotonin 5-HT receptor 
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targeting to dendrites (Alterio et al., 2015). Its functions are yet to be fully elucidated, 

however its transmembrane structure suggests that it might serve as a channel, transporter 

or transmembrane receptor (Shaik et al., 2019). Secretogranin II is a member of the 

secretogranin family, which are acidic secretory proteins that are highly expressed on 

secretory granules (Wen et al., 2021). Expression of secretogranin proteins is found 

throughout the nervous system (Li, Hung & Porter, 2008). In vesicles, secretogranin II is 

cleaved to produce several small peptides such as secretoneurin, which has been 

implicated in neurotransmission and neuronal differentiation. The majority of proteolytic 

processing of secretogranin II occurs in the brain (Li, Hung & Porter, 2008). In a study 

by Kim et al., 2015, secretogranin II was found to be a target of RE-1 silencing TF, whose 

concerted interactions were found to promote neuronal differentiation of progenitors, and 

their maturation towards functional neurons. 

AAAD is an enzyme that is critical for the production of catecholamines, and 

indolamines (Hadjiconstantinou & Neff, 2008). More specifically, AAAD is required for 

conversion of 5-hydroxytryptophan to serotonin, and L-DOPA to dopamine (Ren et al., 

2017). Expression of this enzyme is specifically found in both DA and serotonergic 

neurons. The FMR1 protein is an RNA-binding regulator highly expressed in the brain 

(Smidak et al., 2017). This protein is involved in synaptic protein synthesis, formation of 

axonal and dendritic structures, and has been implicated to play a role in synaptic 

plasticity.  

Although only two of the major 10 proteins found in Stage 3 cells is specific to 

dopamine neuronal metabolism and function, these main proteins were in fact all neuron-

specific proteins. Thus, this result suggests that the final cells were indeed reprogrammed 

neuronal cells that had reached maturity in terms of their expression of proteins involved 

in neuronal differentiation and maturation, neuronal structure, neuritic processes and 
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synaptogenesis. Furthermore, the Stage 3 induced-neuronal cells were found to no longer 

be expressing the major 10 proteins found within MSCs. Finally, having dopa 

decarboxylase as one of the major 10 proteins found expressed in Stage 3 cells, might 

suggest that the induced neuronal cells were of a DA neuronal subtype.  

4.7. Limitations and Improvements 

4.7.1. Cell culture and treatments 

A significant limitation that delayed research progress throughout this study was a 

problem with a lack of MSCs from UC samples. UC samples are available only once 

every few weeks, and this potential number of MSCs is reduced further by the variation 

in cord quality (contamination, incorrect UC storage, variations in cell numbers and the 

cells’ chemotaxis ability). Furthermore, the number of potentially-available MSC 

samples is further reduced since several other ongoing research projects at the Centre for 

Molecular Medicine and Biobanking use these cells for their research. Unfortunately, 

sometimes the cord was not of a good enough quality, thus the stem cells would not 

establish well, and most of them would die off. Additionally, these cells take a long time 

to settle in their new environment, so that there is around 3-4 weeks waiting to start cell 

treatments each time a sample arrives. Cell death of MSCs during their small molecule 

treatments, occurred a few times due to infection of the sample, or intoxication with small 

molecules. Intoxication with small molecules occurred once when within the cell culture 

media, some crystal-like structures were observed surrounding cells and the cells were no 

longer viable, even after changing media.  

It was for these reasons that the number of experimental runs (small molecule 

treatments) conducted were only enough to produce data for 2 RT-qPCR runs, several 

gels and Western blots and 1 MS analysis. The primary aim of this study was to produce 
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an optimised DA neuronal differentiation protocol that may be used for research and 

therapeutic purposes. Hence, it was necessary to have a good amount of experimental 

treatment runs performed on MSCs in order to be able to fully-optimise the protocol, the 

timing and concentrations of small molecule additions, and the ideal duration per stage 

of treatment.  

If cells numbers had permitted it, several preliminary optimisation experiments for 

the small molecule treatments would have been conducted. Ideally, these runs would be 

carried out at the beginning, whereby the success of each treatment stage is assessed with 

RT-qPCR to determine which version of that given stage would be ideal for the purpose 

of producing DA neurons. Once this aspect was done, again having enough starting cells 

to conduct at least 2 RT-qPCR experiments for each stage, would be essential. This would 

be needed to show that the protocol has truly been optimised at every level. These 

experimental runs would amount to having at least 5 runs in total for each stage (having 

pilot optimisation runs that are different to each other, and then final runs to prove the 

optimisation of the protocol with one chosen version of each stage).  

Thus, there is a clear issue when it comes to the starting cells being used for these 

experiments. For reasons that have previously been addressed in the Literature Review, 

MSCs are an ideal stem cell source for the purposes of this study and its intended 

applications. Unfortunately, however, not enough MSCs are being obtained from UC WJ 

samples. Hence, a possible improvement regarding this issue with a low number of 

starting cells would be using the MSCs from the whole of the UC, that is using both the 

cord blood MSCs and those from WJ. This would have been ideal considering that more 

MSCs would be obtained from the same exact biological sample.  A further improvement 

could be sourcing MSCs from adipose tissue (AT). Adipose is a great source considering 

the ease of access, MSC abundance, and having an easy procedure for isolating MSCs 
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from AT (Wu et al., 2017). There are no apparent disadvantages to using AT-MSCs in 

terms of the purposes of this research (Choudhary, Gupta & Singh, 2020). Appropriately, 

a study found that AT-MSCs have the potential to differentiate into both cholinergic and 

DA neurons (Marei et al., 2018). If MSCs from adipose tissue were also obtained as 

starting cells, this would have provided a lot more cells to conduct optimisation 

experiments. Additionally, the use of this MSC source could have been explored, and 

which source, whether adipose, WJ, or UC blood, would be more amenable to this 

research could have been determined. All things considered, however, these additional 

sources of MSCs may have their own limitations. Whether UC blood and adipose would 

be a viable source with a good yield of MSCs, is not known. This would depend upon the 

availability of samples from hospital and the success of sample processing.  

An alternative stem cell source is urine-derived stem cells (USCs) – a recent and 

upcoming source of somatic stem cells for regenerative medicine research (Bento et al., 

2020; Zhou et al., 2022). These cells are biologically-similar to MSCs and manifest 

several similar properties that make them a good source as the starting cells for 

reprogramming and transdifferentiation research. USCs possess a high self-renewal 

capacity and multilineage differentiation potential, they are of a similar 

immunophenotype, and also induce therapeutic effects by paracrine mechanisms (Zhou 

et al., 2022). USCs are easily isolated from urine by centrifugation and inoculation into 

culture media. Their isolation is non-invasive, economical, and straightforward. 

Importantly, USCs can also be used autologously for cellular regenerative transplantation 

(Zhou et al., 2022). These cells have been recently demonstrated as amenable to their 

successful neuronal transdifferentiation (Liu et al., 2020; Xu et al., 2019).  

One inherent drawback in the research design of this project, is that the cells used 

for comparison of differentiation extent and changes brought about by each stage of the 
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treatment, are not the same set of cells. More specifically, the cells used for SM1, SM2, 

and SM3 analysis with various techniques (PCR, Western Blot, MS) were not the same 

cells. Not only were the cell samples for different treatment stages tested all from different 

wells/plates, the cells for analysis of the same differentiation stage were also from 

different wells. Thus, the comparison between the different stages of treatment with 

different cell groups is not an accurate and fair comparison. There must be added 

systematic differences amongst these groups of cells, that would result in variations in 

their levels of outcome measures (changes in mRNA levels and protein expression), in 

their responses to the small molecules, and their changes over time. Therefore, correlating 

outcomes of different stages between these different groups of cells, is likely to 

experience some misestimation of the true effects of the protocol.  

This limitation can be seen to have affected the results gathered in this study. There 

was clearly a very varied neural marker expression in the induced-neuronal cells. As was 

discussed in greater length in Section 4.3.2, in RT-qPCR results, SM2 cells seemed to be 

more progressed than the SM3 cells. There was some factor causing great variation in the 

differentiation extents of cells in SM1, SM2 and SM3 stages. This could have been caused 

by the fact that individual runs were not conducted in the exact same manner. The 

duration of treatment of each stage given to cells depended upon a number of factors, 

such as the number of cells present in the wells, and the morphology of the cells in that 

given well. If cells appeared to be resistant to morphological changes, or were very low 

in number, they were treated with Stage 1 media for longer than 7 days.  

Another aspect that could have further perpetuated this variation, was that by the 

time cells were being treated with SM3 media, quite often, a large fraction of cells would 

peel off the plate surface and begin to float as a sphere. When this occurred, the cells were 

collected and frozen for data collection. This was done knowing that many of the cells, 
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especially those on the inner region of the cell clumps, would probably not have any 

access to media components, would starve and die off. For these reasons, sometimes SM3 

cells were collected before the 14 days of SM3 treatment had elapsed. These differences 

could cause significant variation in the expression of neural markers when comparing 

different treatment stages.  

To improve upon these issues, the protocol must allow for cells to be taken for data 

collection and the treatment on them to continue still. Unfortunately, MSCs are very 

sensitive cells, and therefore, cell samples coming from different wells had to be used for 

comparative analyses. It would be a risk to dislodge cells from the plate surface, to collect 

half of them and then to re-plate the other half for continued differentiation. In addition, 

a good number of cells were required to conduct RT-qPCR or Western Blotting.  This 

aspect of the research design (different cell groups used for comparison of different 

treatment stages) would already create variation in the results between different stages. 

On top of this, since different wells were treated slightly differently, this introduced more 

variation.  

These variations in the treatment of different cell groups, brought about variations 

in the resulting differentiation extent of cells as indicated by their RNA transcript levels 

for neural markers. This points to the need for further optimisation of the protocol, in 

which maintaining cells for longer or shorter durations of all stages of treatment would 

be suggested. In this way, comparisons could be made to be able to determine the optimal 

range of days needed for each stage of differentiation. In a study published by Nolbrant 

et al., researchers provided a protocol with the optimal range of days for each stage of 

differentiation media (2017). They too would decide how long to treat cells depending on 

their appearance, and they even suggested performing a protein or RNA experiment to 

determine cellular differentiation extent before proceeding. Their protocol was also 
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specific on the number of cells that should be added per well for each stage of 

differentiation. Thus, their treated cells were detached from the flask surface and replated 

between each differentiation stage. They did this to remove dead cells, for assessment of 

their differentiation extent or DA fate specification, and to ensure the right number of 

cells were within each well. Though their starting cells were ESCs, their treated cells were 

digested using accutase (gentle action) and investigating whether this would work well 

on MSCs would be worth the while. In any case, once the first stage of treatment is done, 

cells are no longer MSCs, and this should work in the same way. If this were successful, 

samples for each stage of differentiation with the same cells could be taken, and 

comparisons between different stages would be more accurate. In addition, the effects of 

different variations of the protocol would be found for each stage of differentiation and 

could be considered in the final cells.  

For optimisation of the neural transdifferentiation protocol, several improvements 

to the protocol and the way it is executed can be made. Firstly, media could be changed 

more often in the beginning stages to encourage cells to transform more effectively. 

Another aspect is optimisation of small molecule concentrations. A constraint to the 

efficacy of this protocol could be that the concentrations used here were found from 

protocols used on different cells. This introduces the possibility of having some small 

molecules with too strong an effect, or too little. It could be that the MSCs might have 

required higher or lower concentrations for their efficacious differentiation towards DA 

neurons. It is evident from what was discussed in the Literature Review that a delicate 

balance between SHH / Purmorphamine and WNT signalling is involved in specification 

of the DA fate. In the study by Nolbrant et al., the researchers explain how the right 

concentrations of WNT-activating small molecules (CHIR99021 in this study) are needed 

to interact with SHH in order to specify the midbrain (DA neurons) (2017). Furthermore, 
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they stated that the wrong concentrations could easily contaminate the cultures with 

progenitors induced towards different fates. This specific CHIR99021 concentration is 

different for all stem cell types, and therefore its concentration must be optimised for the 

cells being treated. Additionally, they also emphasised that the SHH signal at this early 

stage must be very strong, and thus very often a combination of SHH and Purmorphamine 

is required (Nolbrant et al., 2017).  

These points emphasise the necessity for this protocol to be properly and 

completely optimised for MSCs. Optimisation in terms of which SMs might interact 

together, which are not necessary in combination with others, and, whether any 

combinations could be pushing cells to move towards different fates, would also be 

needed. These aspects could be fulfilled through conducting different combinatorial 

experiments on several groups of cells, which again emphasises a previously discussed 

limitation – all this optimisation would only be possible once enough starting cells are 

available.  

Another observation that should be taken into account for optimisation is something 

discussed in Section 4.2. In several of the experimental wells (as can be seen in 

microscopy images), many dead or dying cells could be observed. The cells that appeared 

to be dying were those that were adopting a proper neuronal morphology and not those 

that still looked similar to MSCs. The debris that was seen in high quantities in the cell 

cultures, commonly had the appearance of a burst, rounded cell body with fading neurites 

surrounding it. For these reasons, it is suspected that a good amount of successfully-

induced neuronal cells were in fact dying.  

This was not experienced in the previously-investigated protocol, the main 

difference between the 2 being the extended duration of the protocol for this project (other 

than the addition of several SMs and altered combinations). In this project, the protocol 
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was maintained for a much longer period (28 days vs 14 days total), and sometimes the 

cells were kept in early stages for longer than what was planned. Mature neuronal cells 

have a finite lifespan and are thus expected to undergo cell death at some point, unlike 

MSCs which are proliferating cells. However, considering the issue of differentiating 

cells appearing to detach from the flask surface and forming clumps during their 

treatment, finding a way to help cells attach more effectively would be worth exploring, 

as a means to deter neuronal cell death. Plates can be coated using an appropriate material 

such as laminin, fibronectin or poly-ornithine. This would promote the better attachment 

of neuronal cells, so that they may undergo treatment more effectively. Detaching cells 

at points during induction protocols and re-plating them on freshly-coated plates, upon 

their adoption of a neuronal morphology, is a common strategy (Gaggi et al., 2020; 

Nolbrant et al., 2017, Gantner et al., 2020). Nolbrant et al., even suggested adding a 

double dose of laminin on plates when culturing cells at their later stages of treatment 

(2017).  

In terms of microscopy, there were several limitations that affected the suitability 

of images for neurite analysis. MSCs in culture often grow on top of each other. During 

their treatment, as they change shape, they also grow and cover one another. This made 

it hard to distinguish cell bodies from each other, and with neurites growing in several 

directions it was sometimes hard to identify which cells they were coming from. 

Moreover, positions of the same exact cells cannot be found with the microscope, and 

thus changes in average neurite length were calculated on different cells. Additionally, 

the consistent increases in cellular debris sometimes made it difficult to keep track of 

morphological changes in cells.  
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4.7.2. Limitations in PCR experiments 

Both RT-qPCR runs were conducted using biological replicates from the same 

original treated cell material. In fact, results between the 2 runs match up quite well. When 

it comes to the SM3 cells, the results were quite odd. As discussed in Section 4.3.2., the 

first run suggested that SM3 cells were less differentiated than SM2 cells, when their only 

positive expression was for NEUROD1. In the second run, SM3 cells showed a decreased 

expression for all markers, only with a minimal increase in TH. These results suggest that 

something went wrong with the SM3 cell sample. Several things could have happened, 

such as maybe that the cDNA sample had somehow been contaminated with 

endonucleases. RNA degradation of the original sample is also a potential reason for this 

result. When looking back to cell treatment experiments, the possibility of RNA 

degradation in one of the collected SM3 samples becomes apparent.  

One of the SM3 cell samples that was collected, was one in which the cells had 

been maintained in culture for very long (SM3 treatment for 39 days). These cells were 

maintained for this long in order to push cells as far close to maturity as possible. In 

published neuronal differentiation protocols, cells are often maintained for long in 

maturation media to achieve cells with a mature state (Gantner et al., 2020 ; Nolbrant et 

al., 2017). In fact, cells had progressed very well, and appeared to adopt a very mature 

neuronal morphology. However, by day 39, the culture started to die off and cells were 

no longer looking viable. The culture was collected and still processed for analyses. 

Although RNA concentration was measured before cDNA synthesis, its integrity was not 

taken into account. It is probable that the RNA in this sample collection could have been 

damaged since in the last few days of their culture, the cells could have begun the process 

of degrading their resident mRNA. An image of these cells at this point in which they 

appeared to be dying can be found in the Appendices. Such reasons have been proposed, 
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since it cannot be that cells had successfully reached an immature neuronal state by the 

end of Stage 2, only to de-differentiate during SM3 treatments. Additionally, even if they 

did somehow de-differentiate, then their pluripotency marker should have been high and 

not decreased. Evidently, there was some error that resulted in a faulty lack of 

amplification of cDNA transcripts. Considering these reasons, along with the fact that 

different cell cultures were treated slightly differently, reliable conclusions on the 

differentiation extent of SM3 cells cannot be drawn from these results. Additional runs 

are needed to be able to draw reliable conclusions, and to be able to negate such possible 

reasons for the results shown here.  

Briefly, another point regarding a possible improvement for RT-qPCR can be 

proposed. Ideally, the most optimal reference gene for the MSCs used and for their 

changes along the neuronal transdifferentiation protocol, must be determined 

experimentally. In order to do this, comparison of transcriptional variation of several 

housekeeping genes as cells are progressing along the treatment can be performed. In this 

way the gene showing the least variation between treatments and starting cells could be 

selected. This was not done in this project, rather changes in expression in cells were 

normalised to one reference gene (GAPDH). This was chosen based on the assessment 

and comparison of GAPDH, Ribosomal Protein Lateral Stalk Subunit P0 (RPLP0) and 

Peptidylprolyl Isomerase A (PPIA) in previous projects undertaken at the Centre for 

Molecular Medicine and Biobanking. In a study by He et al., (2015) they found that 

Ribosomal Protein L13a (RPL13A) alone or the combination of cyclin A (CYCA) and 

PPIA were the most stable reference genes for RT-qPCR in differentiating MSCs. Thus, 

it would be a good idea to assess these other genes and compare them with GAPDH for 

the nature of experiments in this study.  
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Another aspect of this study that can be improved upon is related to confirming cell 

fate specification. The only DA neuron marker tested for was TH, which occurs during 

maturation. If markers for TFs important during DA neuronal differentiation (such as 

EN1, FOXA2, LMX1A/B, NURR1, PITX3, DAT) at earlier stages were tested, this 

would have given a better idea on the success of the protocol, and its individual stages in 

specifying the right fate from the start. If cells had not reached maturity and were not yet 

expressing TH, with these markers it would have been possible to tell if they were at least 

successfully acquiring a DA neuronal fate.  

4.7.3. Enzyme Linked Immunosorbent Assay 

When it comes to the ELISA experiment, this was also similarly affected by 

aforementioned limitations. The ELISA data came from spent media that was collected 

from independent experiments, since the cells were in different phases and media was 

collected at the same time. It would have been better to use samples from 2 different 

experiments but with the media always coming from the same set of cells, and collected 

only on the last day of each stage of differentiation. In this way, comparison between each 

stage would be more accurate and reliable, since data for dopamine concentrations would 

pertain to that released by the same cells at their different differentiation stages.  

A primary improvement for dopamine ELISA experiments is one already revealed 

when discussing the results, in Section 4.5. Considering that in most papers the release of 

dopamine was evoked in cells prior to spent media collections, if this were also done in 

this study, comparing the results to other studies would have been fairer and more 

accurate. Moreover, concentrating the media samples collected, as was done in Yang et 

al., (2019), would have removed some contaminating proteins or factors and thus reduced 

matrix interference. This improvement would surely result in much higher outputs.  
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There are other potential limitations that might have affected ELISA outcomes. 

Seeing that samples in this study gave DA concentrations no larger than 130 pg/mL 

(before multiplying with the correction factor), and the standards for the assay were in 

the range of 10-80,000 pg/mL, it might be worth running the assay again using standards 

that are diluted within the 10-500 pg range as the standards for making the graph. This 

would allow for the standards to be more accurate for the samples’ concentration range. 

Moreover, this assay has an analytical sensitivity of 3.3 pg/mL in 750 µL of undiluted 

sample (in this study sample volumes of 250 µL diluted 1:2 were used). Thus, it would 

have been better if a larger volume of sample was used for extraction for the ELISA 

analysis. Additionally, the assay provides all standard concentration values in ng/mL even 

though the analytical sensitivity is 3.3 pg/mL. Should these values had been given 

accurately in pg/mL, maybe this would have been more suitable for curve fitting.  

To further reiterate the validity of this limitation, the manufacturer of the dopamine 

ELISA kit, suggests performing a proof of principle experiment prior to testing samples. 

Such an experiment would entail spiking the native sample matrix with small amounts of 

dopamine to check the dopamine recovery levels of the samples to be tested. They 

suggested that higher volumes should be used to increase the test’s sensitivity, and even 

trying out different volumes of sample prior to the experiment to determine the ideal 

volume. Conducting this prior optimisation might have produced better results with 

stronger signals. Moreover, the manufacturer suggested having collected samples with 

EDTA or sodium metabisulfite added, to avoid the degradation of dopamine. Thus, it 

could be that there was a degree of dopamine degradation in the collected media samples.  
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Chapter 5 Conclusions and Recommendations 

When considering all limitations discussed, it can be said that the primary aim of 

this study was partly fulfilled. A DA neuronal differentiation protocol was defined, and 

its effects on MSCs were investigated. However, it cannot be stated that this protocol is 

fully-characterised. Looking towards the literature for current research on neurogenesis, 

neuronal differentiation, and the pathways involved in such a process, a protocol for 

developing DA neurons from MSCs was devised and tested. However, this protocol was 

not sufficiently explored and optimised due to several limitations that were discussed in 

Section 4.7. For the full-characterisation of the devised protocol, the ideal durations for 

each differentiation stage, and different concentrations for each small molecule would 

need to be explored for their optimisation. Thus, it cannot be concluded that this DA 

neuronal differentiation protocol is ready to be used for research and therapeutic 

purposes.  

That being said, it does not mean that this protocol does not have the potential to be 

used for research and therapeutic purposes. On the contrary, despite the limitations that 

occurred, the outcomes of this study are highly relevant to this area of research, and 

furthermore, would be highly amenable for its continued investigation. In fulfilment of 

the primary aim, the results suggest that the devised protocol is proficient in the neuronal 

transdifferentiation of MSCs. The devised protocol brought about drastic changes in cell 

structure, with cells in their final differentiation stages adopting neuronal morphologies. 

The small molecule treatments also brought about significant changes in neural marker 

RNA expression in differentiation Stage 1 and Stage 2 cells. These results indicated that 

Stage 2 cells had reached a differentiation extent akin to immature neurons. 

Unfortunately, the RT-qPCR output for Stage 3 cells was concluded to be unreliable, and 
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thus the differentiation extent (in terms of RNA expression) of the cells at their final stage 

of small molecules treatment cannot be concluded on.  

The MS analysis uncovered considerable differences in the proteome of Stage 3 DA 

neurons compared to that of the starting cells. Hundreds of unique MSC proteins have 

been identified between MSCs and the Stage 3 DA neurons, confirming the biochemical 

differentiation of the former into the latter. In fulfilment of the objective pertaining to the 

second aim, Western blotting results for PTMs occurring within cells along their 

differentiation progress were successfully carried out. These results suggested that 

significant epigenetic changes occurred within the cells along their treatments. 

Importantly, these results implied the success of the differentiation protocol in terms of 

inducing changes in the genetic expression of the cells, since the PTMs explored are 

responsible for gene silencing and activation.   

Investigating the functionality of the final cells was also within the primary aim of 

this study. This was investigated by assessing changes in their release of dopamine within 

different stages of differentiation treatment. The ELISA experiment revealed changes in 

dopamine release in differentiating cells in comparison to the starting cells. Both 

differentiation Stage 2 and 3 neuronal cells had increased levels of dopamine released in 

their culture. However, more significant changes in dopamine release were expected. 

Thus, it can be concluded that the neural treatment protocol was successful at specifying 

a DA fate, however the results suggest that cells might further maturation in culture.  

The limitations experienced in this project might have influenced the results that 

demonstrate proteome and transcriptome changes, as well as the changes in dopamine 

release. Therefore, more experiments would be required to conclude on the cells’ 

differentiation extent and their functionality. It can be said that the results obtained for 

this study revealed certain limitations; bringing them to light so that they may be 
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addressed. The constraining factors along the way limited progress, however they 

revealed several faults in the experimental design, and ways in which these can be 

mitigated.  

5.1. Further work  

Further work for this study can be categorised into two. First, in relation to cell 

treatments and secondly, relating to the investigation of differentiation extent or changes 

brought about by the treatments. This section will be divided accordingly.  

5.1.1. Cell treatments 

An unfulfilled aspect of this study that should be addressed in further work, is for 

the small molecule protocol to be optimised properly – both in terms of the optimal small 

molecule concentrations, and the duration of each stage of differentiation media. The 

three differentiation media stages can be set up as several different iterations of the 

protocol, with each one either having increased or decreased concentrations of one of the 

small molecules, applying a stage for a shorter or longer time, and even adding or 

removing one or two components. These similar versions of the devised protocol would 

all be conducted on the starting cells whilst noting changes in morphology. Out of all 

protocols tested, those in which cells appear to be effectively adopting a neuronal-like 

morphology, can then be assessed for their DA neuron specification ability. Thus, the 

next step would be exploring the expression changes in a large panel of at least 10 genes 

essential for DA neuron development in vivo. This analysis could be used to rule out the 

lesser effective protocols, and then the best ones can be chosen and used to further 

determine which of them is the most effective.  

As further work related to the devised protocol, there are several potential new 

additions that may be explored. In section 4.4., the relevance of epigenetic modifications 
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occurring along neural differentiation was revealed in terms of research studies that found 

such changes. Thus, the addition of small molecules that affect histone modifications 

might hold great potential in terms of enhancing the effects of small molecule 

combinations on treated cells. Several histone deacetylase inhibitors such as Trichostatin 

A, and valproic acid (Ren et al., 2020) or DNA methylation inhibitors such as RG-108 

have been found to promote neural induction of MSCs (Jiménez-Acosta et al., 2022). The 

addition of a few of these small molecules could be explored during the optimisation 

experiments of the protocol. Their value as additional components can be explored by 

looking for changes in the effects of the protocol stages with and without their addition. 

Furthermore, the effects of other WNT pathway activators, such as WNT1 or WNT5a 

proteins, can be explored as a part of the protocol, assessing its effects in replacement of 

CHIR99021 and in combination with it.  

Direct neuronal reprogramming strategies elicit metabolic shifts in the cells that 

may result in increased intracellular levels of oxidative products (Wang et al., 2022). This 

build-up might discourage reprogramming in cells and even result in their death. Hence, 

another potentially-valuable addition to the protocol is a small molecule that can inhibit 

oxidative stress in cells. A small molecule with this purpose might protect cells during 

their treatment, in turn making the treatment more effective. One example of such a small 

molecule that has previously been tested is SP600125, a JNK pathway inhibitor used to 

decrease stress-induced apoptosis during neuronal transdifferentiation of somatic cells 

(Liu et al., 2020).  

An interesting neuronal induction strategy is the use of Conditioned Media (CM) 

coming from specific neural cell lines to treat stem cells. CM is essentially spent media 

obtained from cells in culture and is thus composed of the cell secretome (Dowling & 

Clynes, 2011). Thus, CM contains proteins having a signal peptide that are secreted from 
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cells, proteins shed from cell surfaces and even intracellular proteins released through 

exosomes. These proteins encompass enzymes, growth factors, cytokines, and hormones, 

amongst other signalling mediators (Dowling & Clynes, 2011). They have pertinent 

functions in cell growth, differentiation, and angiogenesis via modulation of cell 

interactions with other cells and the extracellular matrix. CM is an unusual but highly 

germane neuronal differentiation strategy, since such media simulate the natural neural 

tissue microenvironment surrounding neurons and stem cells during their development 

and maintenance (Lo Furno et al., 2018). Thus, the idea behind using CM is to alter the 

stem cells’ surrounding environment akin to that occurring physiologically, as a strategy 

to induce them to enter the neuroectoderm lineage and progress within it.  

In the previous research project, SH-SY5Y cell CM was used to treat MSCs in 

replacement of the first stage of small molecule treatment. To further investigate the use 

of CM as a neural induction strategy, Lund Human Mesencephalic (LUHMES) cells 

appear to be a suitable cell line for the specific neural induction of DA neurons. LUHMES 

cells derive from the mesencephalon region of an 8-week-old human’s brain (Tüshaus et 

al., 2020). These cells can exist in more than one state. In their non-differentiated state, 

they are tumour-like, and have a high rate of proliferation. However, non-differentiated 

LUHMES cells can be differentiated into post-mitotic (mature) DA-like neurons. Hence, 

differentiated LUHMES cells are frequently employed for research on PD and other 

neurodegenerative diseases (Tüshaus et al., 2020).  To date, there is no literature on the 

effects of their spent media on neural induction of stem cells. Their spent media would 

be expected to specifically induce cells towards a DA neuronal fate.  

There are some aspects regarding the culture of cells during their differentiation 

that may be addressed as further work. The ECM serves not only as a support to neural 

cells, but also promotes neural proliferation and differentiation through its signalling 
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interactions (Vieira et al., 2018). The ECM is also involved in neuronal cell adhesion and 

delivers autocrine and paracrine factors pertaining to various differentiation stages. 

Simulating the natural environment that surrounds NECs as they progress through their 

neural differentiation, might prove to be highly influential as a neuronal differentiation 

strategy. A possible idea for further work is to simulate the ECM through use of ECM 

material or an artificial scaffolding (Hong & Do, 2019). MaxGel is a commercially-

available ECM made from ECM components such as collagens, laminins, fibronectins 

and others (Sigma Aldrich, 2022). In a recent study, the effects of decellularized brain 

tissue coming from rats was explored for its capacity to simulate the neuronal 

microenvironment and aid in development of neuronal networks (Lam et al., 2019). In 

their study, the decellularized brain ECM was compared to MaxGel and poly-D-lysine in 

terms of their effects on long-term culture of neurons and glia. Investigating various 

options to simulate the environment of differentiating neurons during treatment of cells 

(such as fibronectin, polymer plate coatings, or MaxGel) holds potential as further work. 

This, and its effects on the induced-neuronal cells in culture, can only be explored after 

all aspects of the protocol have been refined.  

5.1.2. Investigation of changes brought about by cell treatment strategies 

Once the most effective method has been determined, the efficacy of this protocol 

should be explored thoroughly. Several further analyses can be done and would be 

essential in order to assert use of these induced neuronal cells for research and therapeutic 

purposes. Firstly, a detailed analysis to assess the acquisition of a DA transcriptomic 

signature must be conducted. This would entail transcriptome analysis of a large panel of 

20 genes pertaining to a DA neuronal signature. Once the complete and fully-optimised 

protocol amongst multiple iterations has been deduced, then its neuronal determination 

efficacy can be compared with that of a commercial kit on the same cells.  
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As a means by which to characterise the extent of the effects of the induction 

treatments, findings in induced DA neurons can be compared and confirmed with the 

genetic and phenotypic characteristics of in vivo real DA neurons. Similar or differential 

transcriptomic expression between induced neurons and a neuronal cell line can be used 

to determine how close the induced neurons are to mimicking the authentic corresponding 

in vivo cells. This is essential in determining whether these induced neurons have the 

capability of fulfilling all that is promised with regenerative cell therapy.  Furthermore, it 

is vital to determine the electrophysiological properties of induced neurons in order for 

their clinical value to be affirmed (Wang et al., 2020). Thus, further work that is essential 

to this aspect of evaluation, would be the use of electrophysiology patch clamp recordings 

to look for the occurrence of spontaneous postsynaptic currents would confirm the 

maturity of induced neuronal cells (Wang et al., 2020). To further evaluate 

electrophysiological maturity, testing for the expression of proteins involved in neuron 

synaptogenesis, such as synaptophysin or postsynaptic density protein 95 (PSD95). To 

evaluate the DA maturation of induced cells, protein expression of not only TH, but also 

that of dopa decarboxylase, and the DAT  protein can be explored by western blot. 

Additionally, another technique by which to measure dopamine release from induced 

neurons that can be used for further work is high-performance liquid chromatography.  

An unusual aspect of cellular differentiation that may be addressed as further work 

are changes in the expression of cell-cycle proteins, such as proteins specifically involved 

in G1-S phase progression and those involved in G2-M progression (Trzaska et al., 2007). 

Expression changes in these proteins might indicate whether cells have stopped 

proliferating and if they have successfully become postmitotic, as mature neurons in vivo 

do. Moreover, MS can be used to explore the PTMs occurring on proteins during the 

neuronal transdifferentiation of cells. In this study, western blot results demonstrated 
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significant changes in protein lysine and arginine methylation. Thus, both methylation 

and acetylation changes, and to which histones and proteins these modifications have 

occurred during cellular transdifferentiation, can be investigated to define the epigenetic 

changes that were detected in this study.  

Once these methods have all corroborated each other in terms of supporting the 

clinical use of the induced neurons, these cells can be used for transplantation experiments 

in an animal model such as a PD mouse model. This way the clinical value of the induced 

neuronal cells can be explored in vivo.  
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Appendices 

Screenshots of the ELISA data processing on Excel with the AssayFitPro add-in: 

 

 

Figure 7.1. ELISA input and output. 
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Figure 7.2. Standard curve for ELISA on Excel 

  

 

 

Figure 7.3. Residuals for ELISA on Excel 
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Figure 7.4. ELISA report part 1. 

  

 

 

 

Figure 7.5. ELISA report part 2 
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Optimisation blots for neural antibodies 

 

A panel of 5 neuronal proteins were selected to assess for their presence in 

cellular extracts. The panel consisted of PAX6, EOMES/TBR2, MASH1, NEUROD1 

and TH. Upon arrival of these antibodies, several blots were conducted for optimisation 

purposes. Though these antibodies were tested on more than one neural-related sample, 

they never gave a positive signal. Samples tested on included SH-SY5Y cells, rat brain 

lysate, U87 cells, and stocks of small molecule-treated differentiated neuronal cells 

from the prior project. Several images of these optimisation blots can be found below.  
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Figure 7.6. SOX2 and TH blots. 
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Figure 7.7. SK channel (SK1/2/3) blots. 
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Figure 7.8. NEUROD1 and ASCL1 blots. 
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Figure 7.9. EOMES and Actin blots. 
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Figure 7.10. PAX6, NEUROD1, ASCL1, TH, EOMES blots. 
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