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ABSTRACT 

Although low-intensity pulsed ultrasound (LIPUS) is well highlighted as an adjunct therapeutic 

tool for bone regeneration, the potential therapeutic effect of LIPUS on nerve regeneration for 

regenerative endodontics and nerve injuries has been inadequately studied. This project aimed 

to investigate the effect of LIPUS as a potential non-invasive adjunct/therapeutic method for 

neuronal regeneration. Consequently, neuronal cell models were established by differentiation 

of two different cell types: human dental pulp stem cells (hDPSCs) and human neuroblastoma 

cell line (SH-SY5Y) for in vitro LIPUS experimentation. These neuronal cell models showed 

neuronal characteristics such as neuronal-like cell morphology, gene and immunocytochemical 

expression of neuronal markers, and neuro-electrophysiological recordings (sodium and 

potassium voltage-gated currents). These data indicated selective differentiation into a 

functional cholinergic sensory (nociceptive) neuronal lineage. The LIPUS study demonstrated 

that LIPUS induced cell proliferation of the neuronal cell models assessed by metabolic-based 

assays and cellular proliferation protein marker (Ki-67). The ERK/MAPK signalling pathway 

was activated in the neuronal differentiation of the neuronal cell models and LIPUS-induced 

proliferation processes assessed by phospho-ERK levels with either differentiation or 

proliferation assays. Therefore, this project mainly showed that hDPSCs can be differentiated 

into functional cholinergic sensory neuronal-like cells and LIPUS stimulates cell proliferation 

of the neuronal cell models which highlight the LIPUS as potential sole/adjunctive therapeutic 

approach for nerve/neuronal regeneration. 
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TRPM8 Transient receptor potential cation channel subfamily M number 8 

TRPV1 Transient receptor potential cation channel subfamily V member 1  

TUBB3/TUJ1/Tuj1 Tubulin beta 3 class III/βIII-tubulin 

TH Tyrosine hydroxylase 

US Ultrasound  

VEGF Vascular endothelial growth factor 
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1.1. Introduction 

Nerve loss occurs during pulp necrosis due to the consequences of dental infection. These 

pulpal nerves play a significant role in healthy pulp function, defence, and repair mechanisms 

(Lundy, El karim and Scheven, 2019; Byers, Suzuki and Maeda, 2003). There is a need for 

nerve regeneration in regenerative endodontics as a key component to achieving functional pulp 

regeneration (Nakashima and Iohara, 2011; Yang, Yuan and Chen, 2016). Furthermore, nerve 

loss due to injuries is a common problem worldwide and can affect anyone at any age; however, 

higher incidences occur in the younger population (Bekelis, Missios and Spinner, 2015; 

Missios, Bekelis and Spinner, 2014; Krivickas and Wilbourn, 2000; Bekelis, Missios and 

Spinner, 2014). The damaged nerves can result in patient suffering and diminished quality of 

life or even devastating effects in cases of severe nerve injuries (Huckhagel et al., 2018; 

Rosberg et al., 2005; de Albornoz et al., 2011). Damage to dental divisions of the trigeminal 

nerves could lead to a range of outcomes of sensation loss (hypoesthesia to total anaesthesia) 

or chronic neurogenic pain which needs surgical intervention (Hillerup, 2007; Klazen et al., 

2018). The long-term outcomes of dental trigeminal nerve injuries might affect the quality of 

life, such as eating problems, speaking problems, depression, and persistent pain or 

neurosensory feeling disturbance (Pogrel et al., 2011; Renton, 2011; Al-Sabbagh et al., 2015). 

Nerve regeneration is a clinical challenge to restore the neuronal loss in the peripheral 

nervous system, including dental branches of trigeminal nerves (Grinsell and Keating, 2014; 

Riccio et al., 2019; Rosén, Tardast and Shi, 2016). Neurogenesis is the critical part of nerve 

regeneration, which involves differentiation into neuronal cells, proliferation, migration and 

then integration of these new functional neuronal cells within the surrounding tissue (Braun and 

Jessberger, 2014). In this context, it is understood that endogenous neurogenesis has the 

potential to repair the damaged or destroyed nerves (Duan et al., 2016; Lim and Alvarez-Buylla, 
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2016). There remain controversial opinions regarding whether endogenous neurogenesis 

persists into adulthood (Sorrells et al., 2018; Moreno-Jiménez et al., 2019; Kempermann et al., 

2018). Furthermore, this endogenous regenerative capacity is limited to self-recovery of the 

damaged neurons which need therapeutic interventions to repair the defect (Riccio et al., 2019). 

Current therapies show limitations, for example, incomplete functional recovery, and 

consequently, there is a need for creating new innovative therapies for nerve regeneration 

(Grinsell and Keating, 2014; Ventre and Koppes, 2016; Deumens et al., 2010; Gordon, 

Sulaiman and Boyd, 2003; Gordon et al., 2009). 

Low-intensity pulsed ultrasound (LIPUS) is a clinical therapeutic approach for bone 

fracture healing, especially during delayed bone unions (Poolman et al., 2017; Rutten et al., 

2016). Several studies have proposed LIPUS as a potential non-invasive therapeutic approach 

for nerve injury repair/regeneration. For example, it has been reported that LIPUS promoted 

inferior alveolar nerve healing after transection (Yang et al., 2017a; Sato et al., 2016), and 

enhanced neuronal differentiation and proliferation (Lv et al., 2013; Zhao et al., 2016). So far, 

however, few studies have investigated the effect of LIPUS on the regeneration of peripheral 

nerves, including dental-related trigeminal nerves. Furthermore, the majority of these LIPUS 

studies were conducted using rat cell or nerve models (see Table 1.2), which may not be entirely 

relevant to human responses (Bracken, 2009; Shanks, Greek and Greek, 2009). Thus, there is a 

clear need to investigate the effect LIPUS on neuro-regenerative ability using appropriate 

human models. 

To investigate LIPUS therapeutic potential for nerve regeneration, neurons are needed 

for in vitro experimentation before transitioning the therapeutic method to the pre-clinical and 

clinical settings. The most appropriate option for such investigation is using human neurons; 

however, they are not accessible for research due to ethical issues. The most common option is 
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animal models which have provided us with good knowledge to understand neuronal-related 

responses such as neuronal circuitry in health and disease (Theyel, 2018; Nakajima and Schmitt, 

2020). Notably, there are differences between animal and human neuronal responses which 

hinders translational research (Zhao and Bhattacharyya, 2018). For example, there is 

considerable variation in behavioural or biological aspects between animals and humans 

(Monteggia, Heimer and Nestler, 2018), which negatively affect the translation and 

interpretations of the results obtained. Hence, the development of in vitro human neuron cell 

models is necessary to investigate the neuron-related responses such as therapies, 

neurodevelopment, injury, and disease, which can be derived from human stem cells (Jones et 

al., 2018). The development of neuronal cell models derived from stem cells are not only 

beneficial for in vitro studies, but also may provide neuronal cell replacements during neuro-

regenerative transplantation therapies (Irion, Zabierowski and Tomishima, 2017; Grade and 

Götz, 2017). In this context, stem cells exhibit promising ability to differentiate into different 

cell types to replace the defective cells and tissues (Kalinina et al., 2011). Dental pulp stem 

cells (DPSCs) are of neural crest origin and have potential neurogenic properties, making them 

a preferred stem cells for differentiation into neurons for regenerative endodontics and 

peripheral nerve injuries (Lundy, El karim and Scheven, 2019). Furthermore, DPSCs are an 

easily accessible source of stem cells derived from teeth extracted due to various dental reasons 

to be used in regenerative therapies (Kabir et al., 2014). Hence, development of neuronal cell 

models using human DPSCs in comparison with a human neuronal cell line would be of interest 

and worthy of further investigation. The study of the effects of LIPUS on these neuronal cell 

models for dental pulp and nerve regenerative purposes could then be explored. In a broader 

context, further research in these areas might play a major role in addressing peripheral nerve 

injury treatments in regenerative medicine. Consequently, the regenerative endodontics and 
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nerve regeneration, peripheral nerve injuries (including dental-related injuries), LIPUS, and 

neuronal-cell models will be further discussed in this review. 

1.2. Regenerative endodontics and nerve regeneration 

Regenerative endodontics is defined as biological-based procedures designed to restore 

damaged dental structures, including cells of the pulp-dentine complex, dentine and root 

(Murray, Garcia-Godoy and Hargreaves, 2007). The ultimate goal of endodontic regeneration 

is to re-establish a genuine functional pulp tissue including innervation, immunity, 

vascularisation, and dentine formation ability (Law, 2013; Shi, Mao and Liu, 2020; Diogenes, 

2020). Consequently, researchers have aimed to establish functional pulpal tissue, including 

pulpal innervation, via the main regenerative endodontic approaches: pulp 

revascularisation/revitalisation, cell transplantation, and cell homing. 

1.2.1. Pulp revascularisation/revitalisation 

The root canal or pulp revascularisation/revitalisation via blood clotting is the simplest and the 

traditional form of regenerative endodontics. This dental procedure is clinically indicated in 

necrotic pulp cases in immature and mature permanent, avulsed and traumatised teeth with and 

without external inflammatory root resorption (Saoud et al., 2016). However, pulp 

revascularisation is recommended to be used in teeth with incomplete root formation to gain 

favourable outcomes (Kim et al., 2018; Law, 2013). It is a bleeding-induced procedure from 

the periapical area to introduce the resident periapical stem cells into the root canal and blood 

clot acts as a cell scaffold (Chrepa et al., 2015; Lovelace et al., 2011). This approach can also 

be performed with platelet-rich fibrin or platelet-rich plasma placement without evoking 

bleeding from the apical area (Ulusoy et al., 2019). The vast majority of the treated cases 

demonstrated an absence of pathological signs and symptoms, radiographic resolution of 
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periapical lesion, and signs of root completion (Geisler, 2012; Law, 2013; Hargreaves, 

Diogenes and Teixeira, 2013; Kandemir Demirci, Güneri and Çalışkan, 2020; Nageh, Ahmed 

and El-Baz, 2018; Neelamurthy et al., 2018; Kahler et al., 2014). However, a positive response 

to nerve vitality testing is generally not regained and estimated to occur in ~50% of the cases 

(Diogenes et al., 2013; Diogenes, 2020). In addition, the thermal sensation in these regenerative 

endodontic cases is much weaker and still not conducted through the principal hydrodynamic 

mechanism like the normal healthy pulp (Diogenes, 2020). 

Histologically, several animal models and human teeth studies have shown that the 

formed tissues after pulp revascularisation procedures were hard tissue-like structures such as 

cementum, and bone or periodontal ligament-like tissue but not pulp-like tissue (Wang et al., 

2010; da Silva et al., 2010; Yamauchi et al., 2011; Martin et al., 2013; Shimizu et al., 2013; 

Becerra et al., 2014; Lei et al., 2015). Also, root completion is attributed to cementum-like or 

bone-like tissue deposition (Saoud et al., 2016). Subsequently, very few immunohistochemical 

studies have shown signs of pulpal innervation after root canal revascularisation. Lei et al. 

(2015) reported a presence of some nerve fibres, and Meschi et al. (2016) addressed few 

neurovascular bundles in the newly formed tissue within the canal system. Recently, Austah et 

al. (2018) demonstrated some nerve fibres like Schwann and sensory fibres expressing sensory 

markers (i.e. neuropeptide calcitonin gene-related peptide - CGRP). However, the authors 

reported that CGRP-expressing fibres were not co-localised with a pan-neuronal marker 

(Tubulin Beta 3/Class III - TUBB3) as in the control normal pulp tissue group, which might 

invalidate the presence of this sensory marker. 

1.2.2. Cell transplantation 

The early studies of cell transplantation were conducted on tooth slices/segments and 

subcutaneous implantation in immunocompromised mice. For example, using DPSCs, collagen 
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scaffolds, and dentine matrix protein 1 in dentine slices resulted in matrix formation of pulp-

like tissue with rich angiogenesis (Prescott et al., 2008). Other studies used a combination of 

deciduous DPSCs or stem cells from human exfoliated deciduous teeth (SHED) and a polylactic 

scaffold resulting in pulp-like tissue, odontoblast-like, and endothelial-like cells (Cordeiro et 

al., 2008). Moreover, Huang et al. (2010) demonstrated that DPSCs, and a poly-D,L-

lactide/glycolide scaffold resulted in formation of pulp-like tissue, dentine-like tissue and 

angiogenesis in the root segment. Other regenerative endodontic studies were performed in 

teeth of large animals, such as dogs and pigs/swine and resulted in a range of favourable 

outcomes from dentine formation to complete pulp regeneration, including neuronal tissue, in 

non-infected conditions of pulpotomy (Iohara et al., 2004; Iohara et al., 2009) or pulpectomy 

(Iohara et al., 2011; Iohara et al., 2013; Iohara et al., 2018). Previous studies have contributed 

to a significant advancement in regenerative endodontics. However, these studies were 

conducted in healthy non-infected root canals which do not simulate the actual clinical scenario 

with infected or necrotic root canals and with no remaining healthy pulpal tissue. Verma et al. 

(2017) showed that residual bacteria negatively affect regeneration ability in both traditional 

revascularisation via blood clotting and transplanted DPSC-based pulp regeneration. In 

addition, Torabinejad et al. (2018) reported that the presence of the tiny amount of residual 

intact, healthy apical pulp tissue (1-4mm) could produce a complete normal pulp-dentine 

complex regeneration using the traditional revascularisation via blood clotting in animal 

models. This study suggested that the newly formed pulp tissue, including neuronal tissue, 

resulted from migrating and proliferation of remaining healthy pulp tissue. The concept of the 

residual healthy pulp tissue does not exist in the necrotic and irreversible pulpitis cases. Thus, 

regenerative endodontic studies are preferable for investigation into the pre-infected or necrotic 
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root canal to mimic the clinical scenario. Also, involving DPSCs in regenerative endodontic 

procedures might increase the chance of regaining a holistic pulp regeneration. 

Interestingly, a randomised clinical trial achieved a total functional pulp-dentine 

complex regeneration with vascular and sensory nerve supply in necrotic immature teeth of 

paediatric patients using a combined approach of autologous deciduous DPSC implantation 

with traditional root canal revascularisation via blood clotting (Xuan et al., 2018). Although the 

expression of the tested sensory nerve markers (i.e., TRPM8 and TRPV1) were shown in animal 

DPSCs before implantation and in hDPSCs implanted within rat ganglion, they were neither 

demonstrated in the newly regenerated pulp of animal nor human teeth. Notably, the neuronal 

nuclei (NeuN) marker was expressed in the regenerated pulp instead. The NeuN marker has 

also been expressed by undifferentiated mesenchymal stem cells (Foudah et al., 2014). Hence, 

the importance of using multiple neuronal markers is proposed to make clear and definitive 

conclusions. 

1.2.3. Cell homing 

Cell homing is another emerging endodontic regenerative approach proposed by Kim et al. 

(2010). This approach relies on recruitment of the endogenous stem cells, followed by 

differentiation into pulp-dentine complex components under stimulation from exogenous 

bioactive molecules. The bioactive molecules include a collection of growth factors: VEGF, 

bFGF or PDGF with a basal set of BMP7 and NGF, encapsulated in a cell-free collagen gel 

scaffold. The outcome of this chemotaxis-based pulp regeneration step is pulp-like tissue with 

vascularisation (Kim et al., 2010). Others have attempted to use only a single exogenous growth 

factor for pulp regeneration, including bFGF (Suzuki et al., 2011; Takeuchi et al., 2015), 

Granulocyte-colony stimulating factor (Takeuchi et al., 2015), stem cell factor (Pan et al., 2013; 

Ruangsawasdi et al., 2017), and stromal cell-derived factor-1 (Zhang et al., 2015; Yang et al., 
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2015). Another approach for cell homing is to induce pulp-dentine complex regeneration 

through the release of endogenous growth factors from the dentine matrix (Smith et al., 2016; 

Smith et al., 2012; Sun et al., 2011). Ethylenediaminetetraacetic acid (EDTA), the common 

chelating agent used to remove the smear layer in endodontic procedures, releases growth 

factors from dentine (Cassidy et al., 1997; Zeng et al., 2016; Tomson et al., 2007). Recently, 

Austah et al. (2019) reported that the dentine matrix contains neurotrophic factors capable of 

increasing neurite outgrowth of trigeminal ganglion neurons. Moreover, Duncan et al. (2017) 

demonstrated that the histone deacetylase inhibitor (HDACi) is capable of releasing brain-

derived neurotrophic factor (BDNF) more effectively from the dentine than EDTA solution 

whereas EDTA released more glial-derived neurotrophic factor (GDNF) than HDACi. Thus, 

the combination of EDTA and HDACi solutions or use in a sequential manner is most likely to 

increase neurogenesis in regenerative endodontic procedures. 

Thus far, little attention has been paid to the role and importance of 

neurogenesis/innervation in regenerative endodontics. Inadequate innervation means losing the 

“alert” signal to detect the potential pathogenic stimuli, and the tooth becomes more vulnerable 

to future infections (Namour and Theys, 2014). This protective surveillance system in the 

normal pulp is conducted through nociceptors (Henry and Hargreaves, 2007; Dubin and 

Patapoutian, 2010). Thus, regenerative endodontic therapy could fail with a subsequent 

pathogenic invasion when the innate alerting system is absent. Pulpal innervations also regulate 

the pulpal blood flow (Olgart, 1996) and plays an essential role within the dental pulp defence 

and function (Olgart, 1985; Raab, 1992; Kerezoudis, Olgart and Edwall, 1994). Furthermore, 

neurogenic and angiogenic cytokines might be involved in the reparative process against low 

levels of inflammation (Cooper, Holder and Smith, 2014; Byers, Schatteman and Bothwell, 

1990). It has been shown that pulpal nerves undergo sprouting into the infected areas and 
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stimulate the immunological and inflammatory responses via extravasation of immune cells to 

the injured site (Fristad, 1997; Kimberly and Byers, 1988; Byers et al., 1990; Byers, Suzuki and 

Maeda, 2003). Sensory neuropeptides such as substance P and CGRP stimulated proliferation 

of pulp-derived fibroblast cells, and CGRP increased reparative dentine formation through 

inducing bone morphogenetic protein-2 release (Calland, Harris and Carnes, 1997; Trantor, 

Messer and Birner, 1995). This co-association of neuro-immunological activities and dentine 

formation was also demonstrated in human carious teeth (Couve, Osorio and Schmachtenberg, 

2014). 

Sensory denervation/deafferentation/dental nerve transection can negatively affect the 

health of the pulp and preapical tissues. It has been shown that sensory denervation accelerated 

loss of pulpal tissue, necrosis, and progression of pathogens and apical periodontitis formation 

after experimental pulp exposure (Byers and Taylor, 1993; Austah et al., 2016). It was also 

shown that the dental nerve transection reduced the normal cell proliferation after experimental 

1 mm depth cavity preparation within enamel and dentine (Chiego et al., 1986). Thus, pulpal 

innervation is essential for maintaining pulpal tissue homeostasis, dental tissue repair and 

regeneration. Nerve regeneration and neuro-pulpal communication must be better appreciated 

and targeted in the research studies to re-establish a functional and holistic pulp-dentine 

complex (Nakashima and Akamine, 2005; Diogenes, 2020). Nerve regeneration is also critical 

to treat peripheral nerve injuries, including dental related nerve injuries.  

1.3. Peripheral nerve injuries 

Peripheral nerve injuries or damage are mostly the results of traumatic causes such as vehicle 

accident, and falls (Kouyoumdjian, 2006). Nerve injuries were first classified based on the 

anatomical extension of the nerve damage by Sir Herbert Seddon into neurapraxia, 
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axonotmesis, and neurotmesis (Seddon, 1942). Neurapraxia is myelin sheath damage without 

loss of the nerve continuity such as compression injuries and blunt trauma (mild damage). 

Axonotmesis is a loss of axonal continuity but with maintenance of the surrounding connective 

tissue sheath (moderate damage) whereas neurotmesis is the complete nerve transection, 

including its sheath (severe damage). Subsequently, Sunderland and Williams (1992) updated 

Seddon’s classification by further dividing the axonotmesis into three subtypes according to the 

degree of nerve sheath involvement and adding an estimating prognosis for each one (See Table 

1.1).  

Table 1.1    Classifications of peripheral nerve injury (adapted from Lee and Wolfe (2000) and 

amalgamated with the recovery data from Sunderland and Williams (1992)). 

Sunderland, and 
Williams, 1992 Seddon, 1942 Pathophysiologic characteristics Recovery 

Type 1 Neurapraxia Localised damage of myelin causing 
impulse conduction block 

Complete recovery 
takes (several days to 

weeks) 

Type 2 

Axonotmesis 

Damage of axons Full recovery 
(Months) 

Type 3 Damage of the axons and 
endoneurium Partial recovery 

Type 4 Damage of the axons, endoneurium, 
and perineurium. Minimal recovery 

Type 5 Neurotmesis 
Damage of the axons, endoneurium, 

perineurium, and epineurium 
(Complete nerve disruption). 

Negligible recovery 

 

The adverse effects of nerve injuries include loss of tactile perception (impaired 

stereognosis), disturbed thermal perception, and pain in some cases developing complex 

regional pain syndromes (CRPS 2) (Bruyns et al., 2003; Rosén et al., 2012). Other peripheral 

nerve injury patients experience a complete loss of sensation (anaesthesia), abnormal sensation 

(paraesthesia), and reduced sensation (hypesthesia), and increased sensitivity (hyperalgesia) 
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(Belzberg, 2006). In addition, the adverse psychological effects were reported after peripheral 

nerve injuries, including depression and stress (Wojtkiewicz et al., 2015). 

1.3.1. Dental related nerve injuries 

The trigeminal nerve may be damaged or disturbed by many dental procedures such as implant 

insertion, dental-related surgeries, local anaesthetic injections, and root canal therapy (Pogrel, 

2017; Agbaje et al., 2016). However, the dental procedure most highly associated with the 

possibility of such injuries is the surgical removal of impacted mandibular third molar (Sarikov 

and Juodzbalys, 2014; Yadav, Verma and Sachdeva, 2014; Tojyo et al., 2019). Furthermore, 

the inferior alveolar nerve block is another dental procedure which might cause nerve injury 

(Pogrel and Thamby, 2000; Kim, Hwang and Park, 2018; Renton et al., 2010). 

The inferior alveolar and lingual nerves are the main vulnerable nerves to be traumatised 

during dental practice (Veitz-Keenan and Keenan, 2015; Renton et al., 2010). The most 

attributable risk factors of injuries to these nerves are their anatomical proximity to the 

operating area and the operator skills (Jerjes et al., 2010; Sarikov and Juodzbalys, 2014). The 

incidence rate of these nerve injuries is generally low as most studies reported ≤ 1% (Renton 

et al., 2013; Nguyen, Grubor and Chandu, 2014; Cheung et al., 2010; Agbaje et al., 2016), 

however Sarikov and Juodzbalys (2014) reported that this percentage could increase to 8.4% 

with inferior alveolar nerve injury. 

Although most of these nerve injuries are temporary and self-recover within months, 

some of these nerve injuries are permanent (Sarikov and Juodzbalys, 2014; Nguyen, Grubor 

and Chandu, 2014; Cheung et al., 2010). Valmaseda-Castellón et al. (2001) and Renton et al. 

(2013) reported that permanent damage is 25 - 29% of the total nerve injuries occurring during 

dental procedures, whereas Agbaje et al. (2016) reported a higher percentage rate of ~37.5%. 
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These nerve injuries may affect thermoception (hot and cold), nociception (pain), and 

mechanoreception (touch, pressure, and position) (Haas and Lennon, 1995; Day, 1994; 

Campbell, Shamaskin and Harkins, 1987). Thus, the patients may suffer from pain, 

oversensitivity, or abnormal sensation like hyperalgesia and allodynia, paraesthesia, or 

dysesthesia (Agbaje et al., 2016; Renton et al., 2010; Hartmann et al., 2017). In addition, taste 

sensation may also be affected in some cases (Haas and Lennon, 1995; Renton et al., 2010; 

Snyder and Bartoshuk, 2016). The change in sensation can be long-lasting or permanent (Smith 

and Lung, 2006; Tınastepe and Oral, 2013). Other functional implications might include 

speech, mastication difficulties, tongue and cheek biting (Zuniga and LaBanc, 1993; Sandstedt 

and Sörensen, 1995; Smith and Lung, 2006). There are also many psychological effects such 

as pain catastrophising and depression (Smith and Lung, 2006; Smith et al., 2013). 

1.4. Physiological nerve regeneration and limitations of current therapies 

Physiologically, once peripheral nerve injury occurs, a sequence of processes is carried out to 

repair the resultant defect (Stoll and Müller, 1999; Rotshenker, 2011) as shown in Figure 1.1. 

Briefly, Wallerian degeneration is the first process to prepare the area for initiation of nerve 

repair/regeneration. In this process, macrophages and activated Schwann cells are 

chemoattracted to the injured site to eliminate the damaged axon and myelin sheath cells via 

phagocytosis. Subsequently, Schwann cells proliferate to form a path “the bands of Büngner” 

for guiding the sprouting axon from the intact remaining part of the nerve. Finally, the neuronal 

matrix is formed, and new axon fibres are sprouted from the intact end until regeneration of the 

lost area at an average of 2-3 mm/day in the nerve transection, and 3-4 mm/day in nerve crushes 

(Stoll and Müller, 1999). 
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Figure 1.1     Physiological nerve regeneration after injury. A, complete nerve transection. B, Wallerian 
degeneration to remove the traumatised nerve. C, Growth-cone extension to regenerate the 
lost part. D, Büngner band guide the newly formed axon to the tissue target. The image 
was designed and created by the author using the Biorender designing website. 
(https://biorender.com).  

From the molecular aspect, after nerve injury occurs, there is intracellular signalling for 

optimising the environment and conditions to achieve successful nerve regeneration. In this 

process, the status of affected neurons changes from “signal transmission mode” to 
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“regeneration and cell death mode” in which the cell death and regeneration coordinately 

stimulated to remove the damaged cell and replace them with new cells (Abe and Cavalli, 2008; 

Jessen and Mirsky, 2016). A cascade of intracellular molecules is activated to trigger nerve 

regeneration (Raivich and Makwana, 2007). The members of mitogen-activated protein kinase 

(MAPK): Jun N-terminal Kinase (JNK), 38kDa mitogen associated protein kinase (p38), and 

extracellular signal-regulated kinase (ERK) are involved in neurogenesis and the neuronal 

regenerative process after nerve injury (Raivich and Makwana, 2007). The JNK and p38-

MAPKs are involved in cell apoptosis (Wada and Penninger, 2004; Kikuchi, Tenneti and 

Lipton, 2000; Cao et al., 2004), whereas the ERK/MAPK is upregulated and involved in nerve 

regeneration and survival after nerve injury (Agthong et al., 2006; Chierzi et al., 2005; Raivich 

and Makwana, 2007; Wada and Penninger, 2004). The ERK1/2 proteins are rapidly activated 

and upregulated within 30 min after nerve injury, which is crucial for neuronal proliferation 

and regeneration (Mårtensson et al., 2007; Agthong et al., 2006). Subsequently, transcription 

factors, such as c-jun and activating transcription factor 3 (ATF-3), are activated triggering 

nerve regeneration and survival (Raivich et al., 2004; Lindwall and Kanje, 2005; Patodia and 

Raivich, 2012).  

Physiological regenerative processes are limited and cannot restore functional recovery, 

especially in severe injuries (Gonzalez-Perez, Udina and Navarro, 2013). For example, 

complete nerve transection often needs surgery or reconstruction to repair the nerve defect 

(Seddon, 1943; Gonzalez-Perez, Udina and Navarro, 2013). Although there is a common belief 

that the peripheral nerve injuries demonstrate better recovery outcomes after reparative surgical 

therapies, functional recovery is rare (Gordon, Sulaiman and Boyd, 2003). For instance, the 

conventional surgical reparative methods “bridging” such as tubularization (Hentz et al., 1991; 

Ichihara, Inada and Nakamura, 2008), autografting, and allografting (Evans, 2001; Moore et 
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al., 2011) do not regain functional recovery in 50% or more of the cases (Grinsell and Keating, 

2014; Lee and Wolfe, 2000). In addition, drawbacks of these conventional surgical methods 

include difficulty in scarifying or obtaining a nerve to be grafted into the defect area, 

accessibility to the donor’s nerve, and surplus surgical methods (Griffin et al., 2014; Yousefi et 

al., 2019). Hence, further research is needed for creating alternative or adjunct therapies to 

boost nerve regeneration which might result in superior therapeutic outcomes and fewer 

drawbacks (Grinsell and Keating, 2014; Ventre and Koppes, 2016; Deumens et al., 2010; 

Gordon, Sulaiman and Boyd, 2003; Gordon et al., 2009). Ultrasound research is emerging and 

has been proposed to use as an adjunct stimulator for tissue regeneration (de Lucas et al., 2020; 

Liu et al., 2020), its application might also be beneficial for nerve regeneration. 

1.5. Ultrasound (US)  

Ultrasound (US) represents acoustic waves beyond the frequency range of the average human 

hearing (>20,000 hertz: Hz). Ultrasound has been widely used for diagnostic (Devey and Wells, 

1978), therapeutic, and operative medical purposes (ter Haar, 2007; Crum et al., 2010; Soler 

López, 2013). Moreover, ultrasonic equipment is also used in dentistry for clinical treatment 

applications such as periodontal scaling and root canal irrigation since the 1950s (Walmsley, 

Laird and Lumley, 1992).  

1.5.1. US basic physical parameters 

The main US parameters are frequency and intensity. US can be delivered in a continuous or 

pulsed mode. The pulsed US has additional main parameters which are the pulse repetition 

frequency (PRF) and duty cycle.  
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1.5.1.1. US frequency 

US frequency is defined as the number of times the wave cycle is repeated in which the particle 

involved in compression and rarefication oscillations per second, expressed in Hz (Figure 1.2). 

Each wave cycle comprises one rarefaction and one compression. The wavelength is the 

distance occupied by one cycle (Schrope and Goel, 2014). The wavelength is either measured 

as the distance between two adjacent peaks of compressions or two adjacent troughs of 

rarefactions. It depends on numbers of frequency to be classified as low (20 to 200 kHz), 

medium (0.7-3.0 MHz), or high-frequency US (1-20 MHz). The low and medium frequency 

US are commonly specified for therapeutic purposes, whereas the high-frequency US is mostly 

used for diagnostic purposes (Ahmadi et al., 2012; Xin et al., 2016). 

 

Figure 1.2   US wave frequency. Mechanical waves are propagated across the tissue as longitudinal 
waves and are parallel to the direction of the propagation. The wave cycle is one 
compression and one rarefaction. The image is adapted with permission from Schrope and 
Goel (2014) and the wavelength and cycle illustration arrows were added to the figure 
(blue lines). 

 

Wavelength

Cycle
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1.5.1.2. Intensity 

The US intensity is the acoustic energy placed per unit area and expressed in watts (W) or 

milliwatts (mW) per square centimetre (cm2). US intensity can be described by the spatial, 

temporal, and spatial average-temporal average (SATA). The spatial average intensity is the 

average intensity measured over the cross-sectional area of US transmission, whereas temporal 

average intensity is measured over time. The US intensity ranges from 0.05 to 0.5 W/cm2 in 

diagnostic imaging (Warden, 2003) and increases to 1000 W/cm2 in the surgical therapies (ter 

Haar, 2007). However, most therapeutic US doses are 0.03-1.0 W/cm2, for example 

physiotherapy and dental scaling (ter Haar, 1999; Karumuri et al., 2016; Khanna et al., 2009). 

The low-intensity US is less than 3 W/cm2, whereas the high intensity is equal to or above the 

3 W/cm2 (Xin et al., 2016). Low intensity is further subclassified according to the therapeutic 

dose into high (2–3 W/cm2), medium (1–2 W/cm2), and low (<1 W/cm2) (Xin et al., 2016). 

1.5.1.3. Pulsed US and its physical parameters 

Pulsed US is produced in a mode of pulse waves. These pulse waves are produced in an 

alternating manner between pulse wave output and rest “no pulses” (Figure 1.3A). The typical 

pulse ratios are 1:1 (equal time of pulse production and rest), and 1:4 (1-time interval pulse to 

4-time intervals of rest), however, there are other available pulse ratios (Xin et al., 2016). The 

ratio of pulse wave time to total time (pulse and rest time) is known as the duty cycle (Liu et 

al., 2020). The duty cycle is given in percentage, such as 50% for 1:1, and 20% for 1:4 pulse 

ratios. The PRF are defined as the number of US pulses produced per second, expressed in Hz. 

The typical PRFs are either 100 or 1000 Hz (Xin et al., 2016). 
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Figure 1.3   Pulsed-US parameters. A) Pulse wave parameters (spatial pulse length, pulse repetition 
interval, pulse duration, and amplitude) over space (left), and time (right). B) Spatial 
intensity parameters, including spatial average and peak (left), and temporal intensity 
parameters, including temporal average and peak, and pulse average (right). This image is 
adapted with permission from Liu et al. (2020). 

Due to the pulse-mode US (on and off pulses), there is a difference between the spatial 

intensity (measures over the cross-sectional area) and temporal intensity (measures over on and 

off time) (Liu et al., 2020). Thereby, the pulsed US intensity is described by various 

combinations of spatial and temporal intensities (Figure 1.3B). The spatial intensity measures 

are spatial average (SA) and spatial peak (SP). The SA and SP measured the intensity average 

and peak over the cross-sectional area of the US beam, respectively. In addition, temporal 

intensity measures are temporal average (TA), temporal peak (TP), and pulse average (PA). 
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The TA and TP measured the intensity average and peak over time, whereas PA measured the 

pulse average over the on-pulse interval. Hence, these measures are combined to make 6 

combinations of the temporospatial intensities (SATA, SAPA, SATP, SPTA, SPPA, SPTP). 

The SATA is the most commonly used term to describe the intensity of the low-intensity pulsed 

US which the average of the spatial and temporal intensities (Ling et al., 2017a; Zhao et al., 

2016; Zhang et al., 2009; Daeschler et al., 2018; Li, Zhang and Ren, 2012). However, many 

experimental studies do not specify the LIPUS intensity type, which make the reproducibility 

and comparison between studies difficult for determining standard therapeutic parameters (Liu 

et al., 2020), for instance, only 3 out of 11 studies mentioned intensity type, see Table 1.2.  

1.5.2. LIPUS and tissue regeneration  

LIPUS is a therapeutic pulsed ultrasound characterised by low intensity (<1W/cm2) and 

medium frequency (1-1.5 MHz) at pulse mode output (100 and 1000 Hz) (Karumuri et al., 

2016). An intensity range (ISATA: 30-500 mW/cm2) is considered to be useful for bone healing, 

but higher than 500 mW/cm2 is harmful to the bone tissue (Tsai, Chang and Liu, 1992; Busse 

et al., 2002; Reher et al., 1997). One example showing the use of the LIPUS parameters is the 

Osteotron IV LIPUS device which delivers a range of low intensities (ISATA: 30-60 mW/cm2) 

at a frequency of 1.5 MHz or 750 kHz with pulse waves of 100 or 1000 Hz, and duty cycle 

20%.  

LIPUS is a relatively safe, non-invasive, inexpensive approach without the induction of 

thermal damage to the tissue (Pomini et al., 2014; Tanaka et al., 2015; Mukai et al., 2005). It 

is approved by the United States Food and  Drug Administration (FDA) for use as a therapeutic 

tool for delayed bone fracture healing (Rubin et al., 2001). The overall concept is that low-

intensity ultrasound has the therapeutic potential to promote effective tissue regeneration and 

repair (Scheven et al., 2009; de Lucas et al., 2020). Several studies investigated and reported 
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biological effects of LIPUS on different cell types. For example, it has been reported that LIPUS 

promoted cell proliferation of mesenchymal stem cells (MSCs) derived from different tissue 

types (Gao et al., 2016b; Xie et al., 2019; Ling et al., 2017b; Yoon et al., 2009; Huang et al., 

2020; Budhiraja, Sahu and Subramanian, 2018), osteoblasts (Alvarenga et al., 2010), and 

chondrocytes (Takeuchi et al., 2008; Nishikori et al., 2002),. Other in vitro studies showed 

additional biological effects in different cell types such as inducing proliferation and migration 

of keratinocytes (Leng et al., 2018), growth and stemness of periodontal ligament cells (El-

Bialy, Alhadlaq and Lam, 2012), and cell viability and proliferation of osteoblasts (Miyasaka 

et al., 2015). Moreover, some studies demonstrated the biological effects of LIPUS on bone-

related tissues, such as osteogenic differentiation (Ren et al., 2013; Sawai et al., 2012; Suzuki 

et al., 2009), and bone healing (Acar et al., 2016; He et al., 2015). In terms of stem cell-based 

tissue engineering, LIPUS may be used as a tool to induce and enhance regenerative therapy by 

enabling stem cell expansion, differentiation, and matrix production (Cui et al., 2006; Ebisawa 

et al., 2004; Lee et al., 2006; Ling et al., 2017b). However, Yang et al. (2014) reported that 

LIPUS did not promote repair of severe articular cartilage injury. Moreover, Xu et al. (2018) 

showed that LIPUS suppressed cellular proliferation and induced cell death in rat 

preadipocytes. Thus, there remain controversies as to whether LIPUS can induce tissue 

regeneration. 

1.5.3. LIPUS and neuronal/nerve regeneration 

Few studies have investigated the effect of LIPUS on neuronal regeneration by using in vitro 

neuronal cells, and experimental animal model studies for peripheral nerve injuries (Table 1.2: 

studies and LIPUS parameters). The in vitro studies reported that LIPUS induced proliferation 

and differentiation of neural stem cells, and iPSCs-NCSCs into neurons (Wu et al., 2020b; Lv 

et al., 2013), cell viability and proliferation of Schwann cells (Ren et al., 2018). Moreover, 
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LIPUS induced the myelination ability of Schwann cells in co-culture of Schwann cell and 

adipose-derived stem cell culture model (Yue et al., 2016). The in vivo animal models of 

peripheral nerve injuries demonstrated that LIPUS enhanced neuronal regeneration in the 

injured sciatic nerve (Crisci and Ferreira, 2002; Raso et al., 2005). In addition, Sato et al. (2016) 

indicated that daily exposure of LIPUS on the transected inferior alveolar nerve promoted 

neuronal regeneration with functional recovery. Another study noted that LIPUS induced not 

only nerve regeneration and recovery of inferior alveolar nerve transection but also enhanced 

bone remodelling on the same jaw side (Yang et al., 2017a). In addition, there are studies using 

LIPUS in combination with other therapeutic methods which demonstrated the improvement 

of clinical outcomes. For example, using LIPUS with nerve autograft improved nerve 

regeneration and functional recovery of the injured sciatic nerve compared with nerve autograft 

alone (Jiang et al., 2016). Ning et al. (2019) and Lv et al. (2015) applied LIPUS with stem cell 

transplantation and demonstrated nerve regeneration with functional recovery in the contused 

spinal cord and transected sciatic nerve, respectively. Moreover, Kim et al. (2013) showed that 

combination of LIPUS, and nerve growth factor (NGF) with nerve guide conduit accelerated 

nerve regeneration and functional recovery compared with one therapeutic application of either 

LIPUS or NGF alone. Recently, another combination of LIPUS, iPSCs-NCSCs, and growth 

differentiation factor 5 (GDF5) was suggested to induce nerve regeneration with functional 

recovery of the injured sciatic nerve (Xia et al., 2019). Thus, LIPUS has been proposed as a 

potential adjunct therapeutic tool for nerve regeneration of peripheral nerve injuries. However, 

Daeschler et al. (2018) reported that LIPUS did not induce axonal regeneration in median nerve 

transection with the intensity of 30 mW/cm2. These initial studies suggest that LIPUS is a 

promising tool to induce neuroregeneration; however, more research to support these findings 

is needed. 
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Table 1.2 LIPUS studies for neuronal regeneration (therapeutic parameters, cell/tissue, and outcomes) 

Study Intensity- 
mW/cm2 

(type) 

Frequency Pulse 
repetition 
frequency 

Duty 
cycle 

Stimulation 
Time 

(days/weeks) 

Cell/tissue source Therapeutic outcomes 

Wu et al. 
(2020b) 

69.3 
(-) 

1 MHz - - 5 min (3 days) Rat neural stem cells -Proliferation 
-Differentiation 

Xia et al. 
(2019) 

500 mW/cm2 

300 mW/cm2 

(-) 

1 MHz 100 Hz 20% 5-10 min (4 
days) 

Human iPSCs‐NCSCs and 
transplanted in rat nerve 

-Proliferation 
-Differentiation 
-Nerve regeneration with 
functional recovery 

Ning et al. 
(2019) 

50 mW/cm2 

(-) 
1 MHz - - 3 min (3 days) Rat bone marrow stem cells 

and transplanted in rat nerve 
-Viability 
-Neurotrophic expression 
-Functional recovery 

Daeschler et 
al. (2018) 

30 mW/cm2 

(ISATA) 
1.5 MHz 1000 Hz 20% 2 min (3 days/3 

times a week) 
Rat peripheral nerve injury 
(post-surgical reconstruction) 

No difference in terms of 
axonal regeneration 

Ren et al. 
(2018) 

27.37 mW/cm2 

(-) 
1 MHz - - 10 min (5 days) Rat Schwann cells -Viability 

-Proliferation 
Sato et al. 
(2016) 

30 mW/cm2 

(-) 
1 MHz - - 20 min (28) Rat inferior alveolar nerve 

(IAN) injury 
-Nerve repair and 
regeneration 

Jiang et al. 
(2016) 

250 mW/cm2 

(ISATA) 
1 MHz 1000 Hz 20% 5 min/another 

day for 2-12 
weeks 

Plus autograft transplantation 
in rat nerve injury 

Improved autograft 
regeneration 

Zhao et al. 
(2016) 

30 mW/cm2 
50 mW/cm2 

(ISATA) 

1 MHz 100 Hz 20% 10 min/day Rat PC12 cells + NGF 
supplement 

-Induced neurite 
outgrowth 

Yue et al. 
(2016) 

20 mW/cm² 
(-) 

1 MHz - 20% 10 min/day Rat Schwann cells cocultured 
with rat adipose-derived stem 
cells 

-Pro-myelination 
indicators’ upregulation 

Lv et al. 
(2015) 

300 mW/cm2 

(-) 
1 MHz; 100 Hz 20% 5 min/day for 2 

weeks 
Plus human iPSCs‐NCSCs for 
rat transected sciatic nerve 

Nerve repair and 
regeneration 

Lv et al. 
(2013) 

500 mW/cm2 

(-) 
1 MHz 100 Hz 20% 10 min (2-4 

days) 
Human iPSCs-derived neural 
crest stem cells 

-Cell viability 
-Proliferation 
-Neural differentiation 

Note: The sign (-) indicates not mentioned. 
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1.5.4. LIPUS and neuronal/nerve regeneration for regenerative endodontics 

To date, LIPUS has not been therapeutically applied for neuronal/nerve regeneration for pulp-

dentine complex regeneration nor with the regenerative endodontic procedure to induce pulp 

regeneration. However, research on the effect of ultrasound or LIPUS on dental-related 

cells/tissue is emerging such as DPSCs (Gao et al., 2016b), odontoblast-like cells (Scheven et 

al., 2009; Man et al., 2012; Ghorayeb et al., 2013), and reparative dentine formation (Al-

Daghreer et al., 2013; Wang et al., 2017a; Al-Daghreer et al., 2012; Wang et al., 2017b; Zuo 

et al., 2018). Gao et al. (2016b) reported that LIPUS stimulated proliferation of DPSCs. Some 

studies showed that ultrasound significantly increased odontoblast-like cell numbers (Scheven 

et al., 2009; Man et al., 2012; Ghorayeb et al., 2013). In addition, other two in vitro studies 

investigated the effect of LIPUS on tooth slices demonstrating upregulation of dentine repair-

related genes after short-term incubation (24h), increase of the odontoblast number and pre-

dentine thickness after 5-day incubation (Al-Daghreer et al., 2013; Al-Daghreer et al., 2012). 

Similar two in vivo studies on animal models demonstrated reparative dentine formation after 

LIPUS application on experimental cavity-prepared teeth (Wang et al., 2017a; Zuo et al., 2018). 

Zuo et al. (2018) reported the LIPUS-dentine formation is associated with Ca+2 transport-

related protein expression. Whereas a further two studies reported the involvement of 

transforming growth factor beta 1 (TGF-β1), and its receptor regulators (Smad 2 and Smad 3) 

in LIPUS-induced dentine formation (Wang et al., 2017a; Wang et al., 2017b). These studies 

suggested that the reparative dentine formation induced by LIPUS is produced via the 

physiological inflammatory-reparative process (TGF-β1/Smad signal pathway). Furthermore, 

Gao et al. (2016b) and (2017) reported that ERK/MAPK signalling pathway is activated in 

LIPUS induced DPSC proliferation via mechanosensitive ion channels (Piezo1 and Piezo2) in 

the cell membrane. These studies suggested that LIPUS triggered different pathways depending 
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on the cell type. Overall, it appears that LIPUS might play a therapeutic role in enhancing 

neuronal/nerve regeneration which is critical for regenerative endodontics, dental nerve injuries 

and in a broader context for peripheral nerve injuries. To examine therapeutic device 

applications, and due to the inaccessibility to human neurons, human neuronal cell models are 

useful for in vitro testing before pre-clinical and clinical trials. 

1.6. Neuronal cell models for in vitro experimentation 

In vitro cell neuronal modelling is a widely recognised approach in neuroscience to study 

different research aspects related to neurons, such as neurogenesis (Azari and Reynolds, 2016), 

neuronal development, and injury (Jones et al., 2018), screen drugs for nerve regeneration 

(Rayner et al., 2018), brain simulation (D'Angelo et al., 2013), studying neuroinflammation 

(Goshi et al., 2020), and the modelling of central nervous system viral infection (D'Aiuto et al., 

2018). Different cell types have been used as in vitro neuronal cell models in the literature and 

the most frequently used cell types are reviewed below. 

1.6.1. Cell line-derived neuronal cell models 

One of the most common cell lines used in neuroscience studies is the SH-SY5Y human 

neuroblastoma cell line, which was derived via subcloning from metastatic bone tumour biopsy 

(Biedler, Helson and Spengler, 1973; Biedler et al., 1978). SH-SY5Y cells have a mixed culture 

of neuroblast-like (N-type) and epithelial-like cells (S-type), expressing immature neuronal 

markers in the undifferentiated state (Påhlman et al., 1984; Kovalevich and Langford, 2013). 

This neuronal cell line was subcloned three times; SH-SY, then SH-SY5, and to the ultimate 

form SH-SY5Y (Kovalevich and Langford, 2013) to yield a N-type neuroblastoma cell line 

which has a higher ability to differentiate into neuronal-like cells (Biedler, Spengler and Lyser, 

1975). After neuronal differentiation, these cells became similar to primary neurons, for 
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instance, demonstrating mature neuronal markers, acquiring neuronal morphology and exiting 

the cell cycle and entering the nonproliferating phase (Påhlman et al., 1984; Encinas et al., 

2000). The differentiated SH-SY5Y cell line has been used as a neuronal cell model for many 

neuronal-related responses, such as neurotoxicity, neurodegenerative diseases, and 

neuroprotective effects (Cheung et al., 2009b; Nicolini et al., 1998; de Medeiros et al., 2019; 

Agholme et al., 2010; Presgraves et al., 2004; Xicoy, Wieringa and Martens, 2017).  

Another less common human neuronal cell line used in neuroscience is the human 

teratocarcinoma line Ntera2 (NT2) which is derived from malignant carcinoma (Andrews, 

1988; Podrygajlo et al., 2009). The NT2-derived neurons (the differentiated form) have been 

used for in vitro modelling such as in neuron-astrocyte network signalling, neurodegenerative 

diseases, and neurotoxicity (Hill et al., 2012; Esteves et al., 2008; Taylor et al., 2019; Stern et 

al., 2014). Another commonly used cell line is the PC12 which is derived from a rat adrenal 

pheochromocytoma (Greene and Tischler, 1976) which has been used as in vitro modelling for 

neurotoxicity, neurotrophic activities, neurodegenerative diseases, and neural ischemia 

tolerance (Shafer and Atchison, 1991; Vaudry et al., 2002; Rostamian Delavar et al., 2018; 

Hillion et al., 2005). Although these cancerous cell lines are rapidly grown in the laboratory to 

give many subsequent cell-culture passages with minimum variations between the cultures, 

their physiological properties are different from in vivo primary neurons (Gordon, Amini and 

White, 2013). Hence, the neuronal cell models derived from primary stem cell cultures are 

recommended as they are more able to simulate the physiological properties of neurons in vivo 

(Gordon, Amini and White, 2013; Randall, 2016; Sterneckert, Reinhardt and Schöler, 2014). 

1.6.2. Stem cell-derived neuronal cell models 

The in vitro modelling using neuronally differentiated stem cells is also widely recognised in 

the literature to assess neuronal-related responses (Wilson and Newell-Litwa, 2018; 
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Sterneckert, Reinhardt and Schöler, 2014; Scarnati, Halikere and Pang, 2019; Jones et al., 

2018). Regardless of the various types of stem cells, the most commonly used stem cells for in 

vitro modelling are induced pluripotent stem cells (iPSCs), followed by embryonic and neural 

stem cells. iPSCs were firstly reprogrammed from mouse embryonic and adult fibroblasts under 

embryonic stem cell culture conditions (Takahashi and Yamanaka, 2006). The neuronally 

differentiated iPSCs have been used as in vitro models to study many neuronal-related 

properties, for example, neurodegenerative diseases, neurodevelopment, pharmacological-

related research, and synaptic development and degeneration (Israel et al., 2012; Abud et al., 

2017; Hossini et al., 2015; Wan et al., 2015; Suga, Kondo and Inoue, 2019; Tamburini and Li, 

2017; Chailangkarn, Acab and Muotri, 2012; Farkhondeh et al., 2019; Akamatsu, 2017; Wilson 

and Newell-Litwa, 2018). There are some other studies that used neuronal cell models derived 

from embryonic stem cells to investigate neurodegenerative diseases, pharmacological-related 

research, synaptic integration, and neurodevelopment and injury (Amano et al., 2009; 

Deshmukh, Kovács and Dinnyés, 2012; Koch et al., 2009; Jones et al., 2018). Lastly, the 

neuronal cell models derived from human neural stem cells have also been used to investigate 

Alzheimer’s disease, and neuroinflammation (Choi et al., 2014; Wang et al., 2013) or neural 

stem cells without neuronal differentiation used as neuronal injury model (Vagaska, Gillham 

and Ferretti, 2020). The stem cell-derived neuronal cell models have also gained interest as 

neuronal cell replacements for nerve regeneration and are described below. 

1.7. Stem cell-derived neuronal cell models for nerve regeneration 

The use of stem cell-derived neuronal cell models has been proposed to identify better clinical 

outcomes for neuro-regenerative stem cell therapies instead of using undifferentiated stem cells 

in experimental animal research. For example, the transplantation of neuronal cell models 

differentiated from mesenchymal stem cells/stromal (MSCs) promoted nerve regeneration and 
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functional recovery in brain injury (Kim et al., 2008; Dezawa et al., 2004; Lu et al., 2006; Yang 

et al., 2013) and peripheral nerve injury (Dadon-Nachum et al., 2011; Mimura et al., 2004; 

Ishikawa et al., 2009; Ladak et al., 2011). Likewise, neuronal cell models derived from DPSCs 

also showed positive therapeutic outcomes through improvement of nerve regeneration and 

functional motor recovery in peripheral nerve injury (Zhang et al., 2016a; Jang et al., 2018), 

and neurological function in the brain injury (Király et al., 2011). It has been reported that the 

transplantation of DPSC-derived neuronal cells is not only improved nerve regeneration of 

peripheral nerve injury but also enhanced angiogenesis (Sanen et al., 2017). Another interesting 

concept suggested by Luo et al. (2018; 2021) is the transplantation of DPSCs and growth factors 

to enhance nerve regeneration and functional recovery. Thus, using neuronal cell models 

derived from DPSCs are considered efficient in inducing functional recovery and restore the 

lost neuronal cells in neuro-regenerative transplantation therapies (Shi, Mao and Liu, 2020; 

Jang et al., 2018). Furthermore, the differentiated mesenchymal cells secreted greater amounts 

of neurotrophic factors which might boost the nerve regeneration (Dadon-Nachum et al., 2011; 

Reid et al., 2011). In this context, in vitro neuronal differentiation of hDPSCs might be useful 

for neuro-regenerative transplantation therapies, and in vitro modelling for neuronal-related 

experimentations.  

1.7.1. DPSC neuronal differentiation 

Several in vitro neuronal differentiation protocols have been proposed for use to differentiate 

human DPSCs into neuronal cells (see Table 1.3). These protocols are highly varied in their 

differentiating media, supplements, number of steps, and culturing duration. As seen in Table 

1.3, the main differentiating supplements were growth factors in all studies except Jang et al. 

(2018) which used tricyclodecane-9-yl-xanthogenate (D609) to differentiate hDPSCs. 

However, D609 has been reported to cause T-lymphocytes death (Milhas et al., 2012) which 
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might make the resultant neuronal cell model inappropriate for future clinical regenerative cell 

replacement therapies. The growth factors were either supplemented to special neuronal 

induction media such as neurobasal or neural proliferation medium or ordinary basal cell culture 

media such as DMEM/F12, and α-MEM as indicated in Table 1.3. Regardless of the media type 

used, the resultant differentiated hDPSCs in these studies expressed neural markers which 

indicate the neuronal differentiation is dependent on the growth factors rather than media type. 

Although all DPSC neuronal differentiation studies demonstrated expression of neuronal 

markers in the hDPSCs after neuronal differentiation, only a few of these studies examined the 

neuronal functionality, including electrophysiological profile (Li et al., 2019; Ullah et al., 2016; 

Gervois et al., 2015; Arthur et al., 2008; Király et al., 2009) or intracellular Ca2+ analysis 

(Gonmanee et al., 2020; Gonmanee et al., 2018; Kanafi et al., 2014; Osathanon et al., 2014). 

The number of steps and culturing duration also showed much variation between DPSC 

differentiation studies. As shown in Table 1.3., the vast majority of studies utilised multiple 

differentiating steps whereas other studies performed one-step differentiation protocol (Luke et 

al., 2020; Madanagopal, Franco-Obregón and Rosa, 2020; Zheng et al., 2020; Wu et al., 2020a; 

Jang et al., 2018; Haratizadeh et al., 2017; Zhang et al., 2017; Zhang et al., 2016a; Ullah et al., 

2016; Bonnamain et al., 2013), ranging from 2-3 days (Geng et al., 2017; Jang et al., 2018) to 

8 weeks (Goorha and Reiter, 2017). 
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Table 1.3 Neuronal differentiation studies of adult hDPSCs 

 
Study 

 
Successful differentiation supplementation protocol  

(all media containing 1% antibiotic supplement-Pen-Strep) 
 

 
Duration 

 
Outcomes 

(neuronal markers + characteristics) 

Solis-Castro, Boissonade 
and Rivolta (2020) 

Stage I: DMEM/F12 media supplemented with 2% B27, 1% N2, 50 ng/m 
IGF, 20 ng/ml bFGF, 20 ng/ml EGF and 10 ng/ml BMP4 for 4 weeks 
 
Stage II (neurosphere formation): adapted from Gervois et al., with 
modifications (DMEM:F12 with 2% B27, 1% N2, 20 ng/ml bFGF, and 20 
ng/ml EGF and 10 ng/ml BMP4 in ultra-low attachment culture plates for 
6-8 days). 
 
Stage III: The neurospheres are cultured in DMEM/F12 media with 2% 
B27, 1% N2, 1 mM dbcAMP, and 30 ng/ml NT3 in the Polyornithine 
(0.01%)/Laminin (2.5 μg/cm2) coated-well plates for 2 weeks. 
 

7 weeks Neuronal-like cells expressing 
Peripherin, TUJ1, NFH, SYN1, 
TAU, and GAP43 

Luke et al. (2020)  Serum-free human neural proliferation medium (StemCell Technologies, 
Canada) supplemented with 10 ng/ml bFGF and 20 ng/ml EGF. 
 

21 days Glial-like cells expressing TUBB3, 
GFAP, and oligodendrocyte 
marker. 

Madanagopal, Franco-
Obregón and Rosa (2020)  

Neurobasal-A medium containing 1xB-27, 40 ng/ml bFGF, and 20 ng/ml 
EGF supplements. 
 

21 days Neuronal-like cells expressing 
NES, ENO-2, TUBB3, NF-M and 
NF-H 

Zheng et al. (2020)  DPSCs were co-cultured with Chitosan scaffolds in serum-free low glucose 
DMEM/F12 medium supplemented with 2% B27, 2% N2, 25 ng/ml bFGF, 
and 25 ng/ml BDNF. 
 

7 days Neuronal-like cells expressing 
TUBB3, GFAP, and S100β. 

Wu et al. (2020a) Neurobasal A medium supplemented with 40 ng/ml bFGF, 20 ng/ml EGF, 
and 1× B27. 

14 days Neuronal-like cells expressing 
TUBB3, enolase, DCX, NCAD, 
NCAM and NEUROD1 and their 
transplantation improved 
neurological function in rat model 
of cerebral ischemia. 
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Table 1.3 Neuronal differentiation studies of adult hDPSCs (continued) 

 
Study 

 
Successful differentiation supplementation protocol  

(all media containing 1% antibiotic supplement-Pen-Strep) 
 

 
Duration 

 
Outcomes 

(neuronal markers +characteristics) 

Kogo et al. (2020) Stage I: 2.5% FBS-supplemented DMEM/F12, 10 ng/ml bFGF-2, and 10 
μM azacytidine for 48h. 
 
Stage II: applied High K+ BSS-Ca2+ buffer to the cells for 20 min. 
 
Stage III: DMEM/F12 with 250 μM3-isobutyl-1-Methylxanthine, 1% 
insulin-transferrin-selenium (ITS), 1 mM dibutyryl cyclic adenosine 
monophosphate, 200 nM tissue plasminogen activator, 50 μM forskolin, 10 
ng/ml NGF, 10 ng/ml bFGF-22, and 30 ng/ml NT-3 for 72h. 
 

5 days Neuronal-like cells expressing 
PSD95, TUBB3, and NES. 

Laudani et al. (2020) Stage I: Cell culture in the basic medium for 6 days. 
 
Stage II: DMEM supplemented with 0.5 mM Isobutyl Methyl Xanthine 
(IBMX), 1 mM dbcAMP, 40 ng/ml bFGF, 20 ng/ml EGF, 10 ng/ml NGF, 
and 10 ng/ml BDNF for 10 days. 
 
Stage III: DMEM supplemented with 10% FBS and 10 mM retinoic acid 
for 15 days. 
 
Stage IV: the differentiated cells seeded in bone marrow stem cell-derived 
decellularized extracellular matrix for 7 days 
 

38 days Neuronal-like cells expressing 
PAX6, NF-L, NF-M, NF-H, and 
MAP2. 

Gonmanee et al. (2020) Stage I: Adapted neurosphere induction stage from Gonmanee et al. (2018) 
method (DMEM/F12 with 20 ng/ml bFGF, 20 ng/ml EGF, 2% B-27 in low 
attachment wells) for 5 days. 
 
Stage II: cell transplantation in rat auditory brainstem slices for 2-4 weeks. 
 

3-5 
weeks 

Functional neuronal-like cells 
expressing Tuj1, SV2A, and Gata3 
with intracellular calcium 
oscillations. 
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Table 1.3 Neuronal differentiation studies of adult hDPSCs (continued) 

 
Study 

 
Successful differentiation supplementation protocol  

(all media containing 1% antibiotic supplement-Pen-Strep) 
 

 
Duration 

 
Outcomes 

(neuronal markers + characteristics) 

Rafiee et al. (2020) Stage I (neurosphere induction): KO DMEM/F12 with 20 ng/ml bFGF, 20 
ng/ml EGF, and 10 µg/ml heparin in low attachment wells for 3 day. 
 
Stage II: incubation in serum-free media for 3 days. 
 
Stage III: 10% FBS-supplemented DMEM/HG for 10 days. 
 

16 days Neuronal-like cells expressing 
NES, MAP2, and NGN1. 

Goudarzi et al. (2020) Stage I (neurospheres induction): the hDPSCs were cultured in serum-free 
DMEM/F12 containing 5% rat embryonic cerebrospinal fluid for 2 days.  
 
Stage II: the neurospheres were cultured in DMEM/F12 containing 10-6 μm 
retinoic acid, 2% B27, 5% FBS, 100 ng/ml GDNF and 200 ng/ml BDNF 
for 6 days. 
 

8 days Neuronal-like cells expressing NES 
and MAP2 with presence of Nissl 
bodies in cytoplasm. 

Li et al. (2019)  Stage 1 (Neurosphere formation): Serum-free DMEM/F12 with 2% B27 
supplement, 20 ng/ml bFGF, and 20 ng/ml EGF for 6–8 days. 
 
Stage 2: Poly-D-lysine coating, serum-free neurobasal medium with 2 mM 
L-glutamine, 1% N2, 2% B27, 30 ng/ml NT-3, and 1 mM N6,2’-O-
dibutyryladenosine 3’, 5’-cyclic monophosphate (dbcAMP) for 4 weeks 
 

5–6 
weeks 

Functional neuronal like cells 
expressing TUBB3, synapsin, 
GFAP, CNPase, MAP2, NFM, 
GAD67, Nav1.6, NF1, NSE, and 
PSD95 with neuro-
electrophysiological profile. 

Gonmanee et al. (2018) Stage 1 (neurosphere induction): DMEM/F12 with 20 ng/ml bFGF, 20 
ng/ml EGF, 2% B-27 in low attachment wells.  
 
Stage 2: poly-L-ornithine and laminin coating, DMEM/F12 with 20 ng/ml 
NT-3, 20 ng/ml BDNF, 20 ng/ml GDNF, 2% N-2, and 2% B-27 
supplement. 
 

19-23 
days 

Function spiral ganglion neuronal-
like cells expressing Tuj1/TUBB3, 
GFAP and spiral ganglion neuronal 
markers (GATA3, and NTRK2) 
with intracellular calcium activity.  
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Table 1.3 Neuronal differentiation studies of adult hDPSCs (continued) 

 
Study 

 
Successful differentiation supplementation protocol  

(all media containing 1% antibiotic supplement-Pen-Strep) 
 

 
Duration 

 
Outcomes 

(neuronal markers + characteristics) 

Jang et al. (2018) Geltrex LDEV coating 10% FBS advanced Dulbecco’s modified Eagle’s 
medium (ADMEM) containing 4 µg/ml tricyclodecane-9-yl-xanthogenate 
(D609). 
 

3 days Neuroanl-like cells expressing 
cholinergic neurotransmitter 
(ChAT), and motor neuronal 
markers; homeobox (HB9).  

Bonaventura et al. (2018) Stage 1: DMEM with 40 ng/ml bFGF, 20 ng/ml hEGF, 1 mM dbcAMP, 0.5 
mM IBMX, 10 ng/ml BDNF, and 10 ng/ml NGF for 6 days. 
 
Stage 2: maintaining media10% FBS DMEM with 10 mM retinoic acid for 
20 days. 
 

26 days Neuronal-like cells expressing NF-
M, NF-H, NSE and MAP2. 

Geng et al. (2017) Stage 1: DMEM media with 15 mM resveratrol for 12h. 
 
Stage 2: DMEM/F12 with 500 mM β-mercaptoethanol, 10 ng/ml bFGF, 
and 10% FBS for 24h. 
 
Stage 3: Serum-free DMEM/F12 with 2% dimethyl sulfoxide, 100 Mm 
butylated hydroxyanisole for 6h. 
 

2 days Neuronal-like cells express NF-M, 
NES, and Musashi. 
 

 Haratizadeh et al. (2017) DMEM/F12 with 10–7 μm Retinoic acid and 10% Sprague-Dawley rat 
cerebrospinal fluid. 
 

8 days Neuronal glial-like cells express 
MAP2, and GFAP markers. 

Moayeri et al. (2017) Stage 1: 5% FBS DMEM-F12 with 1M retinoic acid for 4 days. 
 
Stage 2: DMEM/F12 medium with 10 ng/ml bFGF, and 5 ng/ml PDGF for 
8 days. 
 

12 days Oligoprogenitor cells expressing 
NES, glial markers (NG2, Olig2, 
and protein O4), and 
oligoprogentor markers (PDGFR-α 
and Olig2 genes) 
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Table 1.3 Neuronal differentiation studies of adult hDPSCs (continued) 

 
Study 

 
Successful differentiation supplementation protocol  

(all media containing 1% antibiotic supplement-Pen-Strep) 
 

 
Duration 

 
Outcomes 

(neuronal markers + characteristics) 

Goorha and Reiter (2017) Stage 1 (Epigenetic reprogramming): 2.5% FBS DMEM:F12 with 10 μM 
5-Azacytidine, and 10 ng/ml bFGF in Poly-D-Lysine coating wells. 
 
Stage 2 (neural differentiation): 250 μm IBMX, 50 μM Forskolin, 200 nM 
TPA (Phorbol 12-myristate 13-acetate), 1 mM dbcAMP, 10 ng/ml NGF, 10 
ng/ml bFGF, 30 ng/ml NT-3, 1% insulin-transferrin-sodium selenite 
premix (ITS).  
 
Stage 3 (neuronal maturation): Neurobasal-A Medium, 1mM dbcAMP, 1% 
N2 supplement, 1% B27, 30 ng/ml NT-3, and 1× Glutamax. 
 

6-8 
weeks 

Mixed neuronal-like cell (astrocyte 
and pyramidal neuronal-like cell) 
expressing TUJ1, NeuN, GFAP, 
synaptic and ion channel markers. 

Zhang et al. (2017) Serum-free low glucose DMEM/F12 medium supplemented with 2% N2, 
2% B27, 25 ng/ml BDNF, 25 ng/ml bFGF, and 100 ng/ml NGF.  
 

7 days Neuronal-like cells expressing 
NES, MAP-2, βIII-tubulin, and 
GFAP 

Gnanasegaran et al. (2016) Stage 1: Neurobasal media with B27 supplement, 20 ng/ml bFGF and 20 
ng/ml EGF for 9 days. 
 
Stage 2: Neurobasal media with 200 ng/ml SHH, 100 ng/ml fibroblast 
growth factor 8 (FGF8), 10 ng/ml BDNF and 10 µmol/L forskolin for 7 
days. 
 

16 days Dopaminergic neuronal-like cells 
expressing dopamine acetyl 
transferase (DAT), TH, NES, 
TUBB3, PAX6, GFAP, MSI, 
NCAM, and NURR1. 

Jung et al. (2016) Stage 1: DMEM/F12 medium supplemented with 1% B27, 1% N2, 100 
ng/ml SHH, 100 nM retinoic acid, 10 ng/ml GDNF, 10 ng/ml BDNF, and 
10 ng/ml insulin-like growth factor-1 on type I and IV collagen, laminin 
and fibronectin (10!g/ml) coated-well plate for 2 weeks. 
 
Stage 2: adding 1mM dbcAMP and 10 !M forskolin for 1 week. 
 

3 weeks Neuronal-like cells expressing the 
following markers (TUBB3, Olig2, 
Pax6, Mash1, DCX, Map2, nestin, 
NeuroD1, NCAD, NCAM, Sox1, 
and Sox2). 
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Table 1.3 Neuronal differentiation studies of adult hDPSCs (continued) 

 
Study 

 
Successful differentiation supplementation protocol  

(all media containing 1% antibiotic supplement-Pen-Strep) 

 
Duration 

 
Outcomes 

(neuronal markers + characteristics) 
Chun et al. (2016) Stage 1: gelatin-coating with recombinant mouse leukemia inhibitory factor 

(LIF)-containing knockout-ES (KO-ES/LIF) medium, which is composed of 
DMEM, MEM non-essential AA, FBS and β-mercaptoethanol for 3-4 days. 
 
Stage 2: KO-ES medium without LIF for 4 days 
 
Stage 3: DMEM/F-12 with human ITS or fibronectin medium with L-
glutamine, glucose, NaHCO3, and bovine fibronectin for 6-8 days. 
 
Stage 4: poly-L-ornithine or fibronectin-coating with N-2-supplemented 
medium with bFGF, FGF-8b, Shh-N, and ascorbic acid for 4-6 days. 
 
Stage 5: N-2 or ascorbic acid medium for 10-15 days 

27-37 days Dopaminergic neuronal-like cells 
expressing TH, NES, TUBB3, 
GFAP, MBP, and PAX6. 

Ullah et al. (2016) Adapted Media A of Arthur et al. (2008) with minor changes; Geltrex LDEV 
coating, and using neural basal A media with B27 supplement, 30 ng/ml 
bFGF, and 20 ng/ml EGF. 

3 weeks Functional neuronal like expressing 
TUBB3, MAP2, NF-M, NF-H, 
NGF, TAU, synapsin and 
synaptophysin with neuro-
electrophysiological profile. 

Zhang et al. (2016a) 2% N2, 2% B27, 40 ng/ml NGF, 25 ng/ml BDNF, and 25 ng/ml bFGF in the 
chitosan scaffolds 

14 days Neuronal-like cells expressing 
nestin, GFAP, MAP-2, and CNPase 
improved functional recovery upon 
implantation in spinal cord injury 

Gervois et al. (2015) Stage I (neurosphere induction): DMEM/F12 containing 2% B27, 20 ng/ml 
bFGF, and 20 ng/ml EGF in low attachment dishes for 6–8 days.  
 
Stage II: Neurobasal medium supplemented with 2% B27, 1% N2, 2 mM L-
glutamine, 1 mM dbcAMP, 30 ng/ml NT-3 on poly-L-ornithine and Laminin 
coated-well plate/dishes for 4 weeks. 

5 weeks Functional neuronal-like cells 
expressing NeuN, MAP2, GAP43, 
neural CAMs, synapsin I, and 
synaptophysin. In addition, 
secretion of NGF, VEGF, and 
BDNF with neuro-
electrophysiological profile. 
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Table 1.3 Neuronal differentiation studies of adult hDPSCs (continued) 

 
Study 

 
Successful differentiation supplementation protocol  

(all media containing 1% antibiotic supplement-Pen-Strep) 
 

 
Duration 

 
Outcomes 

(neuronal markers + characteristics) 

Chang et al. (2014)  Basic neural induction media: DMEM/F12 serum-free media containing 
N2, heparin, nonessential amino acids  
 -Motor neural induction: 
Stage 1: basic neural induction with 0.1 µm ATRA.  
 
Stage 2: basic neural induction with 100 ng/ml sonic hedgehog (SHH) and 
0.1 µm ATRA. 
 
Stage 3: basic neural induction with 0.1 µm retinoic acid, 100 ng/ml SHH, 
1 µm Cyclic adenosine monophosphate (cAMP), and 200 ng/ml ascorbic 
acid. 
 
Stage 4: basic neural induction with 10 ng/ml BDNF, 10 ng/ml GDNF, 10 
ng/ml IGF-1, 1 µm cAMP, and 200 ng/ml ascorbic acid. 
 
-Dopaminergic neural induction: 
 
Stage 1: N2 media and DMEM/F12 with N2-A, and 300 ng/ml noggin 
supplements.  
 
Stage 2: BASF media containing N2 medium, 50 mg/ml BDNF, 50 mg/ml 
SHH 200 mM ascorbic acid, and 50 mg/ml FGF-8b. 
 
Stage 3: BASF medium without bFGF. 
 
Stage 4: BCT-GA medium containing N2 medium, BDNF 50 mg/ml, 
ascorbic acid 200 mM, GDNF 10 ng/ml, TGF-bIII 2 mg/ml, and cAMP 
200 mM. 
 

15 days Dopaminergic and cholinergic 
neuronal like cells expressing 
TUBB3 and NES, and GFAP. 
Moreover, TH in dopaminergic 
neuronal-like cells, and CHAT in 
cholinergic neuronal-like cells. 
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Table 1.3 Neuronal differentiation studies of adult hDPSCs (continued) 

 
Study 

 
Successful differentiation supplementation protocol  

(all media containing 1% antibiotic supplement-Pen-Strep) 
 

 
Duration 

 
Outcomes 

(neuronal markers + 
characteristics) 

Osathanon et al. (2014) Stage I: Neurobasal medium containing 2 mM L-glutamine, 2% B27, 5 
µg/ml amphotericin B, 20 ng/ml bFGF, and 20 ng/ml EGF in low 
attachment dishes for 7 days. 
 
Stage II: Neurobasal medium supplemented with 10-7 nM retinoic acid, 2 
mM L-glutamine, 2% B27, 5 µg/ml amphotericin B, 20 ng/ml bFGF, and 
20 ng/ml EGF for 7 days on Collagen IV coated dishes. 
 

14 days Functional neuronal-like cells 
expressing SOX2, SOX9, TUBB3, 
and GABA neurotransmitter 
receptors with intracellular Ca+2 
activity. 

Kanafi et al. (2014) Stage 1: Neurobasal medium containing 0.5% B27, 100 ng/ml FGF8, 50 
ng/ml bFGF, and 200 ng/ml SHH for 3 days. 
 
Stage 2: Neurobasal media containing 0.5% B27 and BDNF for 6 days. 
 

9 days Functional dopaminergic neuronal-
like cells expressing dopaminergic 
neuronal makers (TH, Nurr1, En1, 
and Pitx3) with intracellular Ca+2 
activity 

Martens et al. (2014) Stage 1: Free FBS α-MEM medium containing 2 mM l-glutamine and 1 
mM β-mercaptoethanol for 24h. 
 
Stage 2: 10% FBS α-MEM medium with 35 ng/ml ATRA for 72h. 
 
Stage 3: 10% FBS α-MEM medium with 5 µM forskolin, 5 ng/ml platelet-
derived growth factor AA (PDGFaa), 10 ng/ml b-FGF, and 200 ng/ml 
heregulin-β-1 for 2 weeks.  
 

18 days Schwann-like cells expressing 
NES, GFAP, and neurotrophic 
factors (b-NGF, BDNF, GDNF, 
and NT-3). 

Bonnamain et al. (2013) Basal medium (serum-free) supplemented with 2 ml N2, 10 ng/ml EGF, 25 
ng/ml bFGF, and 0.2% heparin solution. 

4 weeks  Neural-like cells expressing NES, 
TUBB3, NF-M, and 
Oligodendrocyte marker (PLP1). 
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Table 1.3 Neuronal differentiation studies of adult hDPSCs (continued) 

 
Study 

 
Successful differentiation supplementation protocol  

(all media containing 1% antibiotic supplement-Pen-Strep) 
 

 
Duration 

 
Outcomes 

(neuronal markers + characteristics) 

Király et al. (2009) Stage I: DMEM/F12 supplemented with 10 µM 5-azacytidine, 10 ng/ml 
bFGF, 2.5% FCS on poly-L-lysine coated-well plate for 48h. 
 
Stage II: DMEM/F12 containing 50 µM forskolin, 250 µM IBMX, 200 nM 
TPA, 1 mM dbcAMP, 10 ng/ml NGF, 10 ng/ml bFGF, 30 ng/ml NT-3, and 
1% ITS for 3 days. 
 
Stage III: Neurobasal A media containing 1% N2, 1% B27, 1 mM 
dbcAMP, and 30 ng/ml NT-3 for 3–7 days. 
 

8-12 
days 

Neuronal-like cells expressing N-
tubulin, NSE, NF-M, NGN2, NeuN 
and GFAP with functional activity 
of voltage-activated sodium and 
potassium channels. 

Arthur et al. (2008) Media A: Neurobasal with B27 supplement, 20 ng/ml EGF, and 40 ng/ml 
bFGF for 3 weeks on Laminin-coated wells.  
 
Media B: 
Stage 1: using Media A for 7 days.  
 
Stage 2: DMEM/F12 media and ITTS + 40 ng/ml FGF for 7 days. 
 
Stage 3: DMEM/F12 media, ITTS, 40 ng/ml FGF, and 0.5 µM retinoic acid 
for 7 days. 
 

 3 weeks.  Functional neuronal like cells 
expressing TUBB3 and NES, PSA-
NCAM, NF-M and NF-H with 
neuro-electrophysiological profile 
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Notably, serum supplementation also demonstrated much variation in the DPSC 

differentiation protocols as is presented in Table 1.3, for example, several studies used a 

standard serum level of 10% at least in one of the differentiation steps (Laudani et al., 2020; 

Rafiee et al., 2020; Jang et al., 2018; Bonaventura et al., 2018; Geng et al., 2017; Chun et al., 

2016; Martens et al., 2014), and other studies used reduced serum levels (2.5 to 5%) to 

differentiate hDPSCs (Kogo et al., 2020; Goudarzi et al., 2020; Moayeri et al., 2017; Goorha 

and Reiter, 2017; Király et al., 2009). Relatively few studies have used completely serum-free 

media without using serum alternative supplements (Luke et al., 2020; Chang et al., 2014; 

Bonnamain et al., 2013). However, the majority of the presented DPSC differentiation studies 

used serum-free media but supplemented with serum alternative supplement (B27) (Chen et al., 

2008; Brewer et al., 1993; Brewer, 1995). In this context, it is understood that reduction or 

removal of serum levels increased the neuronal differentiation in neuronal cell lines and DPSCs 

(Kumar and Katyal, 2018; Darmon, Bottenstein and Sato, 1981; Chang et al., 2014). In contrast, 

Croft and Przyborski (2006) reported that serum removal from culture is an environmental 

culture stressor which resulted in pseudo-neuronal morphology and expressions. The concept 

of serum removal from cell culture media has other reasons such as risk of pathogen 

transmission, and serum variability which would affect the properties of cells and 

reproducibility of results (Karnieli et al., 2017; McGillicuddy et al., 2018). However, indeed, 

it would be of interest to investigate whether the reduction of the serum level in neurogenic 

media would increase neuronal differentiation. Overall, it is presently clear that it is debatable 

whether DPSCs can in fact be differentiated into bona fide neuronal cells and no consensus 

exists regarding the optimal method to differentiate the hDPSCs into neuronal cell models. It 

would be of interest to investigate whether the successful differentiation protocol of 

neuroblastoma cell line (SH-SY5Y) (Encinas et al., 2000) could differentiate hDPSCs into 
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neuronal cell models which may offer a useful human neuronal model for in vitro testing and 

neuronal cell replacement therapies. Furthermore, LIPUS has the potential to induce neuronal 

cell proliferation which is critical to the success of nerve regeneration for regenerative 

endodontics and nerve injuries, including dental divisions of trigeminal nerve. Consequently, 

the current studies were designed to examine whether serum levels would potentiate the 

neuronal differentiation in neuroblastoma cell line (SH-SY5Y) and develop the neuronal cell 

models derived from hDPSCs and SH-SY5Y. Subsequently, these neuronal cell culture models 

were used to investigate potential effects of LIPUS, and study whether the reported neuro-

reparative signalling (ERK signalling pathway) is involved in the neuronal cell differentiation 

and proliferation. 

1.8. Hypotheses 

It is hypothesised that human DPSCs may be differentiated into functional neuronal cells in 

vitro. This differentiation cell model may facilitate the study of LIPUS use for nerve 

regeneration. Therefore, it would be possible to promote neuronal progenitor proliferation, 

thereby positively affecting the therapeutic outcome in neuronal regeneration. 
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1.9. Aims and objectives 

1.9.1. Aims 

The overall aim of this PhD research was to investigate LIPUS as a therapeutic modality for 

nerve regeneration and therefore might provide a new avenue of potential treatment regimes in 

regenerative endodontics and nerve injury treatment. 

1.9.2. Objectives 

§ Establish and characterise neuronal differentiation models using the SH-SY5Y human 

neuroblastoma cell line. 

§ Develop and characterise a hDPSC-derived neuronal cell culture model. 

§ Investigate the effect of LIPUS on the hDPSC and SH-SY5Y-derived neuronal-like 

cells. 

§ Evaluate the role of the ERK/MAPK signalling pathway in the hDPSC and SH-SY5Y- 

derived neuronal cell model differentiation and LIPUS effect.  
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CHAPTER 2:  MATERIALS AND METHODS  
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2.1. Cell culture 

2.1.1.  SH-SY5Y Cell culture  

The SH-SY5Y neuroblastoma cell line (ATCC® CRL-2266™, USA) was cultured in a T75 

flask with 10 ml of complete growth media containing Dulbecco’s modified Eagle’s 

medium/Ham's nutrient mixture F12 (DMEM/F12) (Sigma Aldrich, UK) with 1% antibiotics 

(penicillin/streptomycin (100 IU.ml− 1) (Sigma-Aldrich, UK), and 10% foetal bovine serum 

(FBS) (Biosera, UK). Cells were incubated in a humidified incubator (Heracell 150i, Thermo 

Scientific, UK) at 37 °C with 5% CO2. Medium change was every 3-4 days. 

The cells were subcultured twice per week when the cells reached 80-90% confluence. 

These cultures displayed a mixture of detached (N-type) and adherent cells (S-type). The 

supernatant containing the detached cells was transferred to 50 ml falcon tube, and the adherent 

cells were detached using 0.25% trypsin-ethylenediaminetetraacetic acid (Trypsin-EDTA) 

(Sigma, UK), and reincubated for 1-2 min at 37 °C with 5% CO2. Trypsinisation was stopped 

by adding a double volume of complete growth media with gentle agitation of the flask to 

remove the cells, and then transferring this to combine with the detached cells in the previously 

described 50 ml falcon tube. The collected cell suspension was then centrifuged at 220 x g for 

3 min, and the resulting pellet was re-suspended in 1 ml complete growth media; the cells were 

then counted as mentioned in section 2.3 to have 1x104 cells/cm2 for subculturing seeding or 

1x106 cells/ml per vial for cryopreservation. 

Cryopreservation was performed by resuspension of the cells with cryopreserved media 

(20% FBS, 10% dimethyl sulfoxide (DMSO) (Sigma, UK), and 70% DMEM/F12 media), and 

aliquoted into 1 ml of cell suspension/vial. Vials were then labelled and kept in Mr. Frosty 

freezing container (Thermo Scientific, UK) at -80 °C freezer overnight before final transfer to 
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the vapour phase of liquid nitrogen for long term storage. Passages 18 to 22 were used for the 

studies described in this thesis. All other materials were obtained from Sigma-Aldrich (Dorset, 

UK) and all plasticware from Thermo Scientific, UK unless otherwise stated. 

2.1.2. DPSC culture 

Human DPSCs were purchased from two different suppliers (see the details in Table 2.1). 

hDPSCs were initially cultured and subcultured using the suppliers’ commercial media and 

other supplements until a sufficient stock of frozen cells with low passages (1-3) were 

generated. Cultures were incubated at 37 °C in a humidified atmosphere containing 5% CO2 

until 80-90% confluence. The cells were either subcultured or cryopreserved using the method 

described in section 2.1.1, but the trypsinisation time was 3 min. Cells were subcultured at 5-6 

x 103 cells/cm2 density and cryopreserved at 5 x 105 to 1 x 106/ml in 7.5% DMSO, and 92.5% 

complete media according to the suppliers’ recommendations. Cryopreserved cells were 

revived using the standard alpha-modified minimum essential medium (α-MEM) (Biosera, UK) 

with 2 mM L-glutamine supplemented and 1% antibiotics (penicillin/streptomycin - 100 

IU.ml− 1), and 10% FBS. Passage 2-4 were used for conducting the studies. 
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Table 2.1 Data for hDPSCs used in this project 

Reported 
Information 

DPSCs 

(Lonza, Slough, UK) 

DPSCs 

(Axol, Cambridge, UK) 

Product code PT-5025 ax3901 

Donor gender Male Female 

Donor age 16 yrs. 14 yrs. 

Tooth Third molar Third molar 

Stem cell markers 

≥ 90% positive for CD105, CD166, 
CD29, CD90 and CD73 markers. 
≤ 10% positive for CD34, CD45, 

and CD133 markers. 

> 90% positive for CD29, CD44, 
CD90, and CD105 markers. 

< 10% positive for CD34 and CD45 
markers. 

Multilineage 
differentiation 
ability 

Osteogenic, adipogenic, and 
chondrogenic, and neurogenic 

differentiation. 

Osteogenic, adipogenic, and 
chondrogenic differentiation. 

Virus and 
Microbiological 
testing 

Negative Negative 

The culturing and 
subculturing 
materials to 
prepare a good 
cryovial stock. 

- DPSC BulletKit™ Medium (PT-
3005, Lonza) supplied as 1 ml/5 

cm2 includes: 
DPSC basal Medium (PT-3927, 

Lonza) 

 DPSC Growth Medium (PT-4516); 
contains 50 ml DPSC growth 

supplement, 10 ml L-glutamine, 5.0 
ml Ascorbic Acid; 0.5 ml 

Gentamicin/Amphotericin-B to  

 
-Reagent Pack™ Subculture 

Reagents (CC-5034, UK); HEPES 
Buffered Saline Solution, 0.25% 

Trypsin/EDTA, and Trypsin 
Neutralizing Solution (TNS). 

- Alpha-modified minimum essential 
medium (α-MEM) (Biosera, UK) with 

2 mM L-glutamine, 1% antibiotics 
(penicillin/streptomycin (100 IU.ml− 

1), and 10% FBS. 

 

- Standard subculturing materials; 
(0.25% Trypsin/EDTA, and 10% FBS 

complete media). 
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2.2. Neuronal differentiation method 

The cells were seeded with the standard 10% FBS media at an initial density of 5000/cm2 (SH-

SY5Y), and 625/cm2 (DPSCs) which had been previously determined during preliminary 

experiment growth curves. Depending on the assay and the experiment and the cells were either 

cultured in 35-mm Petri dish, in 6-well plate with collagen-I coating, or in T25 flasks (Thermo 

Fisher Scientific, UK) and left overnight. For immunocytochemistry, the cells were cultured 

onto laminin/collagen-coated coverslips (Electron Microscopy Sciences, UK). The neuronal 

differentiation was induced by the following 2 supplementation protocols in DMEM/F12 media 

with 1% antibiotics (Sigma-Aldrich, UK): (1) 10 µM all-trans retinoic acid (ATRA) with 5% 

or 10% FBS for 12 days and (2) 10 µM ATRA with 5% or 10% FBS for 5 days followed by 50 

ng/ml brain-derived neurotrophic factor (BDNF) exposure in serum-free media for 7 days as 

illustrated in Figure 2.1. These test groups were performed in parallel with controls: (3) 5% or 

10% FBS-media for 12 days and (4) 10 µM ATRA with 5% or 10% FBS-media for 5 days 

followed by serum-free media for 7 days. The ATRA-supplemented groups were incubated 

with foil coverage to avoid ATRA degradation due to light exposure (Sharow, Temkin and 

Asson-Batres, 2012). All cultures were washed twice with non-supplemented media before the 

final 7-day differentiation stage. The cells were incubated at a temperature of 37 °C, and 5% 

CO2 concentration, and media changed after 2-3 days for the initial 5 days and after 3-4 days 

for the final 7 days. 

 
Figure 2.1 Summary of timeline and interventions for neuronal differentiation methods. 
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Cell seeding

BDNF-no FBS or 
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2.3. Trypan Blue exclusion assay 

Cell suspensions prepared following Trypsin/EDTA treatment were mixed with an equal 

volume (20 µl) of 0.4% (w/v) Trypan blue cell dye (Life Technologies, Thermo Fisher 

Scientific, UK). This mixture was transferred to the haemocytometer’s chamber (an improved 

Neubauer haemocytometer; Hawksley, UK); the number of stained, and unstained cells (viable 

cells) were manually counted under a phase-contrast microscope (Zeiss, Carl Zeiss Limited, 

UK). All samples were counted twice. The average number of cells per chamber was taken and 

multiplied by 104 and the dilution factor to obtain the number of viable cells per ml. 

2.4. AlamarBlue assay 

The AlamarBlue (AB) assay is a fluorometric/colorimetric assay based on metabolic activity 

and was used to assess cell viability, proliferation, and cytotoxicity (Fields and Lancaster, 1993; 

O'Brien et al., 2000; Monteiro et al., 2012). The assay utilises an oxidation-reduction indicator 

that changes the blue colour of the AB (resazurin: the oxidised form) to a pink colour (resorufin: 

the reduced form); the more oxygen uptake from the resazurin structure by respiring cells, the 

greater the intensity of the pink colour due to the increased resorufin produced. AlamarBlue 

powder (Sigma Aldrich, UK) was dissolved in phosphate-buffered saline (PBS) at a ratio of 

0.15mg/ml (stock solution). This stock solution was diluted in the blank culture media to give 

a final concentration of 10%. The AlamarBlue prepared media was added to the cells in each 

well and then incubated up to 3.5h at 37 °C with 5% CO2 with tin foil coverage to protect 

photosensitive AB from light exposure (Rampersad, 2012). Moreover, negative control wells 

(prepared AlamarBlue media added to wells without cells) were used for the method validity 

and calculation purposes (i.e., were used as “blank”). After incubation, 100 μl of the solution 

was transferred to a well of the 96-well plate (Nunc™, Thermo Fisher Scientific, UK) having 

at least 10 replicates wells of each group (control, and test, and blank wells). Absorbance was 
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read at 570 nm and 600 nm using a Spark microplate reader (Tecan Trading AG, 

Switzerland/ELX 800; Biotek Instruments Inc, UK). The reduction percentage of AlamarBlue 

was calculated using the following equation: 

!"#$"%&'("	#"*+$&,-%	-.	/0'1'#20+" = (O2	 × 	A1) −	(O1	 × 	A2)
(R1	 × 	N2) −	(R2	 × 	N1) × 100 

Where: 
O1 = molar extinction coefficient (E) of oxidized AlamarBlue (Blue) at 570 nm 

O2 = E of oxidized AlamarBlue at 600 nm 

R1 = E of reduced AlamarBlue (Red) at 570 nm 
R2 = E of reduced AlamarBlue at 600 nm 

A1 = absorbance of test wells at 570 nm 

A2 = absorbance of test wells at 600 nm 

N1 = absorbance of negative control well (media plus AlamarBlue but no cells) at 570 nm 
N2 = absorbance of negative control well (media plus AlamarBlue but no cells) at 600 nm 

 

2.5. Morphological analyses 

Morphological changes such as neurite outgrowth are characteristic of neuronal cells and 

determinants of neuronal cell health, connectivity, and subsequently function through signal 

transmission (Reese and Drapeau, 1998; Polleux and Snider, 2010). They are also considered 

as a vital indicator of neuronal development and regeneration (Polleux and Snider, 2010; 

Alberts et al., 2002). Two different approaches were selected to assess the neuronal 

differentiation depending on the neurite formation, namely: image analysis and neurite 

outgrowth assay (automated cell membrane quantification). 

2.5.1. Image preparation and analysis 

All images were captured under X10 and X40 magnification using phase-contrast inverted 

microscopes (Axiovert 25, Zeiss, UK/Nikon Eclipse TE300 microscope, Japan). All phase 

contrast images were background corrected using the flat-field correction technique 
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(https://imagej.net/Image_Intensity_Processing): the experimental image intensity was divided 

by the intensity of the flat-field image (image without cells) and multiplied by mean of all 

images (experimental images and flat-field image). Subsequently, all experimental images were 

converted to black and white 8-bit images. This background correction was processed in Fiji 

(ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA) (Schindelin et al., 

2012) using image calculator plus plugin (https://imagej.nih.gov/ij/plugins/calculator-

plus.html). Flat-field and experimental images were captured under the same parameters such 

as magnification, contrast-phase ring, and light. 

The neurite-like extensions were analysed using semi-automatic tracing plugin - 

NeuronJ (Meijering et al., 2004; Meijering, 2010) in Fiji ImageJ software. The most apparent 

(longest) extended neurites (n = 10) were measured in ten random images taken from 9 equal 

sectors of each experimental group’s well (100 neurite measurements per group). NeuronJ was 

calibrated for micrometre scale and phase contrast images. All measurements were exported to 

a Microsoft Excel file (XLS extension), and tracings were stored for future reference. 

The differentiation percentage was calculated using a Cell Counter plugin 

(https://imagej.nih.gov/ij/plugins/cell-counter.html) in Fiji ImageJ software. The cells were 

considered as differentiated when the cell had one or more apparent neurites of length ≥50μm 

(Påhlman et al., 1981; Påhlman et al., 1984; Nicolini et al., 1998; Brown et al., 2005). Both 

total and differentiated cells were counted, and the labelling index was blue for total cell count 

and had a red index for cells with neurite-like extension ≥ 50 µm. The total number of 

differentiated cells was divided by the total cell number and then multiplied by 100 to convert 

to a percentage. The average was taken from 10 random images per each group. 
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2.5.2. Neurite outgrowth assay 

Since the neurite outgrowth emanating from the cell bodies change the total amount of cell 

membrane surface area, the neurite outgrowth assay using cell membrane stain was used to 

quantify neurite projections alongside calcein AM stain (a cell-permeable esterase substrate) as 

a reporter of the cell viability (Hancock et al., 2015). Hence, the neurite outgrowth staining 

assay kit (Thermo Fisher Scientific, USA) was used according to the manufacturer’s 

instructions. The working solution was prepared of cell membrane stain (a measure for neurite 

outgrowth) and cell viability indicator in blank PBS or PBS containing 4% paraformaldehyde 

(Alfa Aesar, UK). This solution was applied to cells with an incubation time of 15 min at 

standard culture conditions and then was replaced by a background suppression solution. Free-

cell wells were also included for background subtraction. The relative fluorescence 

quantification was immediately read using the bottom mode of the Spark microplate reader 

(Tecan Trading AG, Switzerland) with the reading parameters described in Table 2.2. For 

confocal microscopy scanning, the coverslips were mounted on microscope slides and scanned 

using the parameter settings mentioned in Table 2.3. 

 

Table 2.2 The fluorescent intensity reading parameters 

Dye (colour) Excitation (nm) Emission (nm) Bandwidth (nm) 

Cell membrane stain (orange-red) 554 567 5 

Cell viability indicator (green) 483 525 12 
 

 

2.6. Immunocytochemistry 

Cells were fixed using 4% paraformaldehyde in PBS (Alfa Aesar, UK) for 10 min, and then 

gently washed twice with PBS. The permeabilization step with 0.5% Triton X-100 in PBS for 
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10 min was only performed for the intracellular antibody (Anti-Ki67), and then gently washed 

with PBS (3x10 min). Subsequently, the cells were blocked for 1h with block solution (3% 

bovine serum albumin BSA, 0.1% Triton X-100, and 10% goat serum (#G-9023, Sigma, UK) 

in PBS). The cells were then incubated with the desired diluted primary antibody (diluent 

buffer: 3% BSA and 0.05% tween-20 in PBS; see the antibodies and dilutions in Table 2.4) and 

kept overnight at -4 °C. The negative controls were incubated with antibody diluent buffer alone 

(without the primary antibody). The cells were gently washed with PBS (3x10 min) and then 

incubated for 1h with the diluted secondary antibody (see the antibodies and dilutions in the 

Table 2.4) in a dark box or covered with foil to protect the conjugated secondary antibody from 

the light exposure. Finally, the cells were gently washed with PBS (3x10 min) and mounted on 

microscopy slides with mounting containing DAPI (Abcam, UK) or incubated with DAPI for 

5 min, and then mounted with aqueous mounting media (Abcam, UK). The slides were stored 

in the dark at 4 °C until microscopy scanning was performed. 

All slide groups were multi-track scanned under 40x-oil lens magnification using the 

Zen 2011 software (Zeiss LSM software, Germany) of the confocal microscopy (Zeiss LSM 

700 confocal microscope, Germany) with the acquisition parameters described in the Table 2.3. 
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Table 2.3 Imaging settings for confocal microscopy 

Dyes Wavelength 
(colour) Laser Gain 

(master) 
Digital gain 

(offset) Pinhole size Speed Scan mode Averaging 

Alexa 488 488 (green) 15 500-600 1 (0) 1 *AU (32.8) 7 Frame 4 

Alexa 555 555 (red) 15 450-500 1 (0) 1 *AU (33.6) 7 Frame 4 

DAPI 405 (blue) 15-20 600-700 1 (0) 1 *AU (28.8) 7 Frame 4 

*AU = airy unit (recommended unit for detection efficiency and depth discrimination). 
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Table 2.4 Immunofluorescence antibodies and dilutions used 

Antibody Type Host 
species Description Dilution Reactivity Product 

number Supplier 

Anti-βIII-tubulin 
(2G10) 

Primary Mouse Monoclonal 1:400 
Human, rat, 

mouse 
T8578 

Sigma-Aldrich, 
UK 

Anti-βIII-tubulin 
(2G10) 

Primary Mouse Monoclonal 1:500 

Human, mouse, 
rat, rabbit, 

chicken, cow, 
cat, quail 

ab78078 Abcam, UK 

Anti-160kD 
Neurofilament 
Medium 

Primary Rabbit Polyclonal 1:1000 Human, rat, cow ab9034 Abcam, UK 

Anti-GFAP Primary Rabbit Monoclonal 1:500 Human, rat ab33922 Abcam, UK 

Anti-Ki67 Primary Rabbit Polyclonal 1:200 
Human, mouse, 

rat 
ab66155 Abcam, UK 

Alexa Fluor 488 Secondary Goat Monoclonal 1:400 Anti-mouse A20181 
Invitrogen, 

Thermo Fisher 
Scientific, UK 

Alexa Fluor 555 Secondary Goat Polyclonal 1:500 Anti-Rabbit ab150078 Abcam, UK 
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2.7. Electrophysiological recordings 

The cell patch-clamp method was used to investigate the functionality of the established 

neuronal-like models in comparison with controls. After the 12-day differentiation protocol 

(section 2.2), the cells were detached with trypsin as described in section 2.1 and suspended in 

10% FBS DMEM/F12. The cell suspensions were transferred with numeral coding to ensure 

blinded recordings regardless of the group status. The sodium (Na+) and potassium (K+) channel 

ions voltage recordings were conducted as follows: 

2.7.1. Na+ channel ions voltage recordings 

Cells were placed in a microscope chamber which was perfused at 3 ml/min with an 

extracellular solution containing (in mM): 145 NaCl, 4.5 KCl, 2 NiCl2, 1.8 CaCl2, 1.2 MgCl2, 

10 HEPES and 10 glucose, adjusted to pH 7.4 with CsOH. Voltage-clamp recordings were 

performed at room temperature using an Axopatch 200B amplifier (Molecular Devices, CA, 

USA), a CED micro1401 driven by Signal v6 (CED, UK), and borosilicate glass pipettes (tip 

resistance 1.5–3 MΩ). This borosilicate glass pipette had an internal solution containing (in 

mM): 115 CsCl, 5 NaCl, 0.5 MgCl2, 10 EGTA, 5 Mg-ATP, 10 HEPES and 20 TEA, adjusted 

to pH 7.2 with CsOH. The sodium currents were set at 50 kHz with 20 kHz low-pass filtration, 

and the series resistance was in the range of 6-8 MΩ (the compensation between 80% and 

100%). To test the current-voltage relationships, the 100 ms step depolarisations was used over 

membrane potentials in the range of -40 mV to +60 mV at a holding potential of -100 mV with 

5 mV increments. The currents were normalised to the cell membrane capacitance to remove 

any differentiation change effect on the cell size and then expressed in pA/pF as current density. 

Due to clear INa voltage magnitudes (below2nA), using low sodium external solution was not 

needed, and a sufficient control was established as demonstrated in the bell-shaped I/V plot 
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results. The current-voltage (I-V) relationship curve data were fitted using the following 

modified Boltzmann equation (Spencer et al., 2001): 

2.7.2. K+ channel ions voltage recordings 

The K+ currents were recorded with the same external solution, but the internal pipette solution 

contained the following (in mM): 135 KCl, 5 NaCl, 10 EGTA, 3 Mg-ATP, 0.5 Na3GTP, 10 

HEPES and 5 glucose; pH adjusted to 7.2 using KOH. The Ca2+ independent K+ currents were 

evoked at a holding potential of -70 mV using 5 mV interval step depolarisations (500 ms 

duration) and obtained over the range of membrane potentials of -60 mV to +40 mV, and the 

voltage dependent was at 1 Hz. In some minimally inactivated currents cells, the duration was 

adjusted to 300 ms after the initial pulse. The K+ currents were also corrected against the cell 

membrane capacitance to remove any effect on the cell size due to differentiation and then 

expressed in pA/pF as current density. Non-measurable currents were also used in the analysis. 

2.8. Gene expression 

Quantitative real-time polymerase chain reaction (qPCR) was used to analyse and compare the 

gene expression levels between control and treated groups. 

!"# = %&#'()&	– 	),-.)
0 + 234 5)6. 8 − )&: ;

 

Where: 

 INa    = sodium peak current density at an equivalent test potential (Vm) 

Gmax = maximal conductance (nS) 

Vrev   = reversal potential, 

V0.5   = membrane potential at half-maximal current activation 

 k        = slope constant factor 
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2.8.1. RNA Isolation 

RNA was extracted from all DPSC and SH-SY5Y cell culture groups using a Qiagen RNeasy 

Mini kit according to the manufacturer’s instructions. The cell cultures were washed twice with 

PBS to remove any remaining media followed by lysis in 350-700 µl of Buffer RLT depending 

on the cell number (350 µl per ≈ 5x106 cells) and transferred to an Eppendorf tube (Nunc, UK). 

The lysed cells were stored at -80 °C until isolation of RNA. 

The cell lysate was used to isolate pure RNA for reverse transcription cDNA synthesis. 

An equal volume of 70% ethanol was added to the cell lysate with gentle mixing, and the whole 

amount was transferred to a spin column assembly. The column assembly was centrifuged at 

10000 rpm for 30s, and the flow-through was discarded. Then 350 μl of Buffer RW1 was added 

to the column and centrifuged at 10000 rpm for 30s. Total RNA was digested by adding 

Deoxyribonuclease I (DNase I) (Qiagen, UK) to the spin column assembly. DNase I was 

prepared in a buffer (10:70 μl ratio) depending on the number of samples used. Then 80 μl of 

DNase I incubation mix was added to the spin column assembly and incubated for 15 min. 

Subsequently, the RNA was purified by several washes and centrifugation using wash buffers 

(Buffer RW1 and Buffer RPE). Then 20-30 μl of DEPC-treated water was added to the column 

assembly to elute RNA and centrifuged at 10000 rpm for 1 min. The eluted RNA was stored at 

-80 °C until used. 

2.8.2. RNA Quantification and visualisation 

The RNA concentration and purity were measured at 260/280 nm (optical density) using a 

Spectrophotometer (BioPhotometer Plus, Eppendorf, Germany). The device was blanked with 

70 μl of water in a clean cuvette (Eppendorf, Germany). Then, 2 μl of RNA sample was added 

to 68 μl of RNase free water in another cuvette, which measured with adjusting the device 

according to the used dilution (2:68 μl). The RNA with a concentration value greater than 50 
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μg/ml and with a high purity ration (ranging from 1.8-2.0) was used for complementary DNA 

conversion. 

RNA integrity was visualised using a 1% agarose gel. The gel was synthesised by 

combining 0.6 g of Agarose (Bioline, UK) in 60 ml of 1x TAE buffer (Fermentas, Lithuania) 

with 5 μl of SYBR Gold (Invitrogen, USA). The RNA loading was prepared using 1 μl of the 

isolated RNA, and 5 μl 1X loading buffer (Promega, USA). Then loading of 5 μl of the mixture 

into wells in the agarose gel, and electrophoresis was performed at 120 V for 20 min. Images 

of the SYBR gold nucleic acid stained gel were captured using a gel doc system (G:Box, 

Syngene, UK) to determine isolated RNA integrity and absence of contaminants such as 

genomic DNA or proteins. 

2.8.3. Complementary DNA (cDNA) conversion 

RNA was used to produce cDNA using the Tetro cDNA Synthesis Kit (Bioline, UK). Following 

the manufacturer’s instructions, 2 µg out of the total RNA concentration was determined. The 

priming premix included: 1 μl of Oligo (dT)18 primer, 1 µl of 10 mM dNTP mix, 4 µl of 5x RT 

Buffer, 1 µl of RiboSafe RNase Inhibitor, and 1 µl of Tetro Reverse Transcriptase (200 u/µl). 

Subsequently, 8 µl of priming premix was added to 12 µl of the diluted RNA to make a total of 

20 µl solution. The RNA samples were heated to 45 ºC for 45-60 min and subsequently 

incubated at 85 °C for 5 min to allow the synthesis reaction of cDNA using a thermal cycler 

(Applied Biosystems™ Veriti™ 96-Well Thermal Cycler, UK). The samples were stored at -

20 ℃ before use for real-time PCR. 

2.8.4. Quantitative real-time PCR 

The reference and target genes were selected from the literature, and several primers were 

purchased as ready-designed pair primers (Invitrogen/Sigma, UK) (see the primers details in 
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Table 2.5). The PCR was performed using LightCycler® 480 SYBR Green I Master (Roche, 

UK) by combining 10 µl LightCycler® 480 SYBR Green I Master, 0.5 µM of forward and 

reverse primers, 1 µl of cDNA and RNase-free water to have a total volume of 20 µl per well. 

All gene primer assays were run with 1 µl of cDNA except for CHAT and MNX1 as they 

appeared to be relatively lowly expressed genes (used 2 µl of cDNA), and TUBB3 showed 

relatively high expression as detected at early cycle numbers in DPSCs (used 0.5 µl of cDNA) 

which were optimised in the primer’s efficiency validation. Subsequently, 20 µl mix was placed 

on a white 96-well plate (LightCycler® 480 multi-well plate, Roche, UK); the plate was then 

sealed with sealing foil (LightCycler® 480 sealing foil, Roche, UK), and centrifuged for 3 min 

at 1500 rcf (Universal 320R centrifuge, Hettich, UK). After that, the plate was cycled using the 

protocol described in Table 2.6 in the LightCycler® 480 software (Roche diagnostics version 

1.5.0.39), and the Roche LightCycler® 480 II machine PCR system. All samples had duplicate 

or triplicate wells and two negative controls of “no cDNA or no template-RNase free water” 

per each primer pair in every run to identify the presence of genomic contamination. Finally, 

gene expression data were computed as crossing point (Cp) values using the fit-points methods 

on the LightCycler 480 software following the manufacturer’s instructions. The melting curve 

of each sample was checked to ensure that the PCR product contained no primer dimers, i.e., a 

single uniform melting curve for each primer. Selected qPCR products were analysed by the 

gel electrophoresis to determine if the product exhibited the correct molecular weight size. 

2.8.5. PCR primer validation 

All gene of interest and housekeeping primers were analysed for Real-time PCR efficiency as 

previously recommended by Pfaffl (2001) to reveal the number of amplification folds. Pooled 

cDNA of all groups was diluted (1, 1:1, 1:100, 1:1000), and each dilution was run in duplicate 

samples (see Figure 2.2A). The melting curve was checked to ensure that all groups of each 
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primer exhibited a single peak amplicon (no primer dimer), and no-template (negative) controls 

exhibited no melting curve (see Figure 2.2B). The efficiency value was logarithmically 

calculated using LightCycler® 480 software by creating a standard curve of the serial dilutions 

per each primer (slope of the regression between Ct values and the log values) (see Figure 

2.2C). Double fold increases in every cycle gives a value of 2, which is considered 100% 

efficient. All primer efficiency values are shown in Table 2.5. 

2.8.6. Housekeeping gene selection  

Four housekeeping genes (GAPDH, HPRT1, B2M and RPLA13) were compared to identify 

the most stable housekeeping reference among the groups to enable normalisation of 

quantitative PCR data that are widely recommended and used (Pfaffl et al., 2004; Li et al., 

2016). The most two suitable reference genes were selected according to the statistical 

algorithm analysis program “Normfinder” (Andersen, Jensen and Orntoft, 2004). The 

Normfinder calculated the variation between groups based on the geometric mean of the Cp 

values and standard deviation (SD) along with the coefficient of variance. The SD value should 

be less than one to be considered as a stable reference gene, and the lowest SD value is the most 

stable (Piehler et al., 2010). Both HPRT1 and RPL13A references genes were the most stable 

and consistent for both used cell types analysed and were therefore selected for qPCR data 

quantification (see stability data in Appendix I). 

2.8.7. Gene expression data analysis  

The gene expression was calculated as a ratio of fold change compared with the housekeeping 

genes using the Pfaffl method (Pfaffl, 2001), which includes the efficiency values of the gene 

of interest and housekeeping in the gene fold-change calculation. If the PCR product exhibited 

a double or irregular melting curve, it was excluded in the calculation, and the data was 

discarded. 
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Figure 2.2 Representative images of SNAP25 primer efficiency validation with DPSCs. (A) 

Amplification curves for the cDNA serial dilutions (brown curves) including 2 no-
template controls (green lines). These sequential brown curves represent the serial 
dilutions (1, 1:1, 1:100, 1:1000) used by the LightCycler® 480 software to generate the 
standard efficiency curve. (B) Melting curve of all concentration samples (blue lines) 
including negative controls (red lines). (C) The standard efficiency curve indicates a good 
primer with the efficiency value of 1.9 and the slope value of -3.56. 
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Table 2.5 The primer details used for real-time PCR 

Gene Primer sequence (5®3) Amplicon size 
(bp) 

Accession number 
(NCBI) 

Efficiency value 

SH-SY5Y DPSCs 

Housekeeping genes 

GAPDH (F) CTCCTGTTCGACAGTCAG 

(R) GCCCAATACGACCAAATC 

111 NM_002046.7 1.70 1.80 

RPL13A (F) CCTGGAGGAGAAGAGGAAAGAGA 

(R) TTGAGGACCTCTGTGTATTTGTCAA 

126 NM_012423.4 1.90 1.70 

B2M (F) ACCCCCACTGAAAAAGATGA 

(R) ATCTTCAAACCTCCATGATG 

114 NM_004048.3 1.60 1.90 

HPRT1 (F) GACCAGTCAACAGGGGACAT 

(R) AACACTTCGTGGGGTCCTTTTC 

195 NM_000194.3 1.90 1.70 

Target genes 

ENO2  

(NSE) 

(F) CTGAAGCCATCCAAGCGTGC 

(R) CCCACCACCAGGTCAGCAAT 

109 NM_001975.2 1.85 1.92 

NES (F) GAGAACTCCCGGCTGCAAAC 

(R) CCAGCTTGGGGTCCTGAAAG 

70 NM_006617.1 1.83 1.93 

RET (F) ACAGGGGATGCAGTATCTGG 

(R) CTGGCTCCTCTTCACGTAGG 

154 NM_020975.6 1.86 2.00 

TUBB3 (F) CATCCAGAGCAAGAACAGCA 

(R) CTCGGTGAACTCCATCTCGT 

235 NM_006086.4 1.94 1.76 

SYN1 (F) AATACTGGCTCTGCGATGCT 

(R) TGACCACGAGCTCTACGATG 

223 NM_006950.3 1.94 1.78 
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Table 2.5 The primer details used for real-time PCR (continued) 

Gene Primer sequence (5®3) Amplicon size 
(bp) 

Accession number 
(NCBI) 

Efficiency value 

SH-SY5Y DPSCs 

Target genes 

SNAP25 (F) CTGCTCGTGTAGTGGACGAA 

(R) CGATCTGGCGATTCTGTGTA 

186 NM_003081.4 1.86 1.90 

GFAP (F) CCATTCCCGTGCAGACCTTC 

(R) TCTGAGAGGCAGGCAGCTAAC 

180 

 

NM_001131019.2 2.07 1.60 

PRPH (F) AGATCGCCACCTACCGCAAG 

(R) CCCATTCCGGGTCTCAATGGT 

170 NM_006262.3 2.08 1.85 

MAP2 (F) TGGCATTGACCTCCCTAAAGAG 

(R) TTGCTTCCGTTGGCATTTCG 

77 NM_001363910.1 1.91 2.04 

SCN1A  (F) CATTTTGTCACGCATCAATC 

(R) GAAACATACCTACAATGGAGAG 

149 

 

NM_001165963 2.04 2.10 

SCN9A  (F) GGCAACTTCTGATGACAGCG 

(R) GTGCAAATCTGTACCACCAAGG 

200 NM_001365536.1 2.01 2.05 

DBH (F) CAGATATCTCCGCCTGGAAG 

(R) TGCAGTAGCCAGTGAGGATG 

197 NM_000787.3 1.76 _ 

POU4F1 (F) TTGCCATGCATCCCACCCTC 

(R) TGAAAGGATGGCTCTTGCCCT 

198 NM_006237.3 2.03 1.60 

CHAT (F) TCCAACGAGGACGAGCGTTT 

(R) ATCATGTCCAGCGAGTCCCG 

122 NM_001142934.1 2.10 1.93 
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Table 2.5 The primer details used for real-time PCR (continued) 

Gene Primer sequence (5®3) Amplicon size 
(bp) 

Accession number 
(NCBI) 

Efficiency value 

SH-SY5Y DPSCs 

Target genes 

ACHE (F) CCTCCTTGGACGTGTACGAT 

(R) AAACAGCGTCACTGATGTCG 

218 NM_001302622.2 1.64 1.72 

NEFM  

(NF-M) 

(F) GCTGCGTACAGAAAACTC 

(R) CCTTGGGTTTCTGAATCTTAC 

127 

 

NM_005382 2.10 2.02 

GAP43 (F) CAGAATTAAAAGGGAACCTGG 

(R) TGTGACTCATTTTCCTTGTG 

93 NM_001130064 2.04 2.10 

MNX1 (F) GTTCAAGCTCAACAAGTACC 

(R) GGTTCTGGAACCAAATCTTC 

98 NM_001165255 1.65 1.88 

SLC6A3 
(DAT) 

(F) TGCCGAGTACTTTGAACGTG 

(R) ACCACCTTCCCTGAGGTCTT 

159 NM_001044.5 _ _ 

Abbreviations: GAPDH (glyceraldehyde-3-phosphate dehydrogenase); RPL13A (ribosomal protein L13-A); B2M (beta-2-microglobulin); HPRT1 
(hypoxanthine phosphoribosyl transferase 1); ENO2/NSE (enolase 2/neuron-specific enolase); NES (nestin); RET (ret proto-oncogene); TUBB3 
(tubulin beta 3 class III); SYN1 (synapsin I); SNAP25 (synaptosome associated protein 25); GFAP (glial fibrillary acidic protein); PRPH (peripherin); 
MAP2 (microtubule associated protein 2); SCN1A (voltage-gated sodium channel alpha subunit 1); SCN9A (voltage-gated sodium channel alpha 
subunit 9); DBH (dopamine beta-hydroxylase); POU4F1 (POU class 4 homeobox 1); CHAT (choline O-acetyltransferase); ACHE 
(acetylcholinesterase); NEFM (neurofilament medium); GAP43 (growth associated protein 43); MNX1 (motor neuron and pancreas homeobox 1); 
SLC6A3 (solute carrier family 6 member 3). 
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Table 2.6 The qPCR cycling conditions [adapted from (Forster et al., 2016)] 

PCR Step Temperature (˚C) Time (s) Cycles 
Denaturation 
 

95 300 1 

Amplification 95 
60 
72 
 

30 
30 
30 

45-60 

Melting curve 95 
40 

90-95 
 

15 
90 

0.11˚C/s 

1 

Cooling 
 

40 1800 1 
 

 

2.9. LIPUS set up, dosage and experimental conditions 

The LIPUS exposure device (Osteotron IV LIPUS, ITO, Tokyo, Japan) has two transducers 

with each head diameter of 32 mm; both transducers were adhered to two adjacent well floors 

of 6-well plate using an adherent material as shown in Figure 2.3A. These transducers were 

coated with a thin layer of transmission gel (Aquasonic 100 ultrasound transmission gel, Parker 

Laboratories, USA) and two separate 35 mm Petri dishes were placed on the two mounted 

transducers as shown in Figure 2.3B. In certain experiments, a 6-well plate was used in which 

only the peripheral wells were treated without using the middle wells (the middle wells were 

filled with PBS). The cells in the LIPUS exposure groups were treated, while those in the 

control group received a sham treatment (the LIPUS device was switched off). To choose the 

optimal spatial-average temporal intensity (ISATA), the cells were treated with the available 

different intensities (including 30 mW/cm2, 45 mW/cm2, 60 mW/cm2), and then assessed by 

AlamarBlue assay (the results are presented in the chapter 6, section 6.2.1). The resultant 

highest absorbance intensity (60 mW/cm2) with other LIPUS parameters (frequency of 1.5 

MHz, pulse of 100 Hz ratio of 1:5 (duty cycle 20%), and time of 20 min) were applied for 

subsequent experiments. 
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Figure 2.3    The set-up used to deliver the LIPUS to in vitro cultured cells. (A) The two transducers of 
the Osteotron LIPUS device were attached to the adjacent wells of 6-well plate using 
Aquasonic 100 gel to coat the transducer surfaces before dishes were located for LIPUS 
exposure. (B) The LIPUS treatment was conducted in 35-mm Petri dishes inside the 
incubator to keep the tissue culture conditions as demonstrated. 

In the LIPUS experiments, the cell seeding was at an initial density of 1250/cm2 for 

DPSCs, and 10000/cm2 for SH-SY5Y and these samples were differentiated using the resultant 

optimised method described in chapter 3 and 4. After 12 days of differentiation, the BDNF-

supplemented serum-free media was replenished, and the cells were either exposed to a single- 

or three-fold treatment (once daily for three consecutive days). Subsequently, the laboratory 

tests were conducted after 15 days, as demonstrated in Figure 2.4. 

 

Figure 2.4   The schematic diagram illustrating the cell culture differentiation protocol (blue arrows) 
and LIPUS exposure regimen (black arrows) throughout the time (days). 
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2.10. Proliferation assays 

In this study, 2 different approaches were used to assess the cell proliferation, namely 

measurement of cellular metabolism: Cell counting kit-8 assay (CCK-8) and AlamarBlue 

assays (described in section 2.4) reflecting the number of viable cells, and the expression of 

proliferation protein markers (Ki-67). 

2.10.1. Cellular metabolism/viability: Cell counting kit-8 assay (CCK-8) 

The CCK-8 assay utilises the reduction of water-soluble tetrazolium salt WST-8 [2-(2-

methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2Htetrazolium, monosodium 

salt] to a yellow-orange coloured formazan by dehydrogenases activity. The higher 

dehydrogenases activity in the cells is directly proportional to the number of viable cells which 

produce more coloured formazan compound. This metabolic colorimetric assay has been used 

for proliferation (Lin et al., 2020; Ling et al., 2017b) and cytotoxicity studies (Yoshimura et 

al., 2002; Han et al., 2011). 

To check the method validity, the calibration curve was generated using known cell 

densities (12500, 25000, 50000, and 100000) seeded in a 96-well plate (the results are presented 

in the chapter 6, section 6.2.3). The cells were preincubated at 37 °C with 5% CO2 for 6h to 

allow the cells to adhere to the cell culture surface and then 10 µl of CCK-8 solution (Sigma-

Aldrich, UK) was added to 90 µl blank medium to enable a final concentration of 10% in each 

well. Then, the cells were incubated for 3h in standard culture conditions. Negative control 

wells (no cells) also contained the same 10% CCK-8 concentration in the medium for method 

validity and background correction. The absorbance was read at a wavelength of 450 nm with 

a reference filter at 460 nm using the Spark microplate reader (Tecan Trading AG, Switzerland). 

The actual absorbance values were used for comparison analysis. 



 
 

 
67 

2.10.2. Ki67 proliferation assay 

The K-i67 labelling method was used to determine the percentage of the newly formed cells. 

The staining and scanning were conducted as previously detailed in section 2.6. The fluorescent 

K-i67 immunopositive cells were counted using a Cell Counter plugin 

(https://imagej.nih.gov/ij/plugins/cell-counter.html) in Fiji ImageJ software. The percentage of 

Ki67 immunopositive cells was calculated among the total DAPI-stained cells number in each 

microscopic field. The average was taken from 24-33 images per group. 

2.11. ERK1/2 (p44/42MAPK) signalling 

The p44/42MAPK (ERK1/2) assay (PathScan® Phospho-p44/42MAPK (Thr202/Tyr204) 

Sandwich ELISA Kit) and ERK1/2 inhibitor (MEK1/2 inhibitor: U0126) were purchased from 

Cell Signalling Technology, USA to quantify the phosphorylation of p44/42MAPK (ERK1/2) 

of the neuronal differentiation and LIPUS groups. Furthermore, immunocytochemistry, neurite 

outgrowth, and CCK-8 assays were assessed in the presence and absence of the ERK1/2 

inhibitor. 

2.11.1. ERK1/2 signalling and neuronal differentiation 

The SH-SY5Y and DPSCs were treated with 10 µM ATRA in 10% FBS-DMEM/F12 medium 

for 5 days as a preparatory phase. The cells were then washed twice with blank media, and 

serum starved by incubating them in blank media for 5h. Subsequently, the cells were 

preincubated either with or without 10 µM U0126 inhibitor in serum-free medium for 1h, and 

then supplemented with 50 ng/ml BDNF. The groups were either 5-min incubated and lysed 

for ELISA assay or 48h incubated in presence and absence of the U0126 inhibitor for neurite 

outgrowth assay and immunocytochemistry. 
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2.11.2. ERK1/2 signalling and LIPUS stimulation 

The neuronal-like models were pretreated with or without 10 µM U0126 inhibitor for 1h in the 

presence of BDNF-supplemented DMEM/F12 media as standard media and subsequently 

exposed to LIPUS (ISATA = 60 mW/cm2; time = 20 min) or sham treatment. Then, the cells either 

were immediately lysed for ELISA or further incubated for 48h for Ki67 immunostaining. 

2.11.3. Phospho-p44/42 MAPK (ERK 1/2) - Sandwich ELISA 

Cell lysis and the ERK1/2 ELISA were carried out according to the manufacturer’s instructions. 

In brief, the cultures were rapidly rinsed twice with cold-PBS to remove the residual media and 

then lysed with provided lysis buffer1 (Cell Signalling Technology, USA) in a ratio of 400 µl/10 

cm2 cell culture area for 5-min incubation on ice. The cells were then removed from the culture 

surface with a cell scraper (CytoOne Cell Scraper, Starlab, UK), and briefly sonicated (~30s) 

on ice. The samples were centrifuged for 10 min at 14,000 rpm in 4 °C cold microcentrifuge 

(Centrifuge 5415 R, Eppendorf, Germany), and cell lysate supernatants were stored in aliquots 

at -80 °C until ELISA procedure. 

 All the groups’ cell lysates and desired number of the phospho-p44/42MAPK-coated 

microwell strips were brought to room temperature, and 100 µl of undiluted lysate of each group 

was added to duplicate wells of the 96-well plate, which was then sealed and incubated 

overnight at 4 °C. Subsequently, the wells were washed 4 times in an automated plate washer 

(Bio-Tek Instruments, USA) using the prepared wash buffer. Reconstituted detection antibody 

(100 µl) was added to each well, sealed and incubated for 1h at 37 °C (Heracell 150i incubator, 

Thermo Scientific, UK). The washing step was repeated, and then 100 µl of reconstituted HRP 

(Horseradish peroxidase)-linked secondary antibody was added to each well and incubated for 

 
1 Supplemented with 1 mM Phenylmethylsulphonyl fluoride (PMSF) (Sigma-Aldrich, UK) as a protease inhibitor. 
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30 min at 37 °C. After incubation, the washing step was again repeated; 100 µl of TMB (3,3', 

5,5"-tetramethylbenzidine) substrate was then added to each well, sealed, and incubated for 10 

min at 37 °C. To terminate the assay reaction, 100 µl of stop solution was added, gently shaken, 

and the absorbance was then read at 450 nm using the Spark microplate reader. 

2.12. Statistical analysis 

All individual experiments were repeated 3-4 times with at least 2-4 technical replicates per 

group. The data were statistically analysed by IBM SPSS Statistics version 26 and 27, USA. 

The Kolmogorov-Smirnov tests were used to check the normality of the data, whether data 

follow the normal distribution or not. Subsequently, the statistical test was chosen for either 

parametric analysis if the data followed the normal distribution or for non-parametric test if the 

data did not follow the normal distribution with an appropriate post-hoc test for multiple 

pairwise comparisons. Hence, the groups with parametric data were compared using means of 

One-way ANOVA either followed by Tukey or Games-Howell post hoc test for pairwise 

comparisons based on the results of the homogeneity test of variances (Levene's test). Whereas 

the groups with non-parametric data were compared using Kruskal-Wallis test followed by 

Bonferroni post-hoc test or Dunn’s test for pairwise comparisons. These statistical tests were 

the main tests used to analyse the data unless otherwise stated. All statistical analysis tests were 

performed at a significance level of p < 0.05. Data in graphs were generated using GraphPad 

Prism 8 software package (GraphPad, San Diego, CA, USA), and presented as mean ± standard 

error of the mean (SEM) unless otherwise stated. Statistical significance level in graphs was 

indicated as *p < 0.05, ** p < 0.01, and *** p < 0.001. 
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CHAPTER 3:  OPTIMISING AND CHARACTERISING THE 

SH-SY5Y-DERIVED NEURONAL CELL MODELS
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3.1. Introduction 

Testing new therapies for nerve regeneration requires in-vitro studies as the first steps in 

understanding the response of neuronal tissue prior to the in-vivo setting. The animal neuronal 

tissue taken from rodent does not accurately represent the human tissue due to differences in 

gene expression and transcription factor signalling (Lin et al., 2014; Cheng et al., 2014; Hodge 

et al., 2019). This is in addition to other ethical issues in using animals in research (Festing and 

Wilkinson, 2007). Obtaining human embryonic neurons for studies involve even higher ethical 

difficulties. Furthermore, the primary cells undergo a postmitotic fate once they have 

differentiated, which results in a finite number being available for ongoing experimental 

screening. The SH-SY5Y neuronal neuroblastoma cell line is considered a good neural tissue 

model as it is derived from a human tissue (Biedler, Helson and Spengler, 1973). It exhibits a 

high throughput cell population which is needed for experimental research (Forster et al., 2016). 

The primary form is the SK-N-SH cell line which contains S-type and N-type cells (Biedler, 

Helson and Spengler, 1973; Ross, Spengler and Biedler, 1983). This neuronal cell line has been 

subcloned three times to give the SH-SY5Y form (Kovalevich and Langford, 2013) which is a 

high N-type cell line with a higher ability to differentiate into neuronal-like cells (Biedler, 

Spengler and Lyser, 1975; Ross, Spengler and Biedler, 1983). Furthermore, this cell line is used 

in neuroscience as a representative neurological tissue for different studies such as for 

neurodegenerative diseases including Parkinson and Alzheimer’s diseases (Gatta et al., 2011; 

Zhang et al., 2016b), neurotoxicity (Ng and Say, 2018; Wang et al., 2019), energetic neuronal 

vulnerability (Forster et al., 2016), pathogenesis of viral infection (Sun et al., 2010; Christensen 

et al., 2011; Gimenez-Cassina, Lim and Diaz-Nido, 2006), and MSC secretome effects on 

neuritogenesis and differentiation (Pires et al., 2014; Gervois et al., 2017). 
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It has been demonstrated that the neuronal differentiation of neuroblastoma cells is 

induced by the reduction of serum, and this is shown by an increase in neuronal characteristics 

such as neurite outgrowth (Seeds et al., 1970; Kumar and Katyal, 2018). It was also reported 

that the neuronal differentiation of SH-SY5Y neuroblastoma cells is highly dependent on the 

differentiating supplement and the culture substrates used but not on FBS content (Buttiglione 

et al., 2007). Hence, there are still conflicting theories as to whether the serum concentration 

should be reduced in the differentiating media when aiming to enhance the neuronal SH-SY5Y 

differentiation and maturation. Some SH-SY5Y differentiation studies have used the standard 

serum level from 10% to 15% (Constantinescu et al., 2007; Agholme et al., 2010; Bell et al., 

2013; Encinas et al., 2000) whereas others have applied reduced serum concentration from 1%, 

to 5% (Cheung et al., 2009a; Forster et al., 2016; Shipley, Mangold and Szpara, 2016; Lopes 

et al., 2010; de Medeiros et al., 2019). 

Several supplements have been used to induce SH-SY5Y differentiation (Påhlman et 

al., 1995; Cheung et al., 2009a; Constantinescu et al., 2007; Forster et al., 2016; Buttiglione et 

al., 2007; Brown et al., 2005; Chen et al., 1990; Kume et al., 2008). Notably, all-trans retinoic 

acid (ATRA) is the most documented compound used to differentiate the SH-SY5Y cells into 

neuronal-like cells (Brown et al., 2005; Cheung et al., 2009a; Constantinescu et al., 2007; 

Kovalevich and Langford, 2013; Påhlman et al., 1984). This approach was optimised by adding 

2nd stage supplementation with brain-derived growth factor (BNDF) to produce a functional 

homogenous cell neuronal model (Encinas et al., 2000). This study aimed to investigate the 

effects of lowering FBS concentration on the differentiation and compare different neurogenic 

differentiation protocols using the SH-SY5Y neuroblastoma cell line. It also aimed to 

characterise these SH-SY5Y neuronal models morphologically, biochemically, and electro-

physiologically. The grouping and assays conducted are illustrated in Figure 3.1. 
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Figure 3.1    Schematic diagram showing the groups and assays used to investigate whether the serum reduction increase the neuronal differentiation of 

SH-SY5Y neuroblastoma cell line and characterise the established neuronal-like model. The diagram was designed by the author using the 
experimental design assistant (EDA) tool in the link (https://eda.nc3rs.org.uk). 
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3.2. Results 

3.2.1. Selection of the cell seeding density and FBS level 

The growth curve of different cell seeding numbers (1.25x103/cm2, 2.5x103/cm2, 5x103/cm2, 

and 104/cm2) was established using Trypan Blue Exclusion Assay (viable cell count) throughout 

the 7 days to select the optimal cell seeding for the subsequent experiments (Figure 3.2). 

Although only the highest cell seeding densities (5x103/cm2, and 104/cm2) showed obvious 

exponential growth increase over time, all cell densities presented significant increases over the 

time (non-linear regression - exponential model, regression coefficient = 0.53 ± 0.06, adjusted 

R2 = 0.75 ± 0.03, p-value = 0.00). These data indicated that the average of the viable cell number 

increased by approximately half (0.53) for each day and this exponential model could explain 

about 75% of the variability in viable cell number counts (showing a good fit of the model). 

The groups were also compared within each day which showed that the highest cell seeding 

densities (5x103/cm2 and 104/cm2) were significantly higher than the lowest cell seeding 

(1.25x103/cm2) throughout the 7 days (p = 0.013 ± 0.02 and 0.000 for 5x103/cm2 and 104/cm2, 

respectively) but only the 104/cm2 cell seeding group exhibited a significantly higher cell 

number than the 2.5x103/cm2 group (p = 0.008 ± 0.01). Furthermore, there was no significant 

difference in viable cell number between 5x103/cm2, and 104/cm2 cell seeding groups (p = 0.086 

± 0.055), so both cell seedings were considered for future studies. The planned differentiation 

duration was 12 days, and the 104/cm2 cell seeding showed high cell confluence growth on the 

7th day of culture whereas the 5x103/cm2 group showed a reasonable growth that allows 

adequate intercellular space for neurite outgrowth projections in differentiation stage. Thus, the 

5x103/cm2 cell seeding was therefore chosen for the differentiation experiments. 
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Figure 3.2     Growth curve of the SH-SY5Y cell line over time (7 days). The highest cell seeding groups 

(5x103/cm2 and 104/cm2) demonstrated significant cell number growth (compared by 
Kruskal-Wallis test with pairwise comparison; the significance values were adjusted by 
Bonferroni correction for multiple tests. The data are mean ± SEM (n = 9; *p < 0.05, ** p 
< 0.01, and *** p < 0.001). The dotted lines are the best curve estimation fitting of the 
non-linear regression (exponential model). 

 

To select reduced FBS levels, lower FBS concentrations (5%, 2.5%, and 1.25%) were 

tested in parallel with the standard FBS level (10%) (Figure 3.3). The cells were seeded at the 

chosen density of 5x103 cells/cm2 in 6-well plate and were counted after 48h. There was a 

significant increase in 5% and 10% FBS supplementation groups (p = 0.002 for 5% and 0.000 

for 10%) while 2.5% and 1.25% FBS groups showed a significant reduction after 48h in 

comparison with the initial cell seeding number (p = 0.000). These results showed that 2.5% 

and 1.25% FBS negatively affected cell viability and growth, but not 5%. Hence, the 5 and 10% 

FBS conditions were chosen for the subsequent experiments as they induced cell viability and 

cell growth. 
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Figure 3.3     Effects of FBS concentrations on cell numbers. The viable cell numbers were significantly 

greater in 10% and 5% FBS groups and lower in 2.5% and 1.25% after 48h. Data (n = 9) 
are analysed by Mann-Whitney test and presented as mean ± SD and the statistical 
significance: *p < 0.05, **p < 0.01, and ***p < 0.001. 

 

3.2.2. Cell viability of differentiated groups  

To assess the effect of the differentiation methods on cell viability with the two selected FBS 

conditions (5% and 10%), AlamarBlue assay was used to represent the percentage of viable cell 

numbers. The calibration/standard curve (Figure 3.4) was performed using known cell number 

densities (0, 12500, 25000, 50000, and 100000 cells) of SH-SY5Y neuroblastoma cell line. The 

cells were seeded in a 96-well plate and preincubated at 37 °C with 5% CO2 for 6h to allow the 

cells to adhere to the cell culture surface. Subsequently, the assay and calculations were 

conducted as previously mentioned in the section 2.4, chapter 2. The average of % AB 

absorbance per each group was used to generate the calibration/standard curve and statistically 

analyse to assess the linear relationship between the % AB absorbance and cell numbers using 

linear regression analysis. 
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Figure 3.4    Representative calibration curve of AlamarBlue (AB) assay for SH-SY5Y neuroblastoma 
cell line to examine the calculated percentage of AB absorbance reflecting the change in 
the number of viable cells. The linear regression equation and R2 coefficient (>0.9) are 
shown next to the line of the best fit of all different cell densities’ means. 

 

The 10% FBS supplemented or pre-supplemented (in ATRA stage) groups had significantly 

higher percentage of viable cells than their counterpart groups in 5% FBS condition (p = 0.000) 

(Figure 3.5). The sequential exposure (ATRA®BDNF) groups in both FBS conditions 

demonstrated significantly higher percentage of viable cells than their controls (ATRA®0% 

serum) (p = 0.042 for 5% and 0.000 for 10% FBS), however they showed significantly lower 

viable cells than the standard cell culture controls (p = 0.000). Although the percentage of viable 

cells in ATRA®BDNF group in the 10% FBS group was significantly less than that of the 

standard 10% FBS culture, percentage of viable cells were significantly more than that of the 

standard 5% FBS cell culture (p = 0.001). These data indicated that the 10% FBS pre-

/supplemented groups maintained more viable cells than 5% FBS groups, and the 10% FBS 

sequential treatment (ATRA®BDNF) preserved a considerable cell viability for the 

differentiated cells. 
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Figure 3.5 Viable cell percentage in the SH-SY5Y differentiation groups. The 10% FBS pre-

/supplemented groups were highly significant than their similar 5% FBS groups (Kruskal-
Wallis test with pairwise comparison; the significance values were adjusted by Bonferroni 
correction for multiple tests. The data are plate-reader absorbance values, and these values 
were then calculated to have a percentage of the mean ± SEM (n = 30; *p < 0.05, ** p < 
0.01, and *** p < 0.001). 

 

3.2.3. Neuronal morphological changes 

To assess the neuronal morphological characteristics after neuronal differentiation, phase 

contrast images were captured, and images were analysed using FIJI ImageJ software to 

measure the neurite extension length and determine the percentage of the differentiated cells 

(defined as cells with one or more neurite of length ≥ 50μm). 

Regarding FBS concentration effect, no noticeable difference in the morphological 

appearance between the similar groups in both conditions (5 and 10% FBS) was noted. The 
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10% FBS pre-/supplemented groups (ATRA alone or ATRA®BDNF) demonstrated more cells 

with neurite extensions in comparison with the similar groups in 5% FBS condition (Figure 

3.6A-H). However, image analysis revealed that there was also no statistically significant 

difference between the similar groups in both FBS conditions in neurite length (p = 0.66 

between ATRA groups and p = 1 between ATRA®BDNF groups) or percentage of the cell 

with neurite(s) (p = 0.64 between ATRA groups and p = 0.37 between ATRA®BDNF groups) 

(Figure 3.7A-B). These results indicated that the higher number of differentiated neuronal-like 

cells in 10% FBS groups did not mean higher neuronal characteristics (neurite length and 

percentage of differentiated cells). Consequently, there was no difference in the neuronal 

differentiation between 5% and 10% FBS groups. 

The 5% FBS control cell culture (without differentiating supplement) showed an 

increase in neurite length. This increase was not significantly higher than the 10% FBS control 

(p = 0.06) nor ATRA®0% serum group in both FBS concentrations (p = 0.68 in 5% FBS and 

p = 0.88 in 10% FBS group) (Figure 3.7A). This result indicated that the FBS reduction alone 

in the SH-SY5Y cell culture can induce neurite outgrowth, albeit is not statistically higher 

compared with the 10% FBS control groups. 

The two differentiation protocols (ATRA alone or ATRA®BDNF) clearly resulted in 

the cells acquiring extended neuritic projections (Figure 3.6C, D, G, and H) compared with the 

untreated cell cultures (Figure 3.6A-B). Nevertheless, the two-stage protocol (ATRA followed 

by BDNF) groups showed the highest level of differentiation. This neuronal differentiation was 

demonstrated by the emergence of a homogenous cell population with typical neuronal 

morphological features which included a phase-bright cell body with extended neurite and 

neurite arborization forming intercellular network (Figure 3.6G-H). The ATRA groups 
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displayed heterogeneous cell population of less differentiated cells (more likely N-type) as 

demonstrated by having less phase-bright cell bodies with extended neurites with no apparent 

intercellular network. There were also other undifferentiated cells (more likely S-type) which 

resembled glial cells rather than neuronal cells (Figure 3.6C-D). The control group (ATRA 

followed by serum-free media) displayed a considerable loss of the differentiated cells with 

their extensions as seen with ATRA step (Figure 3.6E-F). These morphological observations 

were confirmed by image analysis (Figure 3.7A-B). Regardless of the FBS conditions, the 

ATRA group demonstrated significantly higher neurite length (p = 0.014 in 5% FBS and p = 

0.005 in 10% FBS group) and percentage of the cell with neurite(s) than control groups (p = 

0.049 in 5% FBS and p = 0.018 in 10% FBS group). However, the two-stage protocol (ATRA 

followed by BDNF) revealed the highest significant difference among groups (p = 0.000 for 

Neurite length, and percentage of cell with neurite).  

These data indicated that the differentiated SH-SY5Y cells acquired comparable 

neuronal morphological hallmarks in both FBS conditions, and the sequential treatment 

approach (ATRA®BDNF) induced the highest neuronal morphological features.
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Figure 3.6  Representative morphological appearance of the differentiation groups as evaluated by 

phase-contrast microscopy. (A-B) non-treated cell culture. (C-D) ATRA groups showed 
differentiated N-type cells and undifferentiated S-type cells. (E-F) ATRA®0% serum 
demonstrated a loss of cells and neurites in the absence of FBS or BDNF. (G-H) 
ATRA®BDNF groups revealed the most extensive and elongated neurites with 
homogenous neuronal-like cell population. It was also evident that 10% FBS produced a 
greater number of differentiated cells (G) than 5% FBS (H). Scale bars are shown.
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Figure 3.7    Quantitative image analysis of neurite length and percentage of the cell with neurite(s). The image analysis was performed on captured phase 
contrast images at 10x magnification to measure the neurite extension length (A) and percentage of cell with neurite (B). The ATRA®BDNF 
groups showed the most significant increase in the average of the neurite length (One-way ANOVA: the F ratio is 51.09 with 7 and 78 
degrees of freedom (df)). (A), and the percentage of differentiated cells “neurite-bearing cells” (Kruskal-Wallis test with pairwise 
comparison; the significance values were adjusted by Bonferroni correction for multiple tests (B). The data are mean ± SEM (n = 11; *p < 
0.05, **p < 0.01, and ***p < 0.001).
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3.2.4. Immunocytochemistry 

To investigate the expression of neuronal protein markers2, immunofluorescence staining was 

performed using general neuronal cytoskeleton marker (bIII-tubulin/TUBB3), mature marker 

(NF-M) and glial astrocyte cell marker (GFAP). 

Immunocytofluorescence staining showed that the immunopositivity of neuronal 

markers (TUBB3, NF-M, and GFAP) were comparable between the similar groups in both FBS 

conditions (10% and 5% FBS) (Figure 3.8 - Figure 3.11). Regarding the expression of the 

differentiated groups, the ATRA treatment increased expression of neuronal protein markers 

(TUBB3 and NF-M) in comparison with the control. TUBB3 and NF-M was highly expressed 

in the differentiated N-type cells with their evident neurites but not in the undifferentiated S-

type cells of the same cell culture. Whereas the sequential differentiation approach 

(ATRA®BDNF) produced the highest extensive uniform expression of both neuronal markers 

(TUBB3 and NF-M) in the differentiated N-type cells with fewer numbers of undifferentiated 

S-type cells (Figure 3.8 and Figure 3.9). 

In contrast, the GFAP expression (glial astrocyte cell marker) was only weakly detected 

in the controls and was reduced in both differentiated groups (ATRA alone and 

ATRA®BDNF) for both FBS concentrations (Figure 3.10 and Figure 3.11). The accompanying 

bIII-tubulin (TUBB3) expression confirmed the observations reported above. These data 

suggested that the ATRA followed by BDNF protocol induced the highest neuronal 

differentiation toward mature neuronal cells rather than glial cells. Next, the expression of these 

neuronal markers were also investigated by quantitative gene expression along with other 

neuronal-related markers to profile and confirm the neuronal nature of these models.

 
2 The references of the specificity of the neuronal markers are mentioned in Appendix II. 
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Figure 3.8  Immunocytofluorescence expression analysis of TUBB3 and NF-M neuronal markers in 10% FBS pre-/supplemented groups. The 
ATRA®BDNF treatment approach induced the highest immunopositive staining amongst the groups; TUBB3 and NF-M were highly 
expressed in the differentiated N-type cells, but not in the undifferentiated S-type cells in the ATRA group. Scale bars are shown. 
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Figure 3.9  Immunocytofluorescence expression analysis of TUBB3 and NF-M neuronal markers in 5% FBS pre-/supplemented groups. The 
ATRA®BDNF approach produced the highest immunostaining and TUBB3 and NF-M were highly expressed in the differentiated N-type 
cells, but not in the undifferentiated S-type cells in the ATRA group. Scale bars are shown.
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Figure 3.10  Immunocytofluorescence expression analysis of GFAP astrocyte marker in 10% FBS pre-/supplemented groups along with TUBB3 to 
express the cytoskeleton. Differentiated SH-SY5Y cells demonstrated reduction of the glial astrocyte marker (GFAP) in comparison with 
the weak expression in control. The ATRA®BDNF group displayed the lowest GFAP staining. Scale bars are shown. 

 bIII-tubulin (TUBB3) GFAP DAPI Merged 

C
on

tr
ol

 (1
0%

 F
BS

) 

    

A
TR

A
 (1

0%
 F

BS
) 

    

A
TR

A
 (1

0%
 F

BS
) ®

 
BD

N
F 

(0
%

 se
ru

m
)  

    



 
 

 
87 

 bIII-tubulin (TUBB3) GFAP DAPI Merged 

C
on

tr
ol

 (5
%

 F
BS

) 

    

A
TR

A
 (5

%
 F

BS
) 

    

A
TR

A
 (5

%
 F

BS
) ®

  
BD

N
F 

(0
%

 se
ru

m
)  

    
Figure 3.11 Immunocytofluorescence staining of the GFAP astrocyte marker in 5% FBS pre-/supplemented groups. Control cells showed minimal 

staining of GFAP while differentiated SH-SY5Y cells revealed reduction of GFAP in the ATRA group, and more in ATRA®BDNF group. 
Scale bars are shown.



 
 

 
88 

3.2.5. Neuronal gene expression 

Quantitative PCR analysis (Figure 3.12 - Figure 3.16) was conducted to determine whether 

there was a difference in gene expression levels for specific neuronal markers3 between both 

FBS conditions (10% and 5%) and the differentiation models (ATRA alone and 

ATRA®BDNF). 

Regarding the FBS effect, the differentiated groups of 10% FBS groups displayed 

significant higher gene expression upregulation for mature neuron specific marker (ENO2) 

compared with those of the 5% FBS treatment groups (p = 0.019 between ATRA groups and 

0.004 between ATRA®BDNF groups) (Figure 3.13). The general cytoskeleton (TUBB3) and 

peripheral nervous system (PRPH) markers were also expressed at significantly higher levels 

in 10% FBS ATRA than in 5% FBS ATRA group (p = 0.000 for TUBB3 and 0.002 for PRPH) 

(Figure 3.12 and Figure 3.16). The sensory voltage-gated sodium channel sodium (SCN9A) 

was significantly upregulated in 10% FBS ATRA®BDNF group (p = 0.010) but not in 5% 

FBS ATRA®BDNF group (p = 0.263). In contrast, the synaptic marker (SYN1) was 

significantly increased in 5% FBS ATRA compared with the 10% FBS ATRA group (p = 0.036) 

(Figure 3.15). However, the vast majority of the other neuronal markers revealed no difference 

in the gene expression between the similar groups in both FBS conditions. These results 

indicated that there was no clear difference between the FBS level conditions and FBS level 

concentration did not affect gene expression of the neuronal markers. 

In the differentiation models, the ATRA alone and ATRA®BDNF methods induced 

statistically significant upregulation in gene expression of the following neuronal markers: 

neuroepithelial (NES), development (RET), mature (NF-M and ENO2), cholinergic (ACHE 

 
3 The references of the specificity of the neuronal markers are mentioned in Appendix II. 
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and CHAT), synaptic (SYN1 and SNAP-25), nociceptive voltage-gated sodium ion channel 

(SCN9A), general cytoskeleton (TUBB3) and peripheral nervous system (PRPH)4 markers 

(Figure 3.12 - Figure 3.16). However, the growth (GAP-43) marker was only significantly 

increased in the ATRA®BDNF treatment group (GAP-43: p = 0.012 in 5% and 0.008 in 10% 

FBS) (Figure 3.12). This GAP-43 gene upregulation in ATRA®BDNF group was also 

significantly higher than ATRA group (p = 0.019 in 5% and 0.001 in 10% FBS). In contrast, 

GFAP was significantly reduced for both differentiation methods (p = 0.011 for ATRA and 

0.004 for ATRA®BDNF group in 5% FBS whereas p = 0.000 for ATRA and ATRA®BDNF 

in 10% FBS) (Figure 3.13). The other neuronal markers (dendritic: MAP2, 

adrenergic/norepinephrine: DBH, dopaminergic: DAT, general neuronal voltage-gated sodium 

channel: SCN1A, sensory marker: POU4F1, and motor: MNX1) showed no to minimal change 

(Figure 3.13 - Figure 3.16). These gene expression data suggested that the sequential 

supplementation method (ATRA®BDNF) induced more neuronal gene upregulations than 

ATRA alone method.

 
4 NES: p = 0.000 was for ATRA and ATRA®BDNF groups in 5% FBS and p = 0.000 was for ATRA and 0.001 
was for ATRA®BDNF group in 10% FBS, RET: p = 0.000 was for ATRA groups in both FBS and p = 0.047 was 
for 5% FBS ATRA®BDNF group whereas p = 0.017 was for 10% FBS ATRA®BDNF group, NF-M: p = 0.005 
was for ATRA and 0.004 was for ATRA®BDNF group in 5% FBS whereas p = 0.000 was for ATRA and p = 
0.047 was for ATRA®BDNF groups in 10% FBS, ENO2: p = 0.000 was for ATRA and 0.002 was for 
ATRA®BDNF in 10% FBS, ACHE: p = 0.000 was for ATRA and 0.021 was for ATRA®BDNF in 5% FBS 
whereas p = 0.000 was for ATRA and 0.003 was for ATRA®BDNF in 10% FBS, CHAT: p = 0.043 was for ATRA 
and 0.005 was for ATRA®BDNF in 5% FBS whereas p = 0.000 was for ATRA and 0.047 was for ATRA®BDNF 
in 10% FBS, SYN1: p = 0.000 was for ATRA and 0.003 was for ATRA®BDNF in 5% FBS whereas p = 0.000 
was for ATRA and 0.043 for ATRA®BDNF in 10% FBS, SNAP-25: p = 0.000 was for ATRA and 0.006 was for 
ATRA®BDNF in 5% FBS whereas p = 0.000 was for ATRA and 0.001 was for ATRA®BDNF in 10% FBS, 
SCN9A: p = 0.001 was for 5% FBS ATRA whereas p = 0.000 was for ATRA and 0.039 was for ATRA®BDNF 
in 10% FBS, TUBB3: p = 0.007 in 5% ATRA®BDNF, 0.004 in 10% FBS ATRA, and 0.000 in ATRA®BDNF, 
PRPH: p = 0.015 was for 5% FBS ATRA®BDNF whereas p = 0.000 was for ATRA and 0.033 was for 
ATRA®BDNF in 10% FBS. 
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Figure 3.12  Neuronal gene expression following neurogenic induction analysed by real-time qPCR. The differentiated SH-SY5Y cells demonstrated 

significant upregulation in the neuroepithelial (NES), and neuronal development (RET) gene markers whereas the general cytoskeleton 
(TUBB3) and growth (GAP43) gene markers were only significantly increased in ATRA®BDNF group. Moreover, there was no significant 
difference between 5% and 10% FBS except TUBB3 was significantly higher in 10% ATRA than 5% FBS ATRA. The gene expression 
fold calculations were normalised against two housekeeping genes (HPRT1and RPLA13). The data are mean ± SD analysed by Kruskal-
Wallis test with pairwise comparison; the significance values were adjusted by Bonferroni correction for multiple tests (n = 9; *p < 0.05, 
**p < 0.01, and ***p < 0.001). 
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Figure 3.13  Mature neuronal and astrocyte gene expression following neurogenic induction analysed by real-time qPCR. There was no significant 

difference in gene expression between 5% and 10% FBS groups except ENO2 neuronal marker was significantly higher in 10% than 5%. 
All maturation gene makers of the main neuronal cells (NF-M and ENO2) except dendritic marker (MAP2) were significantly upregulated 
in ATRA and ATRA®BDNF differentiated groups whereas the glial astrocyte gene (GFAP) was reduced in both differentiation methods. 
This significant increase in mature gene expression and decrease in glial neuronal gene markers in both differentiated groups indicated that 
the differentiation was induced toward mature neuronal main cells rather than glial cells. The gene expression fold calculations were 
normalised against two housekeeping genes (HPRT1 and RPLA13). The data are mean ± SD analysed by Kruskal-Wallis test with pairwise 
comparison; the significance values were adjusted by Bonferroni correction for multiple tests (n = 9, except for NF-M, n= 6; *p < 0.05, **p 
< 0.01, and ***p < 0.001). 
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Figure 3.14  Neurotransmitter gene expression following neurogenic induction analysed by real-time qPCR. There was no difference between 5% and 

10% FBS groups in the gene expression of the neurotransmitter gene markers. The differentiated groups revealed upregulation in the 
cholinergic markers (ACHE and CHAT) and reduction in adrenergic (DHB) marker whereas the dopaminergic (DAT) marker was not 
detected. This indicate that the differentiated cells were specifically cholinergic neuronal-like cells. The gene expression fold calculations 
were normalised against two housekeeping genes (HPRT1 and RPLA13). The data are mean ± SD analysed by Kruskal-Wallis test with 
pairwise comparison; the significance values were adjusted by Bonferroni correction for multiple tests (ACHE: n = 6, CHAT: n = 3, and 
DBH: n= 9; *p < 0.05, **p < 0.01, and ***p < 0.001). Note: indicates not detected. 
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Figure 3.15 Synaptic and voltage-gated Na+2 channels gene expression following neurogenic induction analysed by real-time qPCR. There was no 

significant difference in gene expression between 5 and 10% FBS groups except synaptic marker (SYN1) which was higher in 5% FBS 
ATRA than 10% FBS ATRA. The differentiated SH-SY5Y cells demonstrated significant upregulation in synaptic (SYN1 and SNAP25) 
and sensory voltage-gated sodium channel (SCN9A) markers, but not general neuronal voltage-gated sodium channel (SCN1A). This 
indicated that the differentiated cells were sensory neuronal-like cells. The gene expression fold calculations were normalised against two 
housekeeping genes (HPRT1 and RPLA13). The data are mean ± SD analysed by Kruskal-Wallis test with pairwise comparison; the 
significance values were adjusted by Bonferroni correction for multiple tests (n = 9, except for SCN1A, n = 3; *p < 0.05, **p < 0.01, and 
***p < 0.001). 
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Figure 3.16  Sensory and motor gene expression following neurogenic induction analysed by real-time qPCR. There was no difference in sensory and 

motor gene expression between 5 and 10% FBS groups except PRPH which was only significantly higher in 10% FBS ATRA than 5% FBS 
ATRA. The differentiated SH-SY5Y cells showed significantly increase in expression of the peripheral nervous system maker (PRPH) and 
decrease in motor marker (MNX1) expression. This indicate the resultant neuronal-like cells are not motor neuronal-like cells. The gene 
expression fold calculations were normalised against two housekeeping genes (HPRT1 and RPLA13). The data are mean ± SD analysed by 
Kruskal-Wallis test with pairwise comparison; the significance values were adjusted by Bonferroni correction for multiple tests (PRPH: n = 
9, POU4F1 and MNX1: n = 3; *p < 0.05, **p < 0.01, and ***p < 0.001).
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3.2.6. Quantitative neurite outgrowth staining assay 

The neurite outgrowth assay was performed for the 10% FBS treatment groups to support the 

image analysis of neuronal morphological changes. The assay results indicated that the 

ATRA®BDNF treatment resulted in the highest outgrowth among all groups and showed 

significant differences compared with both controls (10% FBS standard culture: p = 0.001 and 

ATRA®0% serum: p = 0.011), however it was not significantly higher than ATRA alone 

approach (p = 0.073) (Figure 3.17). This assay also demonstrated that there was a significant 

reduction in the cell viability of the ATRA®0% serum control (p = 0.000) and ATRA®BDNF 

(p = 0.02) groups in comparison with the standard 10% FBS culture (Figure 3.17). This data 

suggested that the sequential treatment (ATRA®BDNF) induced a significant neurite 

outgrowth which confirmed the quantitative image analysis findings. Also, the cell viability of 

this assay showed the same trend results previously obtained by the AlamarBlue assay which 

demonstrated reduction in cell viability with differentiation (section 3.2.2). 

3.2.7. Neuronal electrophysiological recording 

To evaluate the neuronal functionality of the differentiated cells in comparison with 

undifferentiated controls (standard cell culture), the I-V relationships of voltage-dependent 

sodium and potassium currents were recorded using the whole-cell patch-clamp (Figure 3.18A-

B). 

The inward voltage-dependent sodium currents were detected in all groups and activated 

at a threshold between -40 and -20 mV (Figure 3.18C). However, a statistically significant 

increase was only observed at membrane potentials of -10 to +20 mV in control and ATRA 

groups, and of -10 to +40 mV in sequential protocol of ATRA and then BDNF group (Friedman 

repeated measure ANOVA, X
2
 = 135.28 for control, 156.96 for ATRA, 143.25 for BDNF, df 
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(10), p = 0.000). A peak value (negative value) was measured as follows: control (-7.83 ± 1.79 

pA/pF), ATRA (-10.05 ± 2.02 pA/pF), and ATRA®BDNF (-19.93 ± 3.80 pA/pF). These 

sodium-current recordings were also compared between groups. The ATRA®BDNF group 

was significantly higher than control (p = 0.019 ± 0.005) and ATRA treatment groups (p = 

0.025 ± 0.013), and no significant difference between control and ATRA groups (p = 1) (Figure 

3.18C). 

Similarly, the outward voltage-dependent potassium currents were detected in all 

groups, which were triggered at a membrane potential of -20 mV (Figure 3.18D). The 

significant increase was reached at 0 mV for control (p = 0.005) and at -10 mV for ATRA (p = 

0.016) and ATRA®BDNF groups (p = 0.003), and then more significant positive currents 

(Friedman repeated measure ANOVA, X
2
 = 164.459 for control, 164.863 for ATRA, 228.075 

for ATRA®BDNF, df (11), p = 0.000). The peak value of 16.72 ± 3.3.99 pA/pF, 19.59 ± 5.25 

pA/pF, 46.31 ± 6.79 pA/pF was measured for control, ATRA, and ATRA®BDNF groups, 

respectively. The outward potassium recordings in the ATRA®BDNF group were significantly 

higher than in control (p = 0.001) and ATRA groups (p = 0.024 ± 0.015) (Figure 3.18D). 

Although the ATRA group induced marginally higher outward sodium currents than the 

control, this difference was not significant at all measuring voltages (p = 0.928 ± 0.073). 

Moreover, the sequential approach (ATRA®BDNF) promoted a significantly higher 

cell membrane capacitance (the cell membrane ability to respond to current impulses) than 

control and ATRA groups (p = 0.000), whereas there was no difference between control and 

ATRA groups (p = 0.475) (Figure 3.18E). These data suggested that the sequential method 

(ATRA®BDNF) induced the highest electrophysiological neuronal profile in SH-SY5Y cells. 
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Figure 3.17 Neurite outgrowth assay (a plate reader quantification of neurite growth). (A) Relative 

quantification of neurite outgrowth and cell viability fluorescence intensity (orange-red 
fluorescent cell membrane stain indicator for neurite outgrowth, along with green stain 
indicator for cell viability; RFU = relative fluorescence unit). (B-E) Merged images are 
presented for a visual reference of the groups: (B) untreated control, (C) ATRA, (D) 
ATRA®0% serum, and (E) ATRA®BDNF. Data plotted are mean ± SEM analysed by 
Kruskal-Wallis test with pairwise comparison; the significance values were adjusted by 
Bonferroni correction for multiple tests (Neurite outgrowth: n = 9; cell viability: n = 8, 
except for ATRA®0% serum (n = 5); *p < 0.05, **p < 0.01, and ***p < 0.001). Scale 
bars are shown. 
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Figure 3.18 Electrophysiological membrane currents induced by neuronal differentiation. (A, B) 
Representative voltage-dependent sodium (A) and potassium currents (B) evoked in the 
experimental groups (control, ATRA, ATRA®BDNF) for visual reference. (C) The I-V 
relationship of inward sodium currents recorded in the experimental groups: control 
standard culture condition (n = 23), ATRA (n = 25), and ATRA®BDNF (n = 21). (D) 
The I-V relationship of outward potassium currents recorded in the groups: control (n = 
22), ATRA (n = 18), and ATRA®BDNF (n = 23). (E) Cell membrane capacitance 
measured in the experimental groups: control (n = 45), ATRA (n = 43), ATRA®BDNF 
(n = 43). The comparison between groups in C, D and E graphs were analysed by Kruskal-
Wallis test with pairwise comparison; the significance values were adjusted by Bonferroni 
correction for multiple tests. Data are mean ± SEM (*p < 0.05, **p < 0.01, and ***p < 
0.001). 
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3.2.8. Selection of the maintenance media for the neuronal-like model 

To determine the suitable maintenance media condition for subsequent experiments such as for 

the LIPUS study (see chapter 6), the selected SH-SY5Y neuronal model: ATRA (10% 

FBS)®BDNF (0% serum) was incubated in three different media conditions (BDNF with 

serum-free media, 10% FBS media, and 10% FBS ATRA-supplemented media). Subsequently, 

phase contrast images were captured after 24 and 72h incubation (Figure 3.19). 

The images showed that to maintain the pre-produced neuronal morphological 

characteristics it was necessary to continuously culture the cells in BDNF with serum-free 

media (Figure 3.19A-B). In contrast, incubating in 10% FBS plain media or 10% FBS ATRA-

supplemented media resulted in a loss of the established neuronal morphology. Culture in 10% 

FBS plain media resulted in loss of the rounded and phase-bright cell bodies with reduced 

intercellular networks and also reoccurrence of S-type cells (Figure 3.19C-D). Unexpectedly, 

10% FBS ATRA-supplemented media led to a considerable loss of the established neuronal 

morphological characteristics (rounded and phase-bright cell bodies, neurite extensions, and 

intercellular network) and the shape of the cells exhibited a glial-like cell morphology (Figure 

3.19E-F). 
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Figure 3.19 SH-SY5Y neuronal-like cells appearance after continued culture in different media 

following the initial differentiation protocol. (A-B) BDNF supplementation maintained 
the established neuronal morphological landmarks after 24 and 72h incubation. (C-D) 
Partial loss of the established neuronal landmarks (flattened cell bodies and S-type 
reoccurrence) after 24 and 72h incubation in standard 10% FBS media. (E-F) Distinct loss 
of the established neuronal characteristics and exhibition of a glial-like cell phenotype 
after 24 and 72h incubation in ATRA-supplemented media. Scale bars are shown. 
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3.3. Discussion 

The findings presented in this chapter demonstrate that the reduction of the FBS concentration 

from the standard 10% FBS concentration in combination with differentiating media (ATRA 

or ATRA®BDNF) did not increase neuronal differentiation morphologically, 

immunocytochemically, or even transcriptionally. Furthermore, this study confirmed the 

neuronal lineage identity of the SH-SY5Y differentiated model. 

In this study, the greatest number of differentiated cells as observed in ATRA®BDNF 

groups in both FBS conditions demonstrated a significant reduction in percentage of viable cells 

compared with their controls under standard cell cultures. This is a common phenomenon which 

is considered as normal biological switch of the cells from proliferative to differentiative phase 

for the development of neuronal cells (Hardwick and Philpott, 2014). This reduction in number 

of cells with differentiation was previously reported in many neuronal differentiation studies 

(Cheung et al., 2009a; Påhlman et al., 1995; Bell et al., 2013; Encinas et al., 2000). Inhibition 

of cell proliferation is considered necessary at the initiation of the differentiation process in 

order to upregulate specific differentiation-associated transcripts (Ruijtenberg and van den 

Heuvel, 2016). Although the 10% FBS (ATRA®BDNF) showed a reduction in the number of 

viable cells, these cultures had significant higher percentage of viable cells than the control 5% 

FBS culture. This finding suggested that 10% FBS supplementation in the ATRA stage is a 

more optimal condition for cell survival and expansion prior to differentiation. 

The data of the present study are consistent with the results of Buttiglione et al. (2007) 

who studied the effect of the FBS reduction alone (without any differentiating supplement) on 

differentiation of the SH-SY5Y cells. They reported no significant increase in neurite length in 

the reduced FBS (2%) compared with the standard FBS concentration (10%). The present study 
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also showed FBS reduction alone (5%) induced insignificant greater neurite length than 10% 

FBS standard cell culture. Furthermore, there was no difference in neurite length between the 

same differentiated groups under both FBS concentrations. This indicated that FBS reduction 

alone could induce simple neurite extension in SH-SY5Y cells, but it does not produce greater 

neurite length in combination with differentiating media. In the comparison between the 

differentiated method groups, ATRA produced heterogeneous cell population of differentiated 

N-type cells and undifferentiated S-type. These data are in agreement with other studies 

(Arcangeli et al., 1999; Kovalevich and Langford, 2013; Encinas et al., 2000). In contrast, the 

sequential approach (ATRA®BDNF) yielded homogenous differentiated cell population with 

few numbers of undifferentiated S-type cells which is agreed with findings of Encinas et al. 

(2000). 

The immunocytochemistry analyses demonstrated no differences in the 

immunoreactivity of the neuronal markers (β-III tubulin, NF-M, and GFAP) between the 

similar groups in both FBS concentrations. These data were consistent with another neuronal 

maker (NF-H) expression showed by Buttiglione et al. (2007) who reported that the 

immunoreactivity was only strictly induced by differentiation supplements and surface 

substrates but not by FBS concentrations. Regarding the differentiation groups, the ATRA 

alone treatment approach induced an increase in expression of the general cytoskeleton β-III 

tubulin and the mature marker NF-M compared with control group. Notably, NF-M was highly 

expressed in the differentiated neuronal-like cells. This specific expression could be explicable 

by the heterogeneity of the SH-SY5Y cell population which is a mixture of N-type and S-type 

cells in which N-type cells do mainly express specific neuronal markers (Sadée et al., 1987; 

Ciccarone et al., 1989). The increased NF-M immunoreactivity finding is similar to that 

reported by Cheung et al. (2009a). The increase in β-III tubulin is also comparable with 
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methodologically slight different study (Constantinescu et al., 2007). The sequential protocol 

(ATRA®BDNF) produced the highest and homogenous expression of β-III tubulin and NF-M 

in the whole cell culture. The β-III tubulin expression in this group was comparable to a study 

which used the BDNF alone or with other combinations (Agholme et al., 2010) while the 

increase in NF-M immunopositivity was consistent with another neurofilament marker (NF-H) 

expression analysed in similar studies (Encinas et al., 2000; Arcangeli et al., 1999). In contrast, 

there was a reduction in glial astrocyte cell marker GFAP in both ATRA and ATRA®BDNF 

groups compared with the control. These results suggest differentiation and maturation towards 

neuronal-like cells rather than glial cells particularly with the ATRA®BDNF treatment groups. 

Although the ATRA alone and sequential method (ATRA®BDNF) induced the same 

gene expression trends, the only ATRA®BDNF method resulted in significant gene 

upregulation of the growth neuronal marker (GAP-43). These findings suggested that BDNF 

step enhanced neuronal maturation and growth rather than more differentiation. The 

upregulation of these neuronal markers (NES, RET, ACHE, SYN1, SNAP-25, and TUBB3) in 

ATRA®BDNF method is similar to gene expression findings reported by Forster et al. (2016) 

who used a slightly different methodology. The significant expression of cholinergic markers 

(ACHE, and CHAT) associated with no expression in adrenergic (DBH) and dopaminergic 

(DAT) markers indicated the cholinergic lineage of the established neuronal models resulting 

from ATRA alone or the ATRA®BDNF protocol. The findings of cholinergic marker 

expression are in agreement with a study by de Medeiros et al. (2019) who used a slightly 

different methodology. Furthermore, the nociceptive voltage-gated sodium channel marker 

(SCN9A/Nav 1.7) and lack of expression of motor marker (MNX1) indicated the sensory 

identity of these neuronal models. This finding is in agreement with a transcriptomic study of 

undifferentiated SH-SY5Y reported by Yin et al. (2016), who observed the presence of SCN9A 
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and suitability of SH-SY5Y cells to represent sensory neurons. In addition, SCN9A/Nav 1.7 

expression was reported in another study by Vetter et al. (2012) which highlighted its 

significant role in changing membrane potential and producing action potential in SH-SY5Y 

cells. The significant expression of mature markers (NF-M and ENO2) and reduction of glial 

astrocyte cell marker (GFAP) indicate that these differentiation protocols induce mature 

neuronal-like cells rather than glial astrocyte cells. The GFAP expression has been reported in 

neuronal precursors and stem cells (Casper and McCarthy, 2006; Liu et al., 2010; Zhang and 

Jiao, 2015) so this could explain the expression of GFAP in the control cell cultures. 

The electrophysiological recordings were conducted to verify the functionality of the 

differentiated models (10% FBS groups) in comparison with the control. As SH-SY5Y cells 

are neuroblastoma cell line, all groups presented inward sodium and outward potassium 

currents. However, the only ATRA®BDNF approach induced the significant currents. These 

electrophysiological findings were in agreement with other studies by Arcangeli et al. (1999), 

and Gervois et al. (2017) who used BDNF in the differentiation of SH-SY5Y cells. Moreover, 

it has been reported that BDNF enhances the neurotransmitter release and synaptic activity 

(Shinoda et al., 2014; Tyler and Pozzo-Miller, 2001). Hence, the BDNF supplement could have 

played a key role in substantially inducing neuronal electrophysiological activities. 

In this study, using the 10% FBS standard media as maintenance media resulted in S-

type cells reoccurrence. The occurrence of S-type cells of the SH-SY5Y cell line was observed 

in serum-supplemented media but not in serum-free media incubation (Leventhal et al., 1995; 

Encinas et al., 2000) so this may therefore justify their reoccurrence. In contrast, the ATRA-

supplemented 10% FBS media as maintenance media caused a loss of neuronal morphological 

characteristics (neuronal-like extensions, and cell-body features) and the cells resembled a glial 

cell morphology after 72h incubation. A possible explanation for this phenomenon could be the 
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ability of the SH-SY5Y cell subtypes to transdifferentiate between N-type and S-type (Ross, 

Spengler and Biedler, 1983) where N-type can differentiate into neuronal-like cells but not S-

type (Encinas et al., 2000). S-type cells were reported to differentiate into glial cells such as 

Schwann cells (Tsokos et al., 1987) or melanocytes (Slack et al., 1992). Moreover, retinoic acid 

was observed to induce a dual differentiation effect on neural crest cells into neurons and 

melanocytes (Dupin and Le Douarin, 1995). The observations reported here may suggest that 

ATRA incubation transdifferentiated the SH-SY5Y neuronal-like model into glial 

cells/melanocytes. Finally, the BDNF-supplemented media was the optimal maintenance media 

in keeping the neuronal characteristics of the established neuronal cell model which was 

selected for the subsequent studies. 

 

3.4. Conclusion 

Lowering FBS to 5% in combination with differentiating media diminishes the cell viability 

and growth without additional differentiation potential of SH-SY5Y cells. In addition, this 

study confirms that there is a reduction in cell numbers of SH-SY5Y cells due to the 

differentiation process (biological switch from proliferative phase to differentiative phase). 

Consequently, there is no need for additional inhibition of cell growth by serum deprivation 

which does not enhance the neuronal differentiation of the SH-SY5Y cells. The sequential 

protocol of ATRA and BDNF supplementation substantially induces greater morphological, 

biochemical, and electro-physiological differentiation of the SH-SY5Y cells compared with the 

ATRA alone supplementation. The results indicate that ATRA and BDNF supplementations 

guide the differentiation towards a functional mature cholinergic sensory “nociceptive” 

neuronal model. This neuronal cell model may be useful as in vitro cell model for testing any 
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therapeutic approach or studying disease related to cholinergic nociceptive sensory nerves. 

Furthermore, this model can be beneficial for studying pain signalling mechanism, and 

neuroinflammation. 
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CHAPTER 4:  DPSC DIFFERENTIATION INTO NEURONAL-

LIKE CELLS AND CHARACTERISATION 
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4.1. Introduction 

Nerve regeneration using stem cells has received particular attention over the last decades to 

enable treatment of nerve injuries and as part of regenerative therapies, including regenerative 

endodontics. Using undifferentiated stem cells in transplantation studies however has 

limitations such as only a small proportion of the transplanted stem cells differentiate towards 

a neuronal lineage and also there is a risk of unwanted differentiation or/and unfavourable 

outcomes, such as fibrotic scar tissue formation which inhibits the subsequent regenerative 

therapy (Heng et al., 2016; Jones et al., 2019). It has therefore been suggested that using in 

vitro differentiated stem cell-derived neuronal cells offers particular promise for in vivo nerve 

repair or regeneration (Pavlova et al., 2012; Abeysinghe et al., 2015; Hu et al., 2017; 

Yamamoto et al., 2020; Lee et al., 2007). Furthermore, the establishment of neuronal cell 

models from stem cells may be beneficial in non-therapeutic applications, such as in vitro 

testing of neurotoxicity and neuropharmacological screening of new drugs (Yap et al., 2015). 

Stem cell-derived neuronal models can also be used for experimental studies such as 

neurodevelopment, neuron injury, and neurodegenerative diseases (Srikanth and Young-Pearse, 

2014; Jones et al., 2018). 

Dental stem cells, particularly DPSCs, have gained considerable interest due to their 

neurogenic potential (Isobe et al., 2016; Pagella et al., 2020) and immunomodulation properties 

which prevent the dilemma of immune rejection as is observed in other cell stem therapies 

(Pierdomenico et al., 2005; Gao et al., 2016a). In addition, DPSCs are readily obtained from 

extracted third molar teeth or teeth extracted for orthodontic purposes. DPSC transplantation 

have been recommended to be used and showed positive regenerative ability for dental pulp 

and neuronal regeneration (Lambrichts et al., 2017; Nakashima and Iohara, 2011; Nakashima 

et al., 2017; Ibarretxe et al., 2012), spinal cord and peripheral nerve injuries (Luo et al., 2021; 
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Yang et al., 2017b; Sakai et al., 2012) and treating neurological diseases (Zhang et al., 2018; 

Shamir, Venugopal and Dhanushkodi, 2015). 

There are different protocols described which involve complex combinations of 

supplements to differentiate DPSCs into neuronal-like cells (see Table 1.3, chapter 1 literature 

review); however, there is no clear consensus regarding the best method for use. Notably, the 

relatively simple 2-component differentiation method (ATRA followed by BDNF) was 

reportedly an effective method to differentiate human neuroblastoma cell line (SH-SY5Y) into 

mature neuronal models (Encinas et al., 2000; Goldie, Barnett and Cairns, 2014; de Medeiros 

et al., 2019; Jämsä et al., 2004). To the best of my knowledge, this supplementation method 

has not been adequately highlighted for differentiation of DPSCs. Hence, the aim of this chapter 

was to investigate whether this method can differentiate DPSCs into mature functional neuronal 

cells and compare it with those of the ATRA method alone. This study also aimed to 

characterise the neuronal cell models established. The methodological approach and assays 

conducted in this study are illustrated in Figure 4.1. 



 
 

 
110 

 
 

Figure 4.1   Schematic diagram showing the groups and assays used to investigate the neuronal differentiation of DPSCs using ATRA alone or the 
sequential supplementation method (ATRA®BDNF). The diagram was designed by the author using the EDA https://eda.nc3rs.org.uk.
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4.2. Results 

4.2.1. Calibration/standard curve of AlamarBlue (AB) assay  

The AlamarBlue (AB) assay was used to represent the percentage of viable cell numbers. The 

calibration/standard curve (Figure 4.2) was performed using known cell number densities of 

DPSCs (0, 12500, 25000, 50000, and 100000 cells). The cells were seeded in a 96-well plate 

and preincubated at 37 °C with 5% CO2 for 6h to allow the cells to adhere to the cell culture 

surface. Subsequently, the assay and calculations were conducted as previously mentioned in 

the section 2.4, chapter 2. The average of % AB absorbance per each group was used to generate 

the standard curve and statistically analyse to assess the linear relationship between the % AB 

absorbance and cell numbers using linear regression analysis. 

 
Figure 4.2   Representative calibration curve of AlamarBlue (AB) assay for DPSCs to examine the 

change in the calculated percentage of AB absorbance reflecting the change in the number 
of viable cells. The linear regression equation and R2 coefficient (>0.9) are shown next to 
the line of the best fit of all different cell densities’ means. 
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4.2.2. Selection of the cell seeding density  

To select the optimal cell seeding for the subsequent experiments, the AlamarBlue (AB) assay 

was performed for a range of cell seeding numbers (6.25x102/cm2, 1.25x103/cm2, 2.5x103/cm2, 

and 5x103/cm2) (Figure 4.3A). The cells were cultured for 12 days as it is the duration of the 

subsequent differentiation experiments based on previous SH-SY5Y studies. Results revealed 

that the lower cell seeding densities (6.25x102/cm2 and 1.25x103/cm2) produced a significantly 

higher percentage of viable cell readings than the higher cell seeding densities (2.5x103/cm2 

and 5x103/cm2; p = 0.000) which showed increased confluency in terms of cell growth. 

Moreover, there was no significant difference in % of viable cell readings between the lower 

cell seeding densities (6.25x102/cm2 and 1.25x103/cm2; p = 0.806) nor between the higher cell 

seeding densities (2.5x103/cm2 and 5x103/cm2; p = 1). The phase contrast images of these 

groups demonstrated the increased confluency of the higher cell seeding densities (2.5x103/cm2 

and 5x103/cm2) compared with the lower cell seeding densities (6.25x102 and 1.25x103/cm2) 

(Figure 4.3B-E). Hence, the lower cell seedings were used for future studies (Figure 4.3B-C). 

The lowest cell seeding density (6.25X102/cm2) was selected for differentiation experiments 

due to its high number of viable cells without reaching cell confluency “cell-cell contact 

inhibition”. Also, these cell culture exhibited considerable intercellular spaces which would 

enable neurite outgrowth projections during the differentiation stage (Figure 4.3B).  



 

 

 

113 

 

  

  
Figure 4.3    Relative AlamarBlue readings reflecting viable cell numbers for the different cell seeding 

densities after 12 days of culture. (A) Percentage of AlamarBlue readings data. These 
plate-reader data were calculated and presented as mean ± SD of % viable cells. (B-E) 
Phase contrast images of cell seeding densities groups for visual reference (B: 
6.25x102/cm2, C: 1.25x103/cm2, D: 2.5x103/cm2, E: 5x103/cm2). The data were analysed 
by Kruskal-Wallis test with pairwise comparison; the significance values were adjusted by 
Bonferroni correction for multiple tests (n = 36; ***p < 0.001). Scale bars are shown. 
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4.2.3. Assessment of viable cell numbers after differentiation 

Next, the effect of the differentiation methods on viable DPSC numbers was assessed using 

AlamarBlue assay (Figure 4.4). Although the differentiation groups (ATRA and 

ATRA®BDNF) showed significantly lower % of viable cell numbers than the standard cell 

culture control (p = 0.000), they demonstrated significantly higher % of viable cell numbers 

than the other control (ATRA®0% serum) (p = 0.001 with ATRA and 0.040 with 

ATRA®BDNF). There was also no significant difference in data between ATRA and 

ATRA®BDNF groups (p = 0.225). These data indicated that the differentiation methods 

(ATRA and ATRA®BDNF) still preserved adequate viable cell numbers after differentiation. 

 

Figure 4.4  Relative cell numbers in DPSCs after differentiation. The data are plate-reader AB 
absorbance values which were calculated to have a percentage. The plotted data are mean 
± SD of % viable cell numbers which were analysed by Kruskal-Wallis test with pairwise 
comparison; the significance values were adjusted by Bonferroni correction for multiple 
tests (n = 28; *p < 0.05, **p < 0.01, and ***p < 0.001). 
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4.2.4. Morphological changes 

4.2.4.1. Neuronal morphological observations 

DPSCs underwent morphological changes throughout the differentiation process generating 

neuronal-like cell features (Figure 4.5). In standard cell culture conditions, the cells displayed 

heterogeneity in shape and size exhibiting a spindle-shaped and fibroblast-like appearance 

(Figure 4.5A-B). These cells differentiated into bipolar elongated cells with ATRA treatment 

(Figure 4.5C-D), and they became more defined as bipolar elongated cells following BDNF 

supplementation in the two-stage protocol (ATRA®BDNF) (Figure 4.5G). Some cells 

following ATRA®BDNF application acquired typical neuronal-like characteristics exhibiting 

a phase-bright cell body with well-defined neurite/axon-like extensions and with relatively 

minor lateral branching (Figure 4.5H). Contrastingly, the comparable culture in the absence of 

BDNF supplementation (ATRA®0% serum) displayed a loss of elongated cells as seen with 

the ATRA step in which the cells appeared flattened (Figure 4.5E-F). 

The neuronal-like cells in ATRA®BDNF group showed variations in shape and size 

(Figure 4.6). Cultures included cells presenting with bipolar and multipolar structures as 

neuronal-like cells, although the bipolar-phenotype cells were predominant (Figure 4.6A-B). 

There were also different sizes of bipolar (Figure 4.6C-D) and multipolar neuronal-like cells 

(Figure 4.6E-F). These morphological observations were supported by further quantitative 

neurite outgrowth assay. 
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Figure 4.5  Representative morphological appearance of the differentiation groups as evaluated by 
phase-contrast microscopy. (A-B) Non-treated cell culture (A: Cells are confluent at the 
end of the experiment, B: Standard DPSC culture displayed spindle-shape and fibroblast-
like phenotypes). (C-D) Cells exhibited bipolar elongation after ATRA treatment. (C: in 
majority of the culture, D: in less dense area). (E-F) ATRA®0% serum demonstrated less 
and flattened cells in the absence of FBS or BDNF. (G-H) ATRA®BDNF groups revealed 
the most neuronal differentiation exhibiting well-defined oval cell-bodies with bipolar 
elongated processes (G) and some cells demonstrated typical bipolar neuronal-like cellular 
phenotype (H). The images were taken at 20X magnification. Scale bars are shown. 
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Figure 4.6     Representative morphological variations of the typical neuronal-like DPSCs were cultured 
in ATRA®BDNF conditions and imaged under phase-contrast microscopy. (A-B) Mixed 
differentiated DPSC cultures of bipolar and multipolar neuronal morphologies. (C-D) 
Cultures exhibited different sizes of bipolar neuronal-like cells with lateral ramifications. 
(E-F) Cells also displayed different sizes of multipolar neuronal-like cells. Images were 
taken at 20X magnification. Scale bars are shown. 

4.2.4.2. Quantitative neurite outgrowth staining assay 

Data demonstrated that the ATRA®BDNF group exhibited the highest neurite outgrowth 

compared with other experimental groups (Figure 4.7). This experimental group exhibited 
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significantly higher neurite outgrowth compared with both controls (p = 0.045 with standard 

cell culture and p = 0.001 with ATRA®0% serum group); however, this was not significantly 

higher than the ATRA group alone (p = 1). The ATRA group showed no significant difference 

in neurite outgrowth quantification compared with the standard cell culture control (p = 0.784); 

however, this value was significantly higher than the other experimental control (ATRA®0% 

serum: p = 0.006) (Figure 4.7A). Confocal microscopy images indicated that the 

ATRA®BDNF group displayed higher staining and neuronal morphological characteristics 

than the ATRA group (Figure 4.7B-E). 

The results also showed that there were differences in the cell viability between groups 

(Figure 4.7A) which were in agreement with data obtained from AlamarBlue assay (Figure 4.4). 

Although there was a reduction in the fluorescent cell viability readings in ATRA and 

ATRA®BDNF groups, this reduction was not significantly lower than that derived for cells 

cultured under standard conditions (p = 1 with ATRA and 0.136 with ATRA®BDNF). 

Fluorescent cell viability readings in the differentiation groups were also insignificantly higher 

than other experimental control (ATRA®0% serum: p = 0.381 with ATRA and p = 1 with 

ATRA®BDNF group). There was also no significant difference in cell viability between both 

differentiation methods used (ATRA and ATRA®BDNF groups: p = 1). The only significant 

difference was between controls in which the ATRA®0% serum control was lower than the 

standard cell culture control (p = 0.01). The neuronal morphological observations and neurite 

outgrowth data indicated the superiority of the relatively simple sequential protocol 

(ATRA®BDNF) to induce morphologically neuronal-like features while simultaneously 

preserving adequate cell viability in the differentiated cell cultures. 
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Figure 4.7     Neurite outgrowth assay. (A) Relative quantification of neurite outgrowth and cell viability 

as determined by fluorescence intensity (orange-red fluorescent cell membrane stain 
indicator for neurite outgrowth, along with green stain indicator for cell viability). These 
fluorescence intensity values were quantified by spectrophotometer plate reader; RFU = 
relative fluorescence unit). (B-E) Merged images are presented for a visual reference of 
the groups: (B) Untreated control, (C) ATRA, (D) ATRA®0% serum, and (E) 
ATRA®BDNF. Data plotted are mean ± SEM which were analysed by Kruskal-Wallis 
test with pairwise comparison; the significance values were adjusted by Bonferroni 
correction for multiple tests (neurite outgrowth: n = 9, except for ATRA®0% serum, n = 
5; cell viability: n = 8, except for ATRA and ATRA®0% serum, n = 5; *p < 0.05, and **p 
< 0.01). Scale bars are shown. 
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4.2.5. Immunocytochemistry 

To investigate the immunoreactivity of neuronal protein markers5 on the differentiated DPSCs, 

immunofluorescence staining was performed using the general neuronal cytoskeleton marker 

(bIII-tubulin/TUBB3), mature marker (NF-M) and astrocyte glial cell marker (GFAP) (Figure 

4.8 - Figure 4.10). 

Immunocytofluorescence staining demonstrated that the neuronal cytoskeleton marker 

(bIII-tubulin/TUBB3) was increased in the ATRA experimental group and levels were higher 

in the ATRA®BDNF experimental group compared with the control group. The mature marker 

(NF-M) was only immunopositively detected in the differentiated experimental groups; the 

highest levels were detected in the ATRA®BDNF experimental group (Figure 4.8). In contrast, 

GFAP expression was not detected in all groups, and the accompanying bIII-tubulin (TUBB3) 

expression was in agreement with the observations reported with NF-M expression (Figure 4.9). 

The glial-like differentiated cells in the ATRA®BDNF group were also stained with TUBB3, 

NF-M, and GFAP to check their neuronal immunopositivity. TUBB3 was the only marker 

detected, and no expression of the NF-M or GFAP marker was detected (Figure 4.10). For 

methodological validity, no immunofluorescent staining was observed in the negative controls. 

These immunocytochemical observations indicated that the ATRA followed by BDNF 

supplementation protocol induced the highest neuronal differentiation towards a mixed 

population of mature neuronal cells and neuroglia-like cells (not astrocyte cells due to lack 

expression of GFAP). Subsequently, the expression of these neuronal markers were also 

investigated by quantitative gene expression along with other neuronal-related markers to 

profile and identify the neuronal nature in these differentiated models. 

 
5 The references of the specificity of the neuronal markers are mentioned in Appendix II. 
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Figure 4.8    Immunocytofluorescence analysis of the NF-M and TUBB3 markers in the differentiated DPSC experimental groups. The ATRA®BDNF 

supplementation protocol induced the highest expression of these markers. Scale bars are shown. 
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Figure 4.9    Immunocytofluorescence analysis of the GFAP and TUBB3 markers in the differentiated DPSC experimental groups. GFAP expression was 

not detected in all experimental groups. Scale bars are shown. 
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Figure 4.10  Immunocytofluorescence analysis of the NF-M, and GFAP markers in the glial-like differentiated DPSCs. Both mature neuronal (NF-M) 

and glial astrocyte (GFAP) markers were not expressed. Scale bars are shown. 
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4.2.6. Neuronal gene expression 

To compare gene expression levels for neuronal markers, quantitative PCR analysis was 

performed. A panel of gene markers was selected to assess the neuronal differentiation and to 

determine the cellular outcome (neuronal lineage). Neuronal markers6 were studied including 

general, mature and astrocyte glial, neurotransmitters, synaptic and voltage-gated sodium 

channels, sensory and motor neuronal markers (Table 4.1 and Figure 4.11 - Figure 4.15). 

The sequential supplementation method (ATRA®BDNF) induced significant gene 

upregulation of more neuronal markers than ATRA alone supplementation method compared 

with controls (Table 4.1). Some of these neuronal markers in ATRA®BDNF group were also 

expressed at significantly higher levels than in the ATRA alone supplementation group, 

including TUBB3 (p = 0.005), GAP43 (p = 0.001), ACHE (p = 0.010), and PRPH (p = 0.001) 

(Figure 4.11 and Figure 4.15). In contrast, there was a reduction in gene expression of some 

neuronal markers in both differentiation methods compared with control such as GFAP, 

SCN1A, and MNX1 (Table 4.1). Furthermore, there were also no to minimal gene expression 

of some neuronal markers such as DBH, DAT, and MAP2 (Table 4.1). The reduction and no 

changes in gene expression of these neuronal markers indicated selective neuronal 

differentiation towards specific neuronal lineage. 

Gene expression data indicated that the ATRA®BDNF differentiation method induced 

increased neuronal gene upregulation compared with the ATRA method, and also the 

differentiation appeared more specialised towards a cholinergic sensory mature neuronal-like 

cell identity. 

 
6 The references of the specificity of the neuronal markers are mentioned in Appendix II. 
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Table 4.1 Significant change in gene expression of neuronal markers compared with control 

Specificity of neuronal markers Gene of interest ATRA ATRA®BDNF 

General cytoskeleton marker TUBB3 ¾ ­ (p = 0.001) 

Neuroepithelial marker NES ¾  ­ (p = 0.011) 

Mature marker 
NF-M ­ (p = 0.002) ­ (p = 0.016) 

ENO2 ­ (p = 0.001) ­ (p = 0.004) 

Cholinergic marker 
CHAT ­ (p = 0.007) ­ (p = 0.000) 

ACHE ¾ ­ (p = 0.002) 

Synaptic marker 
SYN1 ­ (p = 0.040) ­ (p = 0.002) 

SNAP-25 ¾ ­ (p = 0.019) 

Neuronal development and 
growth 

GAP43 ¾ ­ (p = 0.031) 

RET ¾ ­ (p = 0.019) 

Peripheral nervous system PRPH ¾ ­ (p = 0.042) 

Sensory marker (nociceptive 
voltage-gated sodium channel)  SCN9A ­ (p = 0.000) ­ (p = 0.000) 

Sensory marker POU4F1 ¾ ­ (p = 0.000) 

Motor marker  MNX1 ¾ ¯ (p = 0.005) 

Astrocyte glial marker GFAP ¯ (p = 0.032) ¯ (p = 0.001) 

General voltage-gated sodium 
channel SCN1A ¯ (p = 0.011) ¯ (0.007) 

Adrenergic/norepinephrine 
marker DBH ¾ ¾ 

Dopaminergic marker DAT ¾ ¾ 

Dendritic maker MAP2 ¾ ¾ 
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Figure 4.11  Neuronal gene expression in DPSC cultures following neurogenic induction were analysed by real-time qPCR. Only differentiated DPSCs 

in the ATRA®BDNF group showed significant upregulation of the cytoskeleton (TUBB3), the neuroepithelial (NES), and neuronal 
development and growth (RET and GAP43) gene markers. Gene expression fold calculations were normalised against two housekeeping 
genes (HPRT1and RPLA13). The data presented are mean ± SD analysed by Kruskal-Wallis test with pairwise comparison; the significance 
values were adjusted by Bonferroni correction for multiple tests (TUBB3: n = 9, NES: n = 6, RET: n = 3, and GAP-43: n = 6; *p < 0.05, 
and **p < 0.01). 
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Figure 4.12  Mature neuronal and astrocyte glial gene expression following neurogenic induction were analysed by real-time qPCR. All mature gene 

makers for the main neuronal cells (NF-M and ENO2) except dendritic marker (MAP2) were upregulated in differentiated DPSC groups, 
whereas astrocyte marker (GFAP) levels were reduced in both groups. This significant increase in mature markers and decrease in astrocyte 
gene marker indicated that the differentiation was induced towards mature neuronal cells. Gene expression fold calculations were normalised 
against two housekeeping genes (HPRT1 and RPLA13). Data are mean ± SD analysed by Kruskal-Wallis test with pairwise comparison; 
the significance values were adjusted by Bonferroni correction for multiple tests (NF-M: n = 6, ENO2: n = 9, MAP2: n = 6, and GFAP: n = 
7; *p < 0.05, **p < 0.01). 
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Figure 4.13  Neurotransmitter gene expression following neurogenic induction were analysed by real-time qPCR. The cholinergic markers (ACHE and 

CHAT) were both upregulated in ATRA®BDNF group whereas only CHAT was upregulated in the ATRA group. The adrenergic (DHB) 
and dopaminergic (DAT) markers were not observed. The DBH gene marker was detected and reduced with differentiation in the positive 
control cells (SH-SY5Y) as mentioned in chapter 3 (Figure 3.14). This upregulation in the cholinergic markers and no detection in other 
neurotransmitters suggested that the differentiated DPSCs were cholinergic neuronal-like cells. Gene expression fold calculations were 
normalised against two housekeeping genes (HPRT1 and RPLA13). The data are mean ± SD analysed by Kruskal-Wallis test with pairwise 
comparison; the significance values were adjusted by Bonferroni correction for multiple tests (ACHE: n = 6, and CHAT: n = 9; *p < 0.05, 
**p < 0.01, and ***p < 0.001). Note: Ñ indicates not detected. 
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Figure 4.14 Synaptic and voltage-gated sodium channels gene expression following neurogenic induction were analysed by real-time qPCR. More 

synaptic (SYN1, SNAP25) and sensory/nociceptive voltage-gated sodium (SCN9A) markers were upregulated in the ATRA®BDNF group 
compared with the ATRA group (SYN1 and SCN9A). The general neuronal voltage-gated sodium channel (SCN1A) marker was reduced 
in expression following application of both supplementation protocols. These upregulations in synaptic and sensory voltage-gated sodium 
channel (SCN9A) markers and simultaneously reduction in general neuronal voltage-gated sodium channel (SCN1A) marker indicated that 
the differentiated DPSCs were sensory neuronal-like cells with synaptic activity. Gene expression fold calculations were normalised against 
two housekeeping genes (HPRT1 and RPLA13). Data are mean ± SD analysed by Kruskal-Wallis test with pairwise comparison; the 
significance values were adjusted by Bonferroni correction for multiple tests (SYN1: n = 6, SNAP25: n = 3, SCN1A: n = 6, and SCN9A: n 
= 9; *p < 0.05, **p < 0.01, and ***p < 0.001). 
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Figure 4.15   Sensory and motor gene expression following neurogenic induction were analysed by real-time qPCR. The peripheral nervous system maker 

(PRPH) and sensory marker (POU4F1) were only significantly increased in the ATRA®BDNF group, whereas motor marker (MNX1) was 
significantly decreased in both differentiation groups. This increase in sensory marker (plus SCN9A marker in Figure 4.13) and decrease in 
motor marker suggested that differentiation was induced towards sensory rather than motor neuronal-like cells. Gene expression fold 
calculations were normalised against two housekeeping genes (HPRT1 and RPLA13). The data are mean ± SD analysed by Kruskal-Wallis 
test with pairwise comparison; the significance values were adjusted by Bonferroni correction for multiple tests (PRPH: n = 6, POU4F1: n 
= 9, and MNX1: n = 6; *p < 0.05, **p < 0.01, and ***p < 0.001). 
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4.2.7. Neuronal electrophysiological recordings 

Whole-cell patch-clamp was performed to investigate the neuronal functionality of the 

differentiated DPSCs in comparison with undifferentiated cells (standard cell culture). This 

approach was used to record the voltage-dependent sodium and potassium currents (Figure 

4.16A-B). 

The differentiated DPSC groups presented inward voltage-dependent sodium currents; 

however, untreated DPSCs did not. These currents were triggered at a threshold of between -

40 and -20 mV (Figure 4.16C). A statistically significant increase was only detected at 

membrane potentials of -10 to +30 mV in ATRA group, and of -10 to +40 mV in the 

ATRA®BDNF group (Friedman repeated measure ANOVA with df (10); control: X2 = 13.40 

(p = 0.202), ATRA: X2 = 51.30 (p = 0.000), and BDNF: X2 = 101.77 (p = 0.000)). A peak value 

(negative value) was measured as follows: control (-0.08 ± 0.06 pA/pF), ATRA (-3.61 ± 2.09 

pA/pF), and ATRA®BDNF (-8.79 ± 2.19 pA/pF). These sodium-current recordings were also 

compared between groups. The ATRA®BDNF group exhibited significantly higher values 

than the control (p = 0.007 ± 0.003) whereas no significant difference between the control and 

ATRA groups (p = 0.525 ± 0.098) nor the ATRA and ATRA®BDNF groups (p = 0.129 ± 

0.041) was observed (Figure 4.16C). 

Likewise, the outward voltage-dependent potassium currents were detected in the 

differentiated experimental groups but not in untreated DPSCs. These currents were evoked at 

a membrane potential of -30 mV (Figure 4.16D). Although the K+ currents in the ATRA group 

were recorded, these currents were not statistically significantly increased at different measured 

membrane potentials (p = 0.749 ± 0.098). The significant increase in the ATRA®BDNF-

treated group of DPSCs exhibited onset at -10 mV (p = 0.043), and subsequently at more 
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significantly positive currents (Friedman repeated measure ANOVA with df (10); control: X2 

= 0.00 (p = 1), ATRA: X2 = 33.27 (p = 0.749), and ATRA®BDNF: X2 = 97.80 (p = 0.000)). 

The peak value of 0 ± 00 pA/pF, 0.53 ± 0.22 pA/pF, 3.341 ± 0.42 pA/pF was measured for 

control, ATRA, and ATRA®BDNF treated groups, respectively. The potassium recordings in 

the ATRA®BDNF were significantly higher than the control (p = 0.000) and ATRA groups (p 

= 0.020 ± 0.004). Although the ATRA treated group induced marginally higher outward 

potassium currents than the control, this difference was not significant at all measured voltages 

(p = 0.872 ± 0.076) (Figure 4.16D). 

The cell membrane capacitance (i.e., it determines how rapidly the cell membrane 

responds to current impulse conduction) was also calculated (Figure 4.16E). The ATRA treated 

group demonstrated relatively high cell membrane capacitance values; however, they were not 

significantly higher than the control (p = 0.211). Whereas the sequential treatment approach 

(ATRA®BDNF) demonstrated a significantly higher cell membrane capacitance values 

compared with the control group (p = 0.011). However, there was no statistical difference 

between the ATRA and ATRA®BDNF groups (p = 1). 

These data indicated that only the sequential differentiation method (ATRA®BDNF) 

induced functional electrophysiological neuronal profile in differentiated DPSCs. 
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Figure 4.16  Electrophysiological membrane currents were induced by neuronal differentiation. (A, B) 
Representative voltage-sodium (A) and potassium currents (B) evoked in the experimental 
groups (control, ATRA, and ATRA®BDNF) for visual reference. (C) The I-V 
relationship of inward sodium currents were recorded in the experimental groups: control 
standard culture condition (n = 6), ATRA (n = 10), and ATRA®BDNF (n = 14). (D) The 
I-V relationship of outward potassium currents were recorded in the groups: control (n = 
7), ATRA (n = 6), and ATRA®BDNF (n = 10). (E) Cell membrane capacitance was 
measured in the experimental groups: control (n = 8), ATRA (n = 6), and ATRA®BDNF 
(n = 23). The comparison between groups in C, D and E graphs were analysed by Kruskal-
Wallis test with pairwise comparison; the significance values were adjusted by Bonferroni 
correction for multiple tests. Data are mean ± SEM (*p < 0.05, **p < 0.01, and ***p < 
0.001). 
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4.3. Discussion 

The present chapter reports on how DPSCs were successfully differentiated into neuronal-like 

cells as determined by cytomorphology, immunoreactivity, gene expression, and 

electrophysiological profile. The DPSCs were differentiated into neuronal-like cells using the 

established and relatively straightforward sequential differentiation protocol (ATRA followed 

by BDNF) as has been reported for SHS-Y5Y cells (Encinas et al., 2000). In addition, the 

neuronal lineage identity of the differentiated DPSCs was identified. 

Although the ATRA treatment alone stimulated morphologically bipolar elongation in 

the DPSCs, only the sequential approach (ATRA®BDNF) induced the greatest neuronal 

morphological features via neurite outgrowth quantification. These results were consistent with 

those previously reported in SH-SY5Y studies by Encinas et al. (2000) and Goldie et al. (2014) 

in which they reported that the ATRA®BDNF differentiation method gave superior neuronal 

morphological features than the ATRA alone method. In addition, only the differentiated 

DPSCs in the ATRA®BDNF group in the current study displayed a combination of typically 

bipolar, and fewer multipolar neuronal phenotype cells. This finding is consistent with a study 

by Luzuriaga et al. (2019) who used BDNF with other supplements in specialised neuronal 

differentiating media and reported that BDNF reprogrammed DPSCs into neuronal- and glial-

like cells lineages. 

The current chapter presents data on neuronal-like cell appearance established by DPSC 

differentiation. However, these neuronal-like cells were a relatively small population among 

the more dominant elongated cells and other cells which appeared relatively unchanged. The 

possible explanation for this was that while the DPSCs were characterised as stem cells, they 

were not sorted for stem cells markers and consequently resulted in low percentage of stem 
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cells. The presence of bipolar and multipolar differentiated neuronal-like cells in the same 

culture could also support the heterogeneity of the tested DPSCs. This combination of the two 

different neuronal phenotypes could be produced due to the presence of specific markers in the 

undifferentiated DPSCs of the same culture which result in neuronal and glial lineages (Young 

et al., 2016; Harrington, Sloan and Waddington, 2014). However, further investigations are 

required to determine other possible reason(s) why the same population of DPSCs behave 

differently in response to the same differentiating supplementation. 

Even though there was increased immunoreactivity of the neuronal cytoskeleton (b-

tubulin III) and mature marker (NF-M) with both differentiation methods, the ATRA®BDNF 

method resulted in the greatest expression levels. The b-tubulin III expression finding is in 

agreement with previous studies which used ATRA and BDNF supplements along with other 

stimulants to differentiate human embryonic stem cells (hESC) (Li et al., 2005; Lee et al., 2007) 

and DPSCs into neuronal-like cells (Chang et al., 2014; Jung et al., 2016). However, the b-

tubulin III expression was also observed in the uninduced control DPSC groups. This 

expression indicates that the detection of this marker is not necessarily an indicator of neuronal 

differentiation, but the increase in the expression most likely does. This observation is 

consistent with previous studies which found b-tubulin III expression in undifferentiated 

mesenchymal stem cell cultures, including DPSCs (Foudah et al., 2014; Martens et al., 2012; 

Tamaki et al., 2013). The immunoexpression of the mature maker (NF-M) in bipolar but not in 

multipolar differentiated cells indicated that the bipolar differentiated cells were mature 

neuronal-like cells, whereas the multipolar cells were supportive glial-like cells. The 

immunoexpression of the mature maker (NF-M) was also supported by transcript upregulation 

for mature markers (NF-M and ENO2). The immunoexpression of the mature neurofilaments 

was comparable to those expression levels reported by Wichterle et al. (2002) who used the 
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ATRA and BDNF supplements along with other differentiating stimulants to differentiate 

mouse embryonic stem cells (mESC) into neuronal-like cells. 

Surprisingly, GFAP immunoexpression was not detected in any experimental groups, 

and this observation was supported by the reduction in GFAP gene expression. Thereby, these 

results indicated that neither method (ATRA or ATRA®BDNF) produced astrocyte glial cells 

and the multipolar glial-like cells presented in ATRA®BDNF group were potentially glial cells 

but not an astrocyte subtype. Because of their multipolar appearance, they may be either 

oligodendrocytes or microglia; hence, further investigation is needed to reveal the identity of 

these multipolar glial-like cells. Notably, these GFAP expression results are not in agreement 

with that of the study performed by Chang et al. (2014) who reported GFAP expression after 

neuronal differentiation. This outcome may have been due to one of their other multiple 

differentiating supplements such as the presence of glial cell line-derived neurotrophic factor 

(GDNF), which is not present in the current study. GDNF is known for activating glial cells 

and producing astrogliosis (new astrocytes) used for neuronal repair and regeneration (Deng et 

al., 2011; Walker and Xu, 2018). 

The sequential method (ATRA®BDNF) resulted in enhanced gene upregulation of 

neuronal markers compared with the ATRA alone method which simulated relative few gene 

changes. The upregulation of the general neuronal markers (NES and b-tubulin) due to 

ATRA®BDNF supplementation agrees with results reported by Chang et al. (2014) and Jung 

et al. (2016). Both studies used ATRA and BDNF in combination with other supplements to 

differentiate DPSCs into neuronal-like cells. The increase in the gene expression of cholinergic 

and synaptic markers (ACHE, CHAT, and SNAP25) in this study is similar to findings reported 

by Lee et al. (2007). They also used ATRA and BDNF with other supplement combinations to 
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differentiate hESC into neuronal-like cells. Furthermore, the increased gene expression in 

cholinergic markers corresponded with the immunostaining of cholinergic markers showed by 

Li et al. (2005) and Wichterle et al. (2002) who used ATRA and BDNF in their complex 

differentiating media to differentiate hESC and mESC, respectively. Also, in SH-SY5Y 

differentiation studies where ATRA and BDNF were used, a cholinergic identity of the 

differentiated cells was reported (de Medeiros et al., 2019; Goldie, Barnett and Cairns, 2014). 

This agreement in data suggests that ATRA and BDNF supplements are inducers of the 

cholinergic synaptic activity of the resultant differentiated cells. 

The distinct expression of sensory marker (POU4F1), nociceptive voltage-gated sodium 

channel marker (SCN9A/Nav 1.7) and lack of expression of motor marker (MNX1) indicated 

the sensory identity of these DPSC-derived neuronal-like cells. This finding was not in 

agreement with the upregulation of motor neuronal marker (HLXB9/HB9/MNX1) reported by 

others (Lee et al., 2007; Li et al., 2005; Wichterle et al., 2002). These studies concluded a motor 

phenotypic identity of their stem cell-derived neuronal-like cells. The possible explanation for 

this difference is the presence of sonic hedgehog (SHH) supplement in their differentiating 

media which is reported to guide the differentiation towards a motor neuronal phenotype (Li et 

al., 2008; Wichterle and Peljto, 2008). In addition, very low concentrations of ATRA (1 nM to 

2 µM) and BDNF (10-20 ng/ml) supplements were used which may not be sufficient to induce 

the sensory neuronal-like cells in comparison with the current study (ATRA: 10 µM and BDNF: 

50 ng/ml). 

It has previously been reported by Lu et al (2004) that the morphological changes of 

stem cells into neuronal-like cells and certain neuronal markers’ upregulation could be induced 

by chemical stress or cellular toxicity from components in the differentiating media rather than 

due to guided neuronal differentiation. Therefore, electrophysiological recordings were 
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established for all groups to investigate the functionality and support the molecular and cellular 

data of the differentiated DPSCs. Only the differentiated DPSCs generated by the sequential 

method (ATRA®BDNF) displayed a marked neuronal electrophysiological profile. This 

finding is consistent with distinct electrophysiological results reported by Lee et al. (2007) and 

Li et al. (2005) who used ATRA and BDNF in their differentiating media to differentiate hESC 

into neuronal-like cells. The consistency with those studies could suggest that the BDNF 

supplement stimulated the neuronal electrophysiological characteristics towards functional 

neuronal-like cells, whereas ATRA alone is not sufficient. This interpretation is in agreement 

with Goldie et al. (2014), who concluded that the ATRA supplementation alone method 

produced intermediate differentiation and only with the additional supplementation of BDNF 

could maturity and synaptic functionality of differentiated SHS-Y5Y cells be induced. 

 

4.4. Conclusion 

This study demonstrates that only the sequential protocol of ATRA followed by BDNF 

supplementation effectively induces morphological, biochemical, and electro-physiological 

differentiation of DPSCs into neuronal-like cells compared with ATRA alone protocol. The 

sequential supplementation (ATRA®BDNF) enables DPSCs to differentiate towards a 

functional mature cholinergic sensory (nociceptive) neuronal-like phenotype. These DPSC-

derived neuronal-like cells could be used as a neuronal component of a constructive/engineered 

tissue structure or transplanted with other targeted cells to replace any desired tissue loss in the 

dental and medical fields. As this neuronal-like model is derived from DPSCs, the best fit may 

be as neuronal component of the dental pulp regenerative therapy. They could also be adopted 

for the in vivo regenerative neuronal transplantation therapies to restore the defective neuronal 
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tissue due to nerve injuries, instead of undifferentiated stem cells. However, further 

investigation is required to study the suitability of this neuronal-like model for clinical use. 

Furthermore, it could be used as a preclinical in vitro neuronal-like model for investigating 

therapies, and neuronal-related problems.  
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CHAPTER 5:  ROLE OF ERK/MAPK SIGNALLING IN 

NEURONAL DIFFERENTIATION OF DPSC AND SH-SY5Y 

CELL CULTURES 
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5.1. Introduction 

The neuronal differentiation of stem cells involves various and complex underlying signalling 

pathways (Gage, 2000). Elucidating these pathways that govern neural stem cell-fate 

determination (neuronal or glial cells) is crucial for creating new specialised therapies that could 

provide points of intervention to limit neuronal loss or stimulate neuronal repair and 

regeneration (Navarro Quiroz et al., 2018; Chuang, Tung and Lin, 2015; Tzeng et al., 2015).  

There are a variety of signalling pathways involved in specific neuronal cell fate 

differentiation. For example, mature neuronal differentiation is induced via cyclic adenosine 

monophosphate (cAMP) signalling (Kim et al., 2005), and the extracellular-regulated 

kinases/mitogen-activated protein kinase (ERK/MAPK) signalling pathway (Tzeng et al., 

2015). Astrocytic differentiation is achieved via Janus kinases/signal transducer and activator 

of transcription proteins (JAK/STAT) and ERK/MAPK signalling pathways (Nakanishi et al., 

2007). Oligodendrocyte differentiation is activated via p38 MAPK signalling pathway (Haines 

et al., 2015; Chew et al., 2010). Schwann cell differentiation is trigged via cAMP signalling 

(Arthur-Farraj et al., 2011; Monk et al., 2009) and the phosphatidylinositol 3-kinase/Akt 

protein kinase B (PI3K/Akt) pathway (Heller et al., 2014). 

Although the MAPK signalling pathways are commonly involved in cell growth and 

proliferation (Chang and Karin, 2001; Zhang and Liu, 2002), there are several studies reporting 

its involvement in the differentiation of several cell types (Lovicu and McAvoy, 2001; Traverse 

et al., 1992; Jaiswal et al., 2000). The MAPK and PI3K/Akt pathways are considered the main 

signalling pathways in the nervous system stimulated by neurotrophins, including BDNF 

(Kaplan and Miller, 2000; Frebel and Wiese, 2006). It has been previously reported in neuronal 

cell line (SH-SY5Y) and stem cell studies that the ERK/MAPK was responsible for neuronal 
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differentiation and maturation whereas the PI3K/Akt pathway was involved for sustaining cell 

survival during differentiation (Encinas et al., 1999; Tzeng et al., 2015). Thus, the ERK/MAPK 

pathway was selected to investigate whether the established mature cholinergic sensory DPSC-

derived neuronal-like cells (the neuronal model described in chapter 4) is also achieved via this 

signalling pathway. This investigation was conducted in parallel with SH-SY5Y-derived 

neuronal-like cells as positive control cells (the neuronal model described in chapter 3). 

The mitogen-activated protein kinase 1/2 (MEK1/2) is the primary form of the active 

phosphorylated form (p-MEK1/2/MAPKKs) in ERK/MAPK signalling. These p-MEK1/2 

proteins are responsible for the phosphorylation of the ERK1/2 into the active phosphorylated 

form (p-ERK1/2/MAPK) which stimulates biological responses, such as cell proliferation and 

differentiation (Rubinfeld and Seger, 2005; Murphy and Blenis, 2006). The MEK inhibitors 

(U0126 and PD98059) have been widely used in research to investigate the role of ERK/MAPK 

signalling pathway in neuronal differentiation (Encinas et al., 1999; Phonchai et al., 2019; Lee 

et al., 2016; Yin et al., 2014; Chan et al., 2013). Notably, U0126 inhibits the MEK1 and MEK2 

(Favata et al., 1998) whereas PD98059 inhibits only the MEK1 (Alessi et al., 1995). 

Consequently, the MEK1/2 (U0126) inhibitor was selected in the present study as it 

subsequently inhibits the phosphorylation of both ERK1 and ERK2 rather than the partial 

inhibition of this signalling pathway (see the proposed pathway of study is illustrated in Figure 

5.1). Also, the methodological approach and assays conducted in this study are illustrated in 

Figure 5.2. 
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Figure 5.1  A proposed schematic diagram demonstrating how BDNF could trigger the ERK/MAPK signalling pathway to induce the neuronal 

differentiation and maturation of DPSCs (the diagram was designed by the author using the Biorender designing website 
https://biorender.com). 
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Figure 5.2    Schematic diagram showing the groups and assays used to investigate the involvement of ERK signalling in the neuronal differentiation of 

DPSCs in comparison with SH-SY5Y cells. The diagram was designed by the author using the EDA https://eda.nc3rs.org.uk.
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5.2. Results 

To determine whether the differentiation effect following application of the sequential protocol 

(ATRA®BDNF) on DPSCs (with SH-SY5Y cells used as positive controls) was dependent 

upon the ERK/MAPK signalling pathway, the ATRA-differentiated cells were pretreated with 

and without the ERK1/2 inhibitor (MEK1/2 inhibitor: U0126) (Wu and Park, 2015; Favata et 

al., 1998) for 1h. Subsequently, the cultures were incubated in BDNF-supplemented or serum-

free media (control) for 48h with and without the application of the U0126 inhibitor. The neurite 

outgrowth assay (described in section 2.5.2), and bIII-tubulin/TUBB3 and NF-M 

immunofluorescent staining (described in section 2.6) were conducted to assess the 

differentiation effect in the presence and absence of the U0126 inhibitor. ELISA was also 

performed to quantify the phosphorylated ERK1/2 (phsopho-p44/42 MAPK/p-ERK1/2) levels 

(described in section 2.11.3). 

5.2.1. Quantitative neurite outgrowth staining assay 

The experimental cell types (SH-SY5Y and DPSCs) demonstrated comparable results (Figure 

5.3). The BDNF-supplemented group resulted in the highest neurite outgrowth staining 

amongst all the experimental groups tested after 48h incubation; however, this was not 

statistically significantly higher compared with the control group (SH-SY5Y: p = 0.578 and 

DPSCs: p = 0.634). In contrast, the U0126-treated (MEK/ERK-inhibited) groups 

(BDNF+U0126 and control+U0126) demonstrated a highly significant reduction in neurite 

outgrowth readings compared with the BDNF-supplemented group (p = 0.000 in both cell 

types: SH-SY5Y and DPSCs). In addition, there was no difference in neurite outgrowth 

readings between the U0126-treated groups in the presence and absence of BDNF 

supplementation (SH-SY5Y and DPSCs: p = 1; p-values were adjusted by Bonferroni 
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correction for multiple tests). These U0126-treated groups were also significantly lower in 

neurite outgrowth readings compared with the control group (SH-SY5Yand DPSCs: p = 0.002 

was for control vs BDNF+U0126 whereas SH-SY5Y: p = 0.000 and DPSCs: p = 0.002 were 

for control vs control+U0126). 

The associated cell viability staining of the neurite outgrowth assay revealed 

comparable results in both cell types (SH-SY5Y and DPSCs) with the BDNF-supplemented 

group producing the highest cell viability readings amongst the experimental groups tested 

(Figure 5.3). The BDNF-supplemented group showed significantly higher readings compared 

with those of the control (SH-SY5Y: p = 0.025 and DPSCs: p = 0.000) and the control plus 

U0126 inhibitor (SH-SY5Y and DPSCs: p = 0.000). Moreover, there was no significant 

difference in cell viability readings between the BDNF-supplemented groups in presence and 

absence of U0126 inhibitor (SH-SY5Y: p = 0.845 and DPSCs: p = 0.245). The BDNF plus 

U0126 inhibitor group demonstrated higher cell viability readings compared with those of the 

control with and without application of the U0126 inhibitor in DPSCs and SH-SY5Y cells. 

Nonetheless, the BDNF plus U0126 inhibitor groups demonstrated only statistically 

significantly higher cell viability readings compared with those of the control plus the U0126 

inhibitor group in DPSC cell type (BDNF+U0126 vs control+U0126 in DPSCs: p = 0.005 and 

SH-SY5Y: p = 0.123; BDNF+U0126 vs control in DPSCs: p = 0.241 and SH-SY5Y: p = 0.752). 

Data captured using confocal microscopy images for the experimental groups supported 

the quantitative data obtained by plate reader in which the BDNF-supplemented groups 

exhibited the highest immunofluorescent staining and most neuronal morphological features 

amongst all the experimental groups (Figure 5.4). The neurite outgrowth/cell membrane and 

cell viability staining data from the BDNF-supplemented group displayed markedly higher 

staining and neuronal-like branching in SH-SY5Y cells compared with those of the BDNF plus 
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U0126 inhibitor and controls with and without inhibitor. Similarly, the BDNF-supplemented 

group of DPSC cultures exhibited higher staining and neuronal-like cell elongation with some 

branching compared with cultures supplemented with BDNF plus the U0126 inhibitor and 

controls with and without inhibitor. In contrast, the control and the U0126-supplemented groups 

(BDNF+U0126 and control+U0126) demonstrated decreased cell membrane staining and no 

apparent morphologically neuronal-like change. Furthermore, the BDNF-supplemented groups 

in the presence or absence of MEK/ERK inhibitor showed higher cell viability staining (green 

stain) compared with the control groups with or without MEK/ERK inhibitor supplementation. 

These neurite outgrowth assay results demonstrated that BDNF supplementation 

enhanced the neuritogenesis and viable cell survival/growth in the DPSC and SH-SY5Y cell 

cultures. Furthermore, the presence of the MEK/ERK inhibitor (U0126) markedly blocked 

neuritogenesis and to some degree the cell viability in the BDNF-supplemented groups. These 

results indicate that the ERK/MAPK pathway was involved in neuritogenesis but may not be 

involved in cell viability/survival during differentiation. 
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Figure 5.3    Relative neurite outgrowth quantification as measured by neurite outgrowth staining kit. The relative quantification of neurite outgrowth and 

viable cell staining intensities readings were performed after 48h incubation in the presence or absence of the MEK/ERK inhibitor (U0126) 
in both cell types tested (SH-SY5Y and DPSCs). Data plotted are mean ± SD and was analysed using the Kruskal-Wallis test with pairwise 
comparison; the significance values were adjusted by Bonferroni correction for multiple tests (n = 12; *p < 0.05, **p < 0.01, and ***p < 
0.001). Note: RFU = relative fluorescence unit. 
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Figure 5.4   Representative images of relative neurite outgrowth quantification. Images were captured immediately after plate reading of fluorescent 

intensities using confocal microscopy at a 40X magnification. The images are 2-stain merged channels of the orange-red fluorescent cell 
membrane stain as an indicator for neurite outgrowth and green stain as an indicator for viable cells (n = 12). Scale bars are shown. 
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5.2.2. Immunocytochemistry 

The immunocytofluorescence staining demonstrated that the tested cell types (SH-SY5Y and 

DPSCs) showed comparable results (Figure 5.5 and Figure 5.6). The highest expression of the 

mature neuronal marker (NF-M) was detected in the BDNF-supplemented group compared 

with all other experimental groups. In contrast, the presence of the MEK/ERK inhibitor with 

BDNF-supplementation (BDNF+U0126 group) resulted in markedly lower expression of this 

neuronal marker. The expression of the NF-M in the BDNF+U0126 group was similar to that 

of control groups in the absence or presence of MEK/ERK inhibitor. Whereas the cytoskeleton 

marker (bIII-tubulin/TUBB3) was comparable between the experimental groups. 

In both cell types (SH-SY5Y and DPSCs), Immunocytofluorescence staining revealed 

the highest neuronal morphological features in the BDNF-supplemented group compared with 

all other experimental groups (Figure 5.5 and Figure 5.6). Immunostaining in the BDNF-

supplemented group revealed higher neuronal-like branching in SH-SY5Y cells compared with 

that of the BDNF plus U0126 inhibitor and the control groups in the absence or presence of the 

U0126 inhibitor. Similarly, the immunostaining in the BDNF-supplemented group in DPSC 

cultures displayed more bipolar neuronal-like cell elongation compared with that of the BDNF 

plus U0126 inhibitor and the control groups in the absence or presence of the U0126 inhibitor. 

Furthermore, there was no morphological difference between BDNF plus U0126 inhibitor and 

the control groups with or without U0126 inhibitor supplementation. These neuronal-like 

morphological observations in the absence and presence of the U0126 inhibitor supported the 

observations of the neuronal-like morphological features which were previously reported in the 

neurite outgrowth results (section 5.2.1). 

These immunocytochemical observations indicated that the BDNF supplementation 

induced neuronal-like differentiation at 48h incubation. Moreover, the inhibition of ERK 
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signalling abrogated the BDNF-induced upregulation of mature neuronal marker (NF-M) and 

neuronal-like morphologically changes, albeit no change in expression of general cytoskeleton 

marker (bIII-tubulin) was observed. These results suggest that ERK signalling is required for 

BDNF-induced neuronal differentiation. 

 

Figure 5.5    Representative immunocytochemical staining of the NF-M and TUBB3/bIII-tubulin in the 
control and BDNF-supplemented groups with or without U0126 inhibitor supplementation 
in SH-SY5Y cells. All groups were preincubated with ATRA for 5 days as a preparatory 
step before ERK inhibition studies (n = 12). Scale bars are shown. 
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Figure 5.6  Representative immunocytochemical staining of NF-M and TUBB3/bIII-tubulin in the 

control and BDNF-supplemented groups in the presence or absence of the MEK/ERK 
(U0126) inhibitor supplementation in DPSCs. All groups were preincubated with ATRA 
for 5 days as a preparatory step before ERK inhibition studies (n = 12). Scale bars are 
shown. 

5.2.3. ELISA 

The BDNF-supplemented group in both tested cell types showed the highest phosphorylation 

of ERK1/2/MAPK (phospho-p44/42MAPK/phospho-ERK1/2) compared with all the other 

experimental groups (Figure 5.7A). The BDNF-supplemented group demonstrated higher 

percentage of phospho-ERK1/2 protein levels than control in the absence of the MEK/ERK 
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(U0126) inhibitor (SH-SY5Y: 54.20 ± 10.33% and DPSCs: 18.97 ± 10.03%), albeit there was 

no statistically significant difference compared with control group (see Figure 5.7B). 

Furthermore, these BDNF-supplemented groups resulted in highly significant higher phospho-

ERK1/2 levels than those of the BDNF plus U0126 inhibitor group (SH-SY5Y and DPSCs: p 

= 0.000), and the control plus U0126 inhibitor group (SH-SY5Y: p = 0.000 and DPSCs: p = 

0.043). There was also no significant difference detected between both U0126-inhibited groups 

in the absence or presence of BDNF supplementation (control+U0126 and BDNF+ U0126; SH-

SY5Y: p = 1 and DPSCs: p = 0.853). 

The pre-treatment with the MEK/ERK (U0126) inhibitor in both cell types (SH-SY5Y 

and DPSCs) did not only significantly reduce the phospho-ERK1/2 levels in the BDNF-

supplemented group but also decreased levels of phospho-ERK1/2 in the control (serum-free 

media) (Figure 5.7). Nonetheless, it was only statistically significantly lower in SH-SY5Y (p = 

0.001), but not statistically significantly lower in DPSC cultures (p = 0.166) compared with the 

control without the inhibitor applied. Levels of phospho-ERK1/2 in the BDNF plus inhibitor 

group were also significantly lower than in the control without inhibitor applied (SH-SY5Y: p 

= 0.008 and DPSCs: p = 0.000). 

These phospho-p44/42MAPK (p-ERK1/2) quantification results indicated that the 

BDNF supplementation induced upregulation of phospho-ERK1/2 protein, which was 

effectively blocked by the U0126 inhibitor pre-treatment. Hence, this indicates that the 

phosphorylation and activation of ERK1/2 were involved in neuronal differentiation of the SH-

SY5Y cells and DPSCs. 



 
 

 
154 

 

Figure 5.7    Phosphorylation of p44/42 MAPK (phosho-ERK1/2) in control and BDNF-supplemented 
groups in the presence and absence of MEK/ERK inhibitor (U0126). A, Phosho-ERK1/2 
protein quantification levels. B, Relative percentage of phosho-ERK1/2 protein 
quantification levels in the experimental groups to those of the control group. These 
phosphorylation data were detected by quantitative sandwich ELISA, and absorbance 
readings were recorded at 450 nm. Data plotted are mean ± SD analysed by Kruskal-Wallis 
test with pairwise comparison; the significance values were adjusted by Bonferroni 
correction for multiple tests (n = 12, except for DPSC control+U0126 group, n = 6; *p < 
0.05, **p < 0.01, and ***p < 0.001). 
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5.3. Discussion 

In the present chapter, the crucial role of the ERK1/2 signalling pathway in the neuronal 

differentiation of BDNF-induced DPSCs was explored in comparison with that of the positive 

control cells (SH-SY5Y cells). This activated pathway was assayed by neurite outgrowth 

quantification, neuronal protein expression, and phosphorylated ERK1/2 MAPK protein 

quantification in the absence and presence of the ERK1/2 inhibitors (MEK1/2 inhibitor). 

Experimental groups were incubated with ATRA for 5 days before the ERK/MAPK 

investigation as a preparatory phase. This incubation approach was necessary as the higher 

neuronal differentiation and maturation was detected after the 2nd stage (BDNF 

supplementation) of the sequential protocol (ATRA®BDNF) not in ATRA supplementation 

stage as reported in previous studies (see chapter 3 and chapter 4) in agreement with work done 

by others using SH-SY5Y cells (Encinas et al., 2000; Goldie, Barnett and Cairns, 2014). 

Furthermore, it is known that ATRA activates the TrkB cell membrane receptor, which 

increases the binding of and responsiveness to BDNF supplementation (Kaplan et al., 1993). 

This TrkB receptor activation reached a peak after 5 days of ATRA supplementation (Encinas 

et al., 2000). Thus, the cells were pretreated with ARTA for 5 days before the further 

investigation of the control and BDNF-supplemented groups in the presence or absence of the 

inhibitor. 

The analysis of relative neurite outgrowth and associated confocal microscopic images 

showed that the MEK/ERK inhibitor blocked neuritogenesis induced by BDNF 

supplementation. Also, there was no difference detected between the control and BDNF-

supplemented group in the presence of the inhibitor. These results are consistent with results 

described by Encinas et al. (1999), who used a similar methodology to differentiate the 

neuroblastoma cell line (SH-SY5Y) into neuronal-like cells. These results were also in 
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agreement with those of Gakhar-Koppole et al. (2008) and Tzeng et al. (2015) who used a 

different methodology to differentiate human neural and bone marrow stem cells into neuronal-

like cells, respectively. Indeed, these studies reported the lack of morphological neuronal-like 

features in the presence of the MEK/ERK inhibitor. This consistency in the neurite outgrowth 

results for these different differentiation studies supports a key role for ERK/MAPK signalling 

in neuritogenesis regulating neuronal differentiation regardless of the cell type and method 

used. 

Neuritogenesis was noticeably increased in the BDNF-supplemented group in both cell 

types. However, the quantitative neurite outgrowth data in this group were not significantly 

higher than that of the control in the absence of the MEK/ERK inhibitor. The possible 

explanation for this is that for morphological neuronal differentiation induction, more than one-

time application of BDNF-supplementation is required to produce a significant increase in 

neurite length. Furthermore, the time of incubation analysed in this study was 48 hours which 

was sufficient to investigate the inhibition effect of MEK/ERK inhibitor on neurite outgrowth 

but may not be sufficient to detect differences in increases in neurite length significantly. For 

example, the neurite outgrowth reported in this chapter was not as significant as the increases 

reported in previous chapters (Figure 3.17 and Figure 4.7) in which the same cells were 

incubated for a longer incubation period with frequent changes of the differentiating media. 

Furthermore, the previously highlighted comparable signalling pathway studies did not show 

neurite length quantification data to enable morphological assessment of neuronal-like changes. 

Indeed, Encinas et al. (1999) reported the counting of neurites per cell body rather than actual 

neurite length, and Tzeng et al. (2015) presented phase contrast images to exhibit the cell 

morphology change without any quantification. Also, the Gakhar-Koppole et al. (2008) 
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reported that the significant increase in the neurite outgrowth was observed in already 

differentiated neurons and not in neural progenitor cells after only hours of incubation. 

The accompanying cell viability and staining data demonstrated that BDNF 

supplementation significantly increased the cell viability reading, which was not significantly 

affected by MEK/ERK inhibition. Comparable results have been previously reported by a study 

using a similar methodology (Encinas et al., 1999) as well as a further study using a different 

methodology (Tzeng et al., 2015). These studies concluded that the cell viability and survival 

of the SH-SY5Y and the bone marrow stem cells during neuronal differentiation, respectively, 

were not induced via the ERK/MAPK signalling pathway, but via PI3K/Akt signalling. Hence, 

the ERK/MAPK signalling pathway was not central to sustaining the cell viability and 

survival/growth during neuronal differentiation following BDNF supplementation. 

The immunostaining data also demonstrated that the ERK1/2 inhibitor markedly 

inhibited morphological neuronal differentiation and expression of the neuronal mature protein 

markers (NF-M) induced by BDNF supplementation. Other neuronal differentiation studies 

have also observed a reduction in neuronal protein markers following MEK/ERK inhibitor 

supplementation (Zheng et al., 2020; Lang et al., 2019; Phonchai et al., 2019; Lim et al., 2011). 

Data indicated that the ERK/MAPK signalling pathway was involved in neuronal 

differentiation of DPSCs and other mesenchymal stem cells, respectively. Thus, the 

ERK/MAPK signalling pathway could also mechanistically regulate neuronal protein 

expression. 

Levels of the phosphorylated p44/42 MAPK (p-ERK1/2) protein increased after BDNF 

supplementation, and these levels were subsequently lower when cultures were pretreated with 

MEK/ERK inhibitor before BDNF supplementation. These results were in agreement with 
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similar studies analysing the neuronal-like differentiation of stem and SH-SY5Y cells using a 

range of methodologies (Tzeng et al., 2015; Lang et al., 2019; Phonchai et al., 2019; Lim et al., 

2011; Lim et al., 2008; Encinas et al., 1999). These studies reported an upregulation of the p-

ERK protein following application of the differentiation inducing supplement, which 

significantly reduced following MEK/ERK inhibitor pre-treatment. Consequently, it is highly 

possible that the sequential protocol (ATRA®BDNF) also induced the DPSC neuronal 

differentiation through the phosphorylation and activation of ERK1/2. 

 

5.4. Conclusion 

The established mature cholinergic sensory DPSC-derived neuronal-like cells (described in 

chapter 4) and SH-SY5Y-derived neuronal-like cells (described in chapter 3) are induced via 

ERK/MAPK signalling pathway as determined both morphologically and biochemically. The 

MEK/ERK (U0126) inhibitor substantially inhibited the neuronal differentiation and ERK 

phosphorylation of both cell types (DPSCs and SH-SY5Y) induced by BDNF supplementation. 

These findings indicate the involvement of the proposed ERK/MAPK pathway in the neuronal 

differentiation as illustrated in Figure 5.1. Hence, targeting the ERK/MAPK pathway by 

specific inducers could be useful to stimulate neuronal repair and regeneration. In contrast, this 

study also indicates that ERK1/2 MAPK signalling is not the main pathway involved in cell 

viability/survival during neuronal differentiation of DPSCs and SH-SY5Y cells. However, the 

underlying signalling pathway that sustains cell viability/survival during neuronal 

differentiation of these cells requires further investigation.  
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CHAPTER 6:  PROLIFERATIVE EFFECTS OF LIPUS ON THE 

SH-SY5Y and DPSC-DERIVED NEURONAL CELL 

CULTURE MODELS
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6.1. Introduction 

LIPUS induces cell proliferation in different cell types, including mesenchymal stem cells (Gao 

et al., 2016b; Ling et al., 2017b; Xie et al., 2019), neural stem cells (Lv et al., 2013; Wu et al., 

2020b), chondrocytes (Takeuchi et al., 2008; Nishikori et al., 2002), and keratinocytes (Leng 

et al., 2018). However, to the best of my knowledge, LIPUS effects have not been investigated 

in in vitro differentiated neuronal-like cells derived from DPSCs and the SH-SY5Y 

neuroblastoma cell line. As it is known that once neuronal differentiation is established, the 

cells exit the cell cycle and subsequently lose their proliferative capacity (Hardwick et al., 2015; 

Buttitta and Edgar, 2007; Järvinen et al., 2010). Therefore, it is of interest to investigate whether 

LIPUS can induce cell proliferation in the differentiated neuronal-like models derived from SH-

SY5Y and DPSCs. These neuronal cell models are kept in differentiating culture environment 

during LIPUS experimentation. This study attempted to determine the potential of using LIPUS 

as a pre-stimulator or a combined application with differentiated neuronal-like cells for future 

use in transplantation therapies or other regenerative tissue engineering approaches, including 

regenerative endodontics. Furthermore, using human-derived neuronal-like cell culture models 

to assess the proliferative effect of LIPUS may be more predictable of human nerve responses 

compared with animal models (Shanks, Greek and Greek, 2009; Bracken, 2009; Jansen et al., 

2020). The proliferative effect of LIPUS may also be useful for in vitro cell expansion of 

human-derived neuronal-like models when use in different laboratory testing purposes for 

neuronal-related problems and therapeutics. 

The ERK/MAPK signalling pathway is the principal underlying mechanism for many 

biological cellular processes in several cell types, including neurons, such as cellular 

proliferation, differentiation, and homeostasis (Chambard et al., 2007; Cruz and Cruz, 2007). 

This pathway plays a crucial regulating role in neuroinflammation and neuronal cell survival, 
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particularly in sensory neurons (O'Brien et al., 2015). At least 160 ERK-activated substrates 

have been identified in the nucleus or the cytoplasm regulating a range of cellular functions 

(Yoon and Seger, 2006). It has also been proposed that the ERK signalling pathway underpins 

cell proliferation following LIPUS exposure in several cell types (Ling et al., 2017b; Gao et al., 

2016b; Xia et al., 2019; Zhou et al., 2004). However, it has not been investigated if ERK 

signalling mediates LIPUS-induced cell proliferation in differentiated cells, including neuronal-

like cells. 

Therefore, this study aimed to investigate the proliferative effect of LIPUS exposure 

in established neuronal-like cells derived from DPSCs and the SH-SY5Y neuroblastoma cell 

line (chapter 3 and 4). A secondary aim was to evaluate whether the number of LIPUS 

exposures influenced the cell proliferative response. A tertiary aim was to investigate whether 

the ERK signalling pathway is involved in the proliferative effect of LIPUS on the neuronal-

like cell cultures derived from DPSCs and SH-SY5Y neuroblastoma cell line. The grouping 

and assays conducted in this study are illustrated in Figure 6.1 and Figure 6.2. 
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Figure 6.1      Schematic diagram showing the groups and assays used to study the proliferative effect of LIPUS on SH-SY5Y and DPSC-derived neuronal-

like cell cultures. The diagram was designed by the author using the EDA https://eda.nc3rs.org.uk. 
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Figure 6.2    Schematic diagram showing the groups and assays used to study the involvement of the ERK/MAPK signalling in the proliferative effect of 

LIPUS on SH-SY5Y and DPSC-derived neuronal-like cell cultures. The cell cultures were either immediately lysed for ELISA to quantify 
the levels of phosphorylated ERK1/2 (phsopho-p44/42/MAPK/p-ERK1/2) or 48h-incubated for Ki67 immunostaining assay. The diagram 
was designed by the author using the EDA https://eda.nc3rs.org.uk. 
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6.2. Results 

The proliferative effect of LIPUS on differentiated SH-SY5Y and DPSCs (d-SH-SY5Y and d-

DPSCs) was assessed using cellular metabolic-based assays, including the AlamarBlue (AB) 

assay and the Cell Counting Kit-8 (CCK-8) assay. These cellular metabolic-based assays can 

be used to assess the number of cells present in each experimental group. The experimental 

groups were also studied to determine levels of the proliferation protein marker (Ki-67), and 

data was used to calculate the proliferation ratio. 

6.2.1.  Determination of optimal LIPUS stimulation dose  

To identify the optimal spatial-average temporal intensity (ISATA), the 10% FBS SH-SY5Y cell 

cultures were treated with ATRA supplementation for 5 days and then exposed to a range of 

intensities (30 mW/cm2, 45 mW/cm2, 60 mW/cm2) using the Osteotron LIPUS device, and 

incubated for 24h. Subsequently, the experimental groups were assessed by AB assay. 

The AB absorbance results reflected cell numbers per experimental group as shown in 

the calibration curves of both cell types (see SH-SY5Y: Figure 3.4 in chapter 3 and DPSCs: 

Figure 4.2 in chapter 4). The LIPUS-treated groups with ISATA of 45 mW/cm2 and 60 mW/cm2 

were statistically significantly higher than the sham/control (0 mW/cm2) or 30 mW/cm2 groups 

(Figure 6.3; Kruskal-Wallis test - test statistics (df) = 200.523 (3), p = 0.000). While there was 

neither significant difference between the sham/control (0 mW/cm2) and 30 mW/cm2 groups (p 

= 0.156) nor between the 45 mW/cm2, and 60 mW/cm2 groups (p = 0.969). Thus, the resultant 

exposure group exhibiting the highest absorbance intensity/cell numbers (60 mW/cm2) was 

selected for subsequent studies using additional LIPUS parameters (frequency of 1.5 MHz, 

pulse of 100 Hz ratio of 1:5 (duty cycle 20%), and time of 20 min based on previous studies as 

discussed in section 6.3. 
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Figure 6.3      Determination of the optimal ISATA exposure dose analysed by AB assay. The AB reduction 
and oxidative absorbance data were obtained at the wavelengths of 570 nm and 600 nm, 
respectively (24h after LIPUS exposure). Both data were calculated to provide the relative 
percentage of AlamarBlue solution reduction levels (% viable cell numbers). The plotted 
data are mean ± SD analysed by Kruskal-Wallis test with pairwise comparison; the 
significance values were adjusted by Bonferroni correction for multiple tests (n = 12; ***p 
< 0.001). 

 

6.2.2. Cell numbers after LIPUS exposure assessed by AlamarBlue assay 

The AB results demonstrated that the LIPUS-treated groups showed higher statistically 

significant relative cell numbers compared with controls for both cell types (Figure 6.4; 

Kruskal-Wallis test - test statistics (df): the d-SH-SY5Y = 29.333 (2) and the d-DPSCs = 33.422 

(2), p = 0.000). The 1-time LIPUS exposure group (20-min exposure) showed a statistically 

significantly higher percentage of viable cell numbers than the control/sham (d-SH-SY5Y: p = 

0.011 and d-DPSCs: p = 0.041). The 3-time LIPUS exposure group (daily 20-min exposure for 
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3 consecutive days) demonstrated the highest statistically significant percentage of viable cell 

numbers compared with the control group (d-SH-SY5Y and d-DPSCs: p = 0.000), and also this 

was significantly higher than 1-time LIPUS exposure group (d-SH-SY5Y: p = 0.035 and d-

DPSCs: p = 0.003). The AB results indicated that both LIPUS exposures induced increase in 

the percentage of cell numbers compared with the control/sham group. Also, the greater number 

of the LIPUS exposure performed, the greater the percentage of the cell numbers produced. 

 

Figure 6.4   Relative cell numbers as determined by AB assay. The data are optical density (OD) values 
at 570 nm and 600 nm (24h after 3-time LIPUS stimulation) and the relative percentage of 
AlamarBlue solution reduction levels (% cell numbers) was calculated. The plotted data are 
mean ± SD analysed by Kruskal-Wallis test with pairwise comparison; the significance 
values were adjusted by Bonferroni correction for multiple tests (d-SH-SY5Y: n = 32, d-
DPSCs: n = 27; *p < 0.05, **p < 0.01, and ***p < 0.001). 

 

6.2.3. Cell counts after LIPUS exposure assessed by Cell Counting Kit-8 assay 

To assess cell proliferation by Cell Counting Kit-8 assay (CCK-8 assay), calibration curve was 

generated using known cell densities (12500, 25000, 50000, and 100000) which were incubated 

for 6h. Then, the experimental groups were assessed by CCK-8 assay. The calibration curve 
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demonstrated that the absorbance results reflected cell numbers per experimental group (Figure 

6.5).  

 

 
Figure 6.5     Representative calibration curve of CCK-8 assay using SH-SY5Y neuroblastoma cell line. 

The linear regression equation and R2 coefficient (>0.9) are shown next to the line of the 
best fit of all different densities’ means. 

 

Consequently, the LIPUS-treated groups showed higher statistically significant 

absorbance levels relating to cell counts compared with the control groups for both neuronal-

like cell culture models (Figure 6.6; Kruskal-Wallis test - test statistics (df): the d-SH-SY5Y = 

13.197 (2), p = 0.001 and d-DPSCs = 8.772 (2), p = 0.012). Levels for the 1-time LIPUS 

exposure group demonstrated statistically significantly higher cell count absorbance values 

compared with the control/sham group in d-SH-SY5Y cell culture (p = 0.035), but not in d-

DPSC cell culture (p = 0.988). While the 3-time LIPUS exposure group resulted in statistically 

significant cell count absorbance values compared with the control group in both cell cultures 

(d-SH-SY5Y: p = 0.001 and d-DPSCs: p = 0.032); these data were only statistically 

significantly higher than values derived from the 1-time LIPUS exposure group in d-DPSC cell 
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culture (d-DPSCs: p = 0.030 and d-SH-SY5Y: p = 0.941). The CCK-8 results indicated that 

LIPUS exposure resulted in increased cell numbers compared with the control/sham group. 

Also, there was a trend that indicated that for an increasing number of LIPUS exposure 

performed, there was an increasing number of cells, albeit there was no statistically significant 

difference between the 1-time and 3-time LIPUS-treated groups in d-SH-SY5Y cell culture. 

 

Figure 6.6    Assessment of the cell numbers as determined by CCK-8 assay. The data shown are plate-
reader absorbance values at 450 nm (24h after 3-time LIPUS stimulation). The data are 
normalised for background levels and presented as mean ± SEM. The statistical 
comparison was performed through Kruskal-Wallis test with pairwise comparison; the 
significance values were adjusted by Bonferroni correction for multiple tests (d-SH-SY5Y: 
n = 12, d-DPSCs: n = 14; *p < 0.05, **p < 0.01, and ***p < 0.001). 

 

6.2.4. Proliferation ratio after LIPUS exposure assessed by Ki67 indicator 

Cellular proliferation was assayed using the Ki67 staining marker in both neuronal-like cell 

culture models. Immunocytochemical data showed that LIPUS treatment distinctively 

increased the number of nuclear immunopositive labelling with the Ki67 marker compared with 

the control/sham group (Figure 6.7 and Figure 6.8). In addition, the 3-time LIPUS group 

showed higher immunopositive Ki67 nuclei than the 1-time LIPUS group. 
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Consequently, the Ki67 staining index was calculated (percentage of the Ki67 stained 

nuclei to the nuclei number of the whole cell population) in both neuronal-like cell culture 

models; the number of the cell population was revealed by DAPI stain. The results revealed 

that the LIPUS-treated groups demonstrated a higher proliferation ratio of Ki67 positive cells 

compared with the control group (Figure 6.9). Statistical analysis revealed that there was a 

significant difference in mean proliferation ratio of Ki67 positive cells between the 

experimental groups (One-way ANOVA test - F statistics (df): the d-SH-SY5Y: F (2,97) = 

32.597, p = 0.000 and d-DPSCs: F (2,96) = 8.291, p = 0.000). The 1-time LIPUS group had a 

statistically significantly higher percentage of Ki67 immunopositive cells compared with the 

control/sham group (d-SH-SY5Y: p = 0.000 and d-DPSCs: p = 0.003). Likewise, the 3-time 

LIPUS group was statistically significantly higher in the percentage of Ki67 immunopositive 

cells than that of the control (d-SH-SY5Y: p = 0.000 and d-DPSCs: p = 0.001). Although, the 

3-time LIPUS showed higher percentage of Ki67 immunopositive cells compared with the 1-

time LIPUS, there was no significant difference between the 1-time LIPUS and the 3-time 

LIPUS groups (d-SH-SY5Y: p = 0.527 and d-DPSCs: p = 0.839). 

These results further supported LIPUS inducing significant cell proliferation. The 3-

time LIPUS exposure, however, did not statistically significantly increase cell proliferation 

compared with the 1-time LIPUS exposure. 
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Figure 6.7    Immunocytochemical analysis of the proliferative nuclear protein marker (Ki67) in the d-
SH-SY5Y neuroblastoma cells. The nuclei were stained with the Ki67 marker to determine 
the newly formed cells (red stain) and the DAPI to demonstrate the whole cell population 
(blue stain). Images were acquired using multi-track laser scanning under Zeiss LSM 700 
confocal microscopy at a 40x magnification: n = 29. Scale bars are shown. 
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Figure 6.8  Immunocytochemical analysis of proliferative nuclear protein marker (Ki67) in the d-
DPSCs. The nuclei were stained with the Ki67 marker to determine the newly formed cells 
(red stain) and the DAPI to demonstrate the whole cell population (blue stain). Images 
were acquired using multi-track laser scanning under Zeiss LSM 700 confocal microscopy 
at a 40x magnification: n = 33. Scale bars are shown. 
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Figure 6.9     Quantified ratio of Ki67 positive cells. The Ki67 positively stained cells were counted and 
their percentage in the whole cell population (stained with DAPI) was determined. Data 
are plotted as mean ± SEM. The groups were statistically compared using One-way 
ANOVA and then Games-Howell post-hoc test for pairwise comparison between groups 
(d-SH-SY5Y: n = 29, d-DPSCs: n = 33; **p < 0.01, and ***p < 0.001).  

 

6.2.5. The involvement of the ERK/MAPK signalling pathway in the LIPUS-simulated 

cell proliferation 

To determine whether the ERK signalling pathway is involved in the proliferative effect of 

LIPUS in d-SH-SY5Y and d-DPSCs, cultures were pretreated with and without the ERK1/2 

inhibitor (MEK1/2 inhibitor: U0126) for 1h before a single 20-min LIPUS exposure. 

Subsequently, the cell cultures were either immediately lysed for ELISA to quantify the 

phosphorylated ERK1/2 (phsopho-p44/42 MAPK/p-ERK1/2) or 48h-incubated for Ki67 

immunostaining to assess the proliferation levels in the presence or absence of the MEK1/2 

inhibitor (U0126). 
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6.2.5.1.  Proliferation ratio after LIPUS exposure in the presence or absence of the MEK1/2 

inhibitor (U0126) 

The proliferative Ki67 staining assay revealed that the LIPUS-treated group of both neuronal-

like cell culture models exhibited the highest levels of Ki67-labelled immunopositive nuclei 

compared with other experimental groups (Figure 6.10 and Figure 6.11). This increase in the 

LIPUS-treated groups was markedly reduced in the presence of the MEK1/2 inhibitor (U0126) 

in the d-SH-SY5Y and the d-DPSCs. 

Notably, the inhibition levels of Ki67-labelled immunopositive nuclei in LIPUS plus 

U0126 groups were different in the d-SH-SY5Y and d-DPSC cell cultures. The LIPUS plus 

U0126 group in the d-SH-SY5Y showed a noticeable reduction in levels of Ki67-labelled 

immunopositive nuclei compared with the LIPUS group, but still much higher levels compared 

with those of the control groups in the presence or absence of the U0126 inhibitor (Figure 6.10). 

In contrast, the levels of Ki67-labelled immunopositive nuclei in LIPUS plus U0126 group of 

the d-DPSC cell culture were comparable with those of the control with and without the U0126 

inhibitor (Figure 6.11). Furthermore, there was a reduction in Ki67-labelled nuclei in control 

plus U0126 inhibitor compared with the control/sham group in both neuronal-like cell culture 

models. 

Consequently, the proliferation ratio of the Ki67-labelled immunopositive nuclei to the 

whole cell population (DAPI stain) was calculated in all experimental groups of both neuronal-

like cell cultures (Figure 6.12A). Statistical analysis revealed that there was a significant 

difference in the mean proliferation ratio of Ki67 positive cells between the experimental 

groups (Kruskal-Wallis test - Test statistics (df): the d-SH-SY5Y: H (3) = 43.835, p = 0.000 

and d-DPSCs H (3) = 28.424, p = 0.000). The LIPUS-treated group demonstrated a statistically 

significantly higher percentage of Ki67 immunostaining cells compared with the control/sham 
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group in the presence or absence of U0126 inhibitor (LIPUS vs Control: d-SH-SY5Y: p = 0.000 

and d-DPSCs: p = 0.021 and LIPUS vs Control+U0126: p = 0.000 in both cell types). The 

LIPUS-treated group also had a statistically significantly higher percentage of Ki67 labelled 

cells compared with LIPUS plus U0126 inhibitor group (d-SH-SY5Y: p = 0.033 and d-DPSCs: 

p = 0.000) which indicate the ability of MEK/ERK inhibitor to significantly reduce the cell 

proliferation induced by LIPUS. In contrast, the control/sham group did not show any 

statistically significant difference in the proliferation ratio of Ki67 positive cells compared with 

the control plus U0126 inhibitor group (d-SH-SY5Y: p = 0.263 and d-DPSCs: p = 0.158) nor 

the LIPUS plus U0126 inhibitor group (d-SH-SY5Y: p = 0.823 and d-DPSCs: p = 0.266). The 

LIPUS plus U0126 inhibitor group resulted in a statistically significant higher proliferation ratio 

of Ki67 positive cells compared with control plus U0126 inhibitor group in the d-SH-SY5Y (p 

= 0.005) but not in d-DPSC cell culture (p = 0.210).  

The absolute number of Ki67 positively stained cell calculations supported the 

proliferation ratio results which showed similar trend results of the d-SH-SY5Y and d-DPSC 

cell cultures (Figure 6.12B: Kruskal-Wallis test - Test statistics (df): the d-SH-SY5Y: H (3) = 

42.630, p = 0.000 and d-DPSCs H (3) = 41.169, p = 0.000). Notably, LIPUS plus U0126 

inhibitor groups in both cell types demonstrated a significant higher number of Ki67 positively 

stained cells compared with the control plus U0126 inhibitor group (d-SH-SY5Y: p = 0.001 

and d-DPSCs: p = 0.004: Figure 6.12B). This finding indicates that the MEK/ERK inhibitor 

partially inhibited the LIPUS-induced cell proliferation compared with control plus MEK/ERK 

inhibitor group. Thus, more than one pathway may be also involved in LIPUS-induced cell 

proliferation. Overall, the Ki67 results showed that LIPUS induced significant cell 

proliferation, and U0126 inhibitor pre-treatment significantly inhibited this cell proliferation. 
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Figure 6.10  Immunocytochemical staining of the proliferation nuclear protein marker (Ki67) in the d-

SH-SY5Y with and without the MEK inhibitor (U0126). The immunocytochemistry was 
performed after 48h incubation following LIPUS or sham exposure. The Ki67 marker was 
used to label newly formed cells (red stain) and the DAPI stain was used to demonstrate 
the whole cell population (blue stain). Images were acquired using multi-track laser 
scanning under Zeiss LSM 700 confocal microscopy with oil lens at a 40x magnification: 
control (n = 24). Scale bars are shown. 
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Figure 6.11  Immunocytochemical staining of the proliferation nuclear protein marker (Ki67) in the d-

DPSCs with and without the MEK inhibitor (U0126). The immunocytochemistry was 
performed after 48h incubation following LIPUS or sham exposure. The Ki67 marker was 
used to label proliferating cells (red stain) and the DAPI stain was used to demonstrate the 
whole cell population (blue stain). Images were acquired using multi-track laser scanning 
under Zeiss LSM 700 confocal microscopy at a 40x magnification: n = 25. Scale bars are 
shown. 
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Figure 6.12  The quantified ratio and absolute number of Ki67 positive cells in the presence or absence 
of MEK inhibitor (U0126). A, The Ki67 ratio: the Ki67 positively stained cells (red-
stained nuclei) were counted and the relative percentage of the Ki67 positively stained 
cells was determined to the whole cell population (DAPI stain: blue-stained nuclei) per 
captured image. B, Absolute number of the Ki67 positively stained cells (red-stained 
nuclei) per each group. Data are plotted as mean ± SEM. The groups were statistically 
compared using Kruskal-Wallis test with pairwise comparison; the significance values 
were adjusted by Bonferroni correction for multiple tests (d-SH-SY5Y: n = 24, d-DPSCs: 
n = 25; *p < 0.05, **p < 0.01, and ***p < 0.001). 
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6.2.5.2.  Phospho-ERK1/2 (phospho-p44/42MAPK) levels in the presence or absence of the 

MEK1/2 inhibitor (U0126) 

The results demonstrated that the LIPUS-treated groups in both differentiated cell models (d-

SH-SY5Y and d-DPSCs) demonstrated the highest phospho-ERK1/2 (phospho-p44/42MAPK) 

levels compared with all the other experimental groups. Furthermore, the pre-treatment with 

the MEK/ERK inhibitor reduced the phospho-ERK1/2 protein levels in the control and LIPUS 

groups (Figure 6.13). 

Statistical analysis confirmed that there was a significant difference in mean phospho-

ERK1/2 levels between the experimental groups (Figure 6.13A: One-way ANOVA test - F 

statistics (df): the d-SH-SY5Y: F (3,48) = 41.822, p = 0.000 and d-DPSCs: F (3,48) = 20.995, 

p = 0.000). The LIPUS-treated group exhibited significantly increased levels of phospho-

ERK1/2 protein compared with the LIPUS plus inhibitor group (p = 0.000) and control plus 

inhibitor group (p = 0.000). In comparison with the control group in absence of inhibitor, the 

statistically significant increase was only detected in the d-SH-SY5Y cell culture (d-SH-SY5Y: 

p = 0.040, and d-DPSC: p = 0.589). However, the relative percent increase of phospho-ERK1/2 

levels in the LIPUS-treated group to the control group was roughly comparable in both cell 

types (d-SH-SY5Y: 17.3 ± 4.50% and d-DPSC: 19.5 ± 11.74% in Figure 6.13B). This increase 

in both cell types suggested that the LIPUS induced ERK1/2 phosphorylation, albeit the 

significant difference was only observed in the d-SH-SY5Y cell culture and the MEK/ERK 

inhibitor pre-treatment reduced this phosphorylation. 

Similarly, the MEK/ERK-treated groups (control+U0126 and LIPUS+U0126) in both 

neuronal-like cell cultures showed a significantly lower phospho-ERK1/2 levels compared with 

the control (control+U0126 vs control: p = 0.000 and p = 0.001 in d-SH-SY5Y and d-DPSCs, 
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respectively whereas LIPUS+U0126 vs control: p = 0.023 and p = 0.002 in d-SH-SY5Y and d-

DPSCs, respectively). 

Notably, the phospho-ERK1/2 protein levels in the LIPUS plus U0126 group of the d-

SH-SY5Y cell cultures were statistically significantly higher compared with the control plus 

U0126 group (p = 0.003). Whereas, in the d-DPSC cell culture, the levels of phospho-ERK1/2 

protein of the LIPUS plus U0126 and control plus U0126 groups were comparable (d-DPSC: p 

= 0.977). This observation in the d-SH-SY5Y but not in d-DPSCs indicated that the upstream 

regulator (MEK1/2) might not be the sole activators of the ERK phosphorylation induced by 

LIPUS in the d-SH-SY5Y cell culture.  

These phospho-ERK1/2 protein levels’ results indicated the involvement of ERK1/2 signalling 

in the control and LIPUS-treated groups, but LIPUS-treated groups demonstrated higher 

activation levels of ERK1/2 signalling compared with controls.  
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Figure 6.13  Phosphorylation of p44/42 MAPK (phosho-ERK1/2) in control/sham and LIPUS-treated 
groups in the presence or absence of MEK/ERK inhibitor (U0126). A, Phosho-ERK1/2 
protein quantification levels. B, Relative percentage of phosho-ERK1/2 protein 
quantification levels in the experimental groups to those of the control group. These 
phosphorylation data were detected by quantitative sandwich ELISA, and absorbance 
readings were recorded at 450 nm. Data plotted are mean ± SEM analysed by One-way 
ANOVA and then Games-Howell post hoc for pairwise comparisons (d-DPSCs: n = 8, 
except for LIPUS, n=10; SH-SY5Y: n = 6, except for LIPUS, n = 8; *p < 0.05, **p < 0.01, 
and ***p < 0.001). 
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6.3. Discussion 

Data shown in the present chapter demonstrates that LIPUS exposure promoted cell 

proliferation of neuronal-like cells derived from DPSCs and SH-SY5Y cells as determined by 

metabolic-based assays (AlamarBlue and CCK-8 assay) and also supported by Ki67 

immunoreactive expression and quantification. In addition, the ERK/MAPK signalling is 

involved in the proliferative effect of LIPUS exposure on the established neuronal cell models. 

This was determined by phospho-ERK protein levels in association with Ki67 proliferation 

ratio in the presence and absence of the MEK/ERK inhibitor (U0126). To my knowledge, this 

study is the first to investigate the proliferative effect of LIPUS in in vitro differentiated 

neuronal-like cells. 

LIPUS studies were conducted on neuronal-like cells differentiated from SH-SY5Y and 

DPSCs using the sequential supplementation: ATRA®BDNF protocol (as shown in chapter 3 

and 4). Notably it has been reported that the cells exit from the proliferative phase once 

differentiated and remain in the stationary phase of the cell cycle (Li and Kirschner, 2014; 

Ruijtenberg and van den Heuvel, 2016). It also has been reported that the sequential 

supplementation method (ATRA®BDNF) arrests the SH-SY5Y derived neuronal-like cells in 

the stationary G1 phase of the cell cycle (Encinas et al., 2000). Thus, both SH-SY5Y and DPSC-

derived neuronal-like cells were kept cultured in the differentiated media (BDNF-supplemented 

serum-free media) to maintain the neuronal-like differentiated status to enable investigation of 

whether LIPUS exposure stimulated the cells to re-enter the active phase of the cell cycle and 

consequently proliferate. 

Data demonstrated LIPUS at an intensity (ISATA) of 60 mW/cm2 significantly resulted 

in the highest percentage of viable cells compared with other groups, hence this was determined 
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to be the most optimal intensity for use in the subsequent experiments. The other LIPUS 

parameters applied were selected based on previous studies. For example, the 20-min LIPUS 

exposure time was commonly used as an effective stimulation for repair and regeneration in a 

variety of tissues such as nerve (Sato et al., 2016), ligament injuries (Takakura et al., 2002), 

periodontal wound healing (Ikai et al., 2008), bone (Harrison et al., 2016), and cartilage (Horne 

et al., 2017). The selected pulse repetition frequency (100 Hz) was also reported in inducing 

neural stem cell proliferation, nerve repair and regeneration (Lv et al., 2013; Xia et al., 2019; 

Lv et al., 2015). Thereby, the following LIPUS parameters were used: ISATA of 60 mW/cm2, 

20-min exposure time, the pulse of 100 Hz (ratio of 1:5 - duty cycle 20%) with 1.5 MHz 

frequency transducer of the ultrasound device. 

In both neuronal-like cell culture models, the AlamarBlue data revealed that the LIPUS 

exposure significantly increased the percentage of viable cell numbers compared with control. 

This increase was also in agreement with other LIPUS studies using different LIPUS parameters 

on undifferentiated cells as assessed by other cell viability assays in osteoblasts (Alvarenga et 

al., 2010), neural stem cells (Lv et al., 2013), and rat Schwann cells (Ren et al., 2018). These 

studies observed a significant increase in cellular viability after LIPUS treatment. Similarly, the 

cell counting assay (CCK-8) revealed comparable results in both neuronal-like cell culture 

models in which the LIPUS exposure groups showed higher absorbance readings than those 

obtained in the control group, albeit no significant difference was detected between control and 

1-time LIPUS group in the d-DPSC culture. These results are consistent with previous LIPUS 

studies which also evaluated by CCK-8 to assess the cell count numbers in keratinocytes (Leng 

et al., 2018), and in stem cells (Ling et al., 2017b). This consistency indicates that the LIPUS 

is able to promote metabolic activities and consequently result in increases in cell numbers. 
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The increase in proliferation was also supported by the Ki67 proliferation marker data 

(Miller et al., 2018). The LIPUS exposure groups showed significantly higher number of 

immunopositive cells compared with the control. These findings were in agreement with other 

LIPUS studies which used Ki67 assay (Takeuchi et al., 2008) as well as other proliferation 

indicators (Leng et al., 2018; Ling et al., 2017b; Lv et al., 2013; Gao et al., 2016b). These 

previous works reported that LIPUS promoted cell proliferation in chondrocytes, keratinocytes, 

and stem cells, respectively. He et al. (2015) also reported that LIPUS exposure promoted bone 

marrow stem cells to re-enter the proliferative phase from the stationary phase of the cell cycle, 

and consequently increased cell numbers. This is the most likely scenario reflecting the increase 

in numbers of the neuronal-like cells differentiated from DPSCs and SH-SY5Y cells of this 

study. 

Data presented here demonstrates LIPUS induces cell proliferation in the neuronal-like 

cell culture models. Furthermore, this cell proliferation was increased proportionally with the 

number of LIPUS exposure times used; however, a statistically significant difference in both 

cell types was only noted in data obtained from the AlamarBlue assay. Thus, LIPUS exposure 

could be useful therapeutically to induce cell proliferation for neuronal repair and regeneration, 

including the differentiated neuronal cells, which are in the postmitotic/stationary phase. 

Notably, this concept of LIPUS exposure can induce neuronal proliferation/regeneration is 

consistent with several previous studies (Sato et al., 2016; Jiang et al., 2016; Yang et al., 2017a; 

Ren et al., 2018). However, there are other studies that have reported that LIPUS did not induce 

neuronal regeneration (Daeschler et al., 2018), and suppressed cell proliferation and induced 

apoptosis in preadipocytes (Xu et al., 2018). This disagreement in findings in the different 

LIPUS studies could be attributable to the different LIPUS parameters used, such as intensity, 

frequency, and exposure time (Tanaka et al., 2015; Yang et al., 2010). Also, different cell 
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responses to the stimulus were measured in different cell types (Janmey and McCulloch, 2007; 

Maul et al., 2011). Therefore, further studies are required to set standard LIPUS parameters for 

each specific cell-type group. 

Regardless of the differences in LIPUS parameters, this study results are consistent with 

previous LIPUS studies which reported ERK signalling underlying the proliferative effect of 

LIPUS in several cell types, such as mesenchymal stem cells (Ling et al., 2017b; Gao et al., 

2016b; Xia et al., 2019; Zhou et al., 2004). The control group with MEK inhibitor also resulted 

in a reduction of basic ERK phosphorylation and proliferation in both neuronal-like cell 

cultures; however, the reduction in cell proliferation was not statistically significant. This 

reduction was expected as the ERK signalling pathway is mainly involved in cell proliferation 

and growth of mammalian cells (Meloche and Pouyssegur, 2007; Zhang and Liu, 2002). Thus, 

the ERK signalling pathway is involved in both control and LIPUS-treated groups, but the 

LIPUS exposure activated this pathway and subsequently resulted in higher significant cellular 

proliferation compared with control group. 

Notably, the LIPUS plus U0126 inhibitor group of the d-SH-SY5Y cell cultures 

displayed significantly higher phospho-ERK1/2 levels and cell proliferation ratios compared 

with the control plus U0126 group. This finding indicating that the MEK inhibitor partially 

blocked the LIPUS-induced SH-SY5Y cell proliferation and ERK phosphorylation suggesting 

that other upstream signalling inducers are involved in this process. This interpretation is in 

agreement with findings studying LIPUS by Zhou et al. (2004) who reported that LIPUS also 

activated the Rho-associated coiled-coil-containing protein kinase (ROCK/Rho) upstream 

regulator, subsequently triggering ERK phosphorylation and cell proliferation. Consequently, 

Zhou et al. (2004) concluded the LIPUS induced cell proliferation of human skin fibroblasts 

via activation of ROCK/ERK and MEK/ERK signalling pathways. It has also been reported 
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that ERK/MAPK signalling could be activated by alternative components other than the MEK-

ERK classical cascade (Yoon and Seger, 2006). In addition, Zuccarini et al. (2018) reported 

involvement of other upstream regulators (NO-cGMP-PKG) in directly activating ERK 

phosphorylation in the SH-SY5Y neuroblastoma cell line induced by another therapeutic 

modality. The findings of this study and that of Zhou et al. (2004) also support the concept of 

LIPUS stimulating more than one upstream regulator or even involvement of multiple cellular 

signalling pathways.  

Indeed, there are many studies in the literature reporting involvement of other signalling 

pathways in the proliferative effect of LIPUS. For example, Ling et al. (2017b) also reported 

the involvement of PI3K-Akt signalling besides ERK/MAPK signalling pathway. A study by 

Gao et al. (2016b) demonstrated the involvement of the ERK signalling pathway in rat DPSCs 

whereas JNK or JNK and p38 signalling pathways were involved in rat bone marrow and 

periodontal ligament stem cells, respectively. Sato et al. (2014) reported the activation of all 

ERK, JNK and p38 MAPK pathways by LIPUS exposure in inducing proliferation of the rabbit 

synovial cells. Takeuchi et al. (2008) reported the involvement of PI3K-Akt signalling and not 

the ERK signalling pathway in the proliferation of porcine chondrocytes. In addition, other 

studies reported the involvement of notch, GSK-3b/b-catenin, and PI3K-Akt and JNK MAPK 

signalling pathways in the cell proliferation induced by LIPUS, respectively (Wu et al., 2020b; 

Ren et al., 2018; Leng et al., 2018). These differences in the signalling pathways underlying 

LIPUS induced cell proliferation indicated that LIPUS might stimulate more than one signalling 

or even multiple signalling pathways simultaneously and be cell-type dependent. Hence, further 

investigation is required to reveal all involved signalling pathways induced by LIPUS and using 

genome sequencing approaches might be more specific and informative to reveal all activated 

key genes related to cellular signalling pathways (Ochsner et al., 2019; Ramanan et al., 2012). 
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6.4. Conclusion 

The present study demonstrates that LIPUS exposure can promote cell proliferation in the 

neuronal-like cell culture models derived from SH-SY5Y cells and DPSCs. This study also 

shows that increasing the number of LIPUS exposures induces greater cell number increases. 

However, the one-time exposure is sufficient to stimulate significant cell number increases. In 

addition, the ERK/MAPK signalling pathway is involved in the proliferative effect of LIPUS 

exposure on the neuronal-like cell culture models derived from both cell types (SH-SY5Y cells 

and DPSCs). This study also highlights that LIPUS exposure may potentially trigger multiple 

cellular regulators and signalling pathways underlying the cell proliferation induced by LIPUS. 

In future, further studies are required to reinforce the clinical translation of the LIPUS effects 

on nerve regeneration using in vivo human models/settings. However, at this stage, this study 

can postulate that LIPUS could be useful therapeutic modality to induce neuronal/nerve 

regeneration. Also, the combination of LIPUS treatment and stem cell-derived neuronal cells 

would be beneficial therapeutic method to induced nerve regeneration for regenerative 

endodontics and nerve injuries. 
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CHAPTER 7:  GENERAL DISCUSSION
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7.1. Discussion of main findings 

The nerve regeneration is required in the regenerative endodontic treatments to regain 

functional pulp which regulates all essential, defensive, and reparative processes of the healthy 

dentine-pulp complex (Diogenes, 2020; Byers, Suzuki and Maeda, 2003). In addition, it is 

required to treat the nerve injuries which negatively affect life quality, ranging from discomfort 

and numbness to severe pain and loss of function. Some of these nerve injuries are irreparable, 

and the symptoms are long-lasting or permanent (Snyder and Bartoshuk, 2016; Menorca, 

Fussell and Elfar, 2013). Consequently, there is a need to find a therapeutic approach to induce 

nerve regeneration for regenerative endodontics and nerve injuries. Although LIPUS has widely 

been recognised as an adjunct therapeutic approach for bone regeneration (Poolman et al., 2017; 

Harrison et al., 2016; Leighton et al., 2017), it has not adequately been explored for nerve 

regeneration. Investigating such a therapeutic approach needs in vitro human neurons as a 

preclinical step, however, this is highly limited due to ethical issues. The other alternative 

source is using animal neurons. Although animal experimentation provides a basic advance in 

medicine, cellular and molecular differences exist between animal and human tissues. These 

differences lead to incomparable results to that of human neuronal cells, which can hinder the 

translation of therapies to human (Monteggia, Heimer and Nestler, 2018; Zhao and 

Bhattacharyya, 2018; Ransohoff, 2018). Therefore, developing in vitro human neuronal cell 

models derived from human stem cells (hDPSCs) and human neuroblastoma cell line (SH-

SY5Y) were required to simulate nerves for LIPUS experimentation in the current research 

project. These human neuronal cell models might be useful for other nerve experimentations 

such as pharmacological purposes or testing other therapeutic approaches. In addition, the 

DPSC-derived neuronal cell model might be beneficial to be used in the stem cell 
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transplantation therapies for the regenerative endodontic procedures and nerve injuries to repair 

the neuronal loss. 

Within the current project, the first hypothesis to optimise the neuronal differentiation 

was that the serum-reduced neurogenic differentiation medium condition would induce higher 

neuronal differentiation of the neuroblastoma cell line (SH-SY5Y). This hypothesis was not 

supported, and the alternative null hypothesis was accepted as the two groups studied (10% and 

5% FBS) had nearly comparable neuronal differentiation results assessed by 

immunocytochemical and gene expression of neuronal markers. However, the 5% FBS 

neuronal cell models demonstrated a significantly lower cell viability percentage than the 10% 

FBS neuronal cell models (chapter 3). Hence, the serum reduction in the neurogenic media 

negatively affected the cell viability without any enhancing in the neuronal differentiation. This 

interpretation was supported by work done with bone marrow stem cells incubated in serum-

free media (Croft and Przyborski, 2006). This study demonstrated that the serum deprivation 

does not induce actual neuronal differentiation and negatively affects the cell growth. Thereby, 

this study findings suggest that the neurogenic induction media should be supplemented with 

serum or alternative supplements such as growth factors to maintain the cellular viability and 

growth (Rodrigues, Griffith and Wells, 2010; Liu et al., 2013). Consequently, the 10% FBS 

neuronal differentiation protocols (ATRA alone or ATRA®BDNF) were applied to the hDPSC 

cultures to examine the hypothesis that the hDPSCs would be comparably differentiated into 

functional neuronal cells to that of the SH-SY5Y cells. Subsequent hDPSC neuronal 

differentiation results supported the hypothesis in which the hDPSC-derived neuronal-like cells 

immunocytochemically, and transcriptionally expressed neuronal markers. Furthermore, these 

differentiated hDPSCs acquired electrophysiological voltage-dependent Na+ and K+ currents in 

ATRA®BDNF group compared with no currents in the control group (chapter 4). Comparison 
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between the two cell types (SH-SY5Y: chapter 3 and hDPSCs: chapter 4) revealed similar 

trends in expression of specific neuronal markers and functional electrophysiological profiles 

indicating the development of functional mature cholinergic sensory neuronal cell models in 

the sequential supplementation groups (ATRA®BDNF). However, the DPSC-derived 

neuronal cell model demonstrated lower neuronal marker expression and an 

electrophysiological recordings profile compared with SH-SY5Y-derived neuronal cell model. 

From a translational perspective, the neuronal lineage specifications of the developed neuronal 

cell models support their in vitro modelling for the sensory cholinergic neurons. In addition, 

their potential applications to replace the sensory cholinergic neuronal loss in the dental pulp 

regeneration and peripheral nerve injuries by the transplantation therapies are suggested. 

It is known that cells exit the cell cycle and lose their proliferation capacity upon 

differentiation (Hardwick et al., 2015; Buttitta and Edgar, 2007; Järvinen et al., 2010). Hence, 

the established neuronal cell models were used to examine the hypothesis that LIPUS would 

induce cell proliferation of differentiated neuronal cells. In addition, to investigate whether 

increasing the number of LIPUS exposures would increase the cell proliferation. The results 

supported the hypotheses that 1-time LIPUS-treated groups demonstrated higher cellular 

proliferation than control groups and increasing LIPUS exposures (3-time LIPUS) resulted in 

more cellular proliferation, albeit insignificant increase compared with 1-time LIPUS was 

detected by some assay (chapter 6). Although the LIPUS-induced cell proliferation was shown 

in several cell types (Gao et al., 2016b; Ling et al., 2017b; Xie et al., 2019; Lv et al., 2013; Wu 

et al., 2020b; Ren et al., 2018; Nishikori et al., 2002; Leng et al., 2018), LIPUS-induced cell 

proliferation in in vitro differentiated neuronal cells, to the best of my knowledge, have not 

previously been reported. The observations that LIPUS-induced cellular proliferation of the 

neuronal cell models derived from two different cell types (DPSCs and SH-SY5Y) is 
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considered as additional evidence to the previous neuronal-related literature (Wu et al., 2020b; 

Xia et al., 2019; Ren et al., 2018; Lv et al., 2013) regarding the potentiality of LIPUS as an 

adjunct therapeutic approach to induce neuronal cell proliferation. The clinical relevance might 

be beneficial as an inducer for nerve regeneration or in combination with transplantation of 

differentiated neuronal cells derived from stem cells for regenerative endodontics and nerve 

injuries. 

The positive neuronal differentiation and LIPUS-stimulated neuronal cell proliferation 

generated further questions concerning ERK/MAPK signalling, the reported activated 

signalling in the physiologically reparative nerve regeneration after peripheral nerve injury 

(Agthong et al., 2006; Chierzi et al., 2005; Tsuda, Kanje and Dahlin, 2011; Hausott and 

Klimaschewski, 2019), would be involved in these processes. The hypothesis was supported as 

the neuronal characteristics, and ERK1/2 phosphorylated protein levels (p-ERK1/2) induced by 

differentiation method were ablated in the presence of the ERK/MEK inhibitor (chapter 5). 

Similarly, LIPUS-stimulated cell proliferation and concomitant p-ERK1/2 levels were reduced 

in the presence of the ERK/MEK inhibitor, albeit p-ERK1/2 of the LIPUS-treated group in the 

DPSC-derived neuronal cell model showed an insignificant increase compared with the control 

group (chapter 6). The involved ERK/MAPK pathway in the neuronal differentiation and 

LIPUS-stimulated neuronal-like cell proliferation indicated that the ERK/MAPK signalling 

might therefore play an important and also a general role in nerve regeneration in vivo with and 

without LIPUS stimulation. Furthermore, direct stimulating/targeting of ERK signalling by 

specific inducers might be useful for peripheral nerve regeneration in vivo as suggested by 

Hausott and Klimaschewski (2019). 

Regarding clinical translation aspects of this research project for oral and dental 

problems, LIPUS could be used as a step in regenerative endodontic treatment procedures to 
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restore the neuronal component of pulp regeneration. In a broader context, to induce 

regeneration of the whole dentin-pulp complex, as previously highlighted by some studies that 

ultrasound exposure induces cell proliferation of DPSCs (Gao et al., 2016b), and odontoblast-

like cells (Scheven et al., 2009; Man et al., 2012; Ghorayeb et al., 2013). Hence, this approach 

could help in establishing holistic dentin-pulp complex regeneration for treatment of the 

irreversible pulpitis or pulp necrosis cases, instead of the traditional endodontic approaches. 

LIPUS waves could be delivered to the root canal system either via manufacturing intracanal 

transducer or modifying the endosonic file system with LIPUS settings, which is currently used 

in endodontics to activate the root canal irrigants. The LIPUS approach could be performed 

with traditional pulp revascularisation procedures or in combination with the cell 

transplantation approach to boost regeneration potential of the dentin-pulp complex. In this 

context, the established sensory cholinergic DPSC-derived neuronal model (chapter 4) would 

be a good option as neuronal transplants/component for nerve regeneration in dentin-pulp 

complex regeneration. 

Another clinical translation, the LIPUS could be used as therapeutic modality for oral 

and dental related nerve injuries which may occur either due to traumatic accidents or oral and 

maxillofacial surgeries. As previously reported, 25 to ~37.5% of these nerve injuries are 

permanent and patients suffer from a range of symptoms such as pain, numbness, and 

disturbance or loss of taste sensation (Agbaje et al., 2016; Renton et al., 2013; Valmaseda-

Castellón, Berini-Aytés and Gay-Escoda, 2001). LIPUS could be applied to the injured nerve 

area to induce nerve regeneration which may lead complete nerve recovery, including 

functional recovery. However, further research is required to reinforce the clinical translation 

of the present research and optimise settings for the treatment of oral and dental related nerve 

injuries. For example, the present project showed that a single LIPUS exposure can result in a 
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significant cell proliferation of the SH-SY5Y and DPSC-derived neuronal models (chapter 6) 

and this may not be the case in the clinical scenario. The combination of LIPUS and the 

established DPSC-derived neuronal model could also be another or better option for treating 

moderate or severe injuries which may need additional neuronal replacements. 

7.2. Future work 

The next logical extensions of this project are to: 

I. Test the efficacy of the neuronal cell models to widely investigate other therapeutic 

approaches. 

II. Study the potential effects of LIPUS on inducing other neurogenesis components: 

differentiation, migration, and integration within the surrounding tissue. 

III. Investigate all activated signalling pathways in the LIPUS-treated cells/tissues using 

more specific and inclusive approaches such as genomic sequencing analyses to 

understand how the LIPUS stimulus works at the molecular levels. 

IV. Test transplantation of DPSC-derived neuronal cells with and without LIPUS in 

transplantation therapies for regenerative endodontic procedures, and peripheral nerve 

injuries, including dental nerve injuries. 

7.3. Conclusions 

The results described in this project contribute to current knowledge on the development of 

neuronal cell models using hDPSCs, using a differentiation methodology that has not been 

adequately highlighted for differentiation of DPSCs. This approach enabled the study of the 

potential therapeutic role of LIPUS in comparison with neuronal cell line (SH-SY5Y). The 

characterisation findings indicated the established neuronal cell models are cholinergic sensory 



 

 

 

194 

neuronal lineage which would be beneficial as specialised neuronal cell models to simulate 

peripheral sensory nerves, including dental nerves in in vitro and in vivo settings. This study 

also demonstrated that LIPUS was able to induce cell proliferation of differentiated neuronal 

cell models. To the best of my knowledge, the proliferative effect of LIPUS is not previously 

reported in in vitro differentiated neuronal-like cells. These LIPUS findings might have clinical 

relevance as a potential therapeutic tool to induce nerve regeneration and also highlights an 

exciting opportunity for a combination of the DPSC-derived neuronal cells and LIPUS in the 

transplantation therapies for nerve regeneration. Finally, this project showed the involvement 

of ERK/MAPK signalling in the neuronal differentiation and LIPUS-induced neuronal cell 

proliferation, highlighting the critical role of ERK/MAPK signalling in nerve regeneration.
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Appendix I: Stability value ‘SD value’ of the qPCR reference genes 

 

Housekeeping genes SH-SY5Y DPSCs 

HPRT1 0.213 0.264 

RPLA13 0.259 0.677 

GAPDH 0.284 0.691 

B2M 0.307 0.283 
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Appendix II: The specificity of the neuronal markers 

 

Marker name Specificity References 

NES Neuroepithelial neuron marker Lendahl, Zimmerman, and McKay 
(1990) and Tohyama et al. (1992) 

TUBB3 Neuronal cytoskeleton marker Cambray-Deakin (1991) and 
Katsetos et al. (2003) 

RET Neuronal development marker Watanabe et al. (1997) and Luo et al. 
(2007) 

GAP43 Neuronal growth marker Basi et al. (1987) and Skene and 
Willard (1981) 

NF-M/NEFM 

Mature and specific neuron marker 

Trojanowski, Walkenstein and Lee 
(1986) and Yuan et al. (2015) 

ENO2/NSE Marangos et al. (1980) and 
Marangos, Zomzely-Neurath and 
York (1976) 

MAP2 Dendritic marker Harada et al. (2002) and Caceres et 
al. (1984) 

GFAP Astrocyte glial cell marker Eng et al. (1971) and Eng, Ghirnikar 
and Lee (2000) 

ACHE and CHAT Cholinergic neuron markers 
 Eckenstein and Sofroniew (1983), 
Zoli (2000), and Ray, Simon, and 
Lahiri (2009) 

DBH Noradrenergic neuron marker Hartman, Zide, and Udenfriend 
(1972) and Ernsberger et al. (2000) 

DAT Dopaminergic neuron marker Nirenberg et al. (1997) and Revay et 
al. (1996) 

SYN1 
Synaptic marker 

Thiel (1993) and De Camilli, 
Cameron and Greengard (1983) 

SNAP25 Kochlamazashvili and Haucke 
(2013) and Antonucci et al. (2016) 

SCN1A/Nav1.1 
General voltage-gated sodium 
channel in motor and sensory 
neurons 

Duflocq et al. (2008) and Osteen et 
al. (2016) 

SCN9A/Nav1.7 Specific sensory and nociceptive 
voltage-gated sodium channel 

Dib-Hajj et al. (2013), Akin et al. 
(2019), and McDermott et al. (2019) 

PRPH/Peripherin Peripheral nervous system marker Portier, de Néchaud, and Gros (1983) 
and Yuan et al. (2012) 

POU4F1/BRN3A Sensory neuron marker Zou et al. (2012) and Lanier et al. 
(2007) 

MNX1/HLXB9/HB9 Motor neuron marker Arber et al. (1999), Thaler et al. 
(1999), and Stifani (2014) 
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Appendix III: Conference and scientific meeting presentations  

 

Al-Maswary A., Walmsley D., Cooper P., Scheven B. Low Intensity Pulsed Ultrasound 

(LIPUS) Effects on Proliferation and Differentiation of Neural cells. Ultrasurge IAB Meeting, 

University of Birmingham, UK, January 23-24th, 2020 (oral presentation- invited speaker). 

 

Al-Maswary A., Walmsley D., Cooper P., Scheven B. Neurogenic Differentiation of Dental 

Pulp Stem Cells. British Society for Oral and Dental Research (BSODR), Leeds, UK, 

September 3-5th, 2019 (oral presentation). 

 

Al-Maswary A., Walmsley D., Cooper P., Scheven B. A Low Intensity Pulsed Ultrasound 

(LIPUS) Promotes Proliferation and Differentiation of Neuronal Cells. IADR/AADR/CADR 

General Session and Exhibition, Vancouver, Canada, June 19-22nd, 2019 (oral presentation). 

 

Al-Maswary A., Walmsley D., Cooper P., Scheven B. Establishing Neuronal Cell 

Differentiation Models Using Dental Pulp Cells. IADR/PER General Session and Exhibition, 

London, UK, July 25-28th, 2018 (Poster presentation- Won a prize, 2018 Travel Award for post-

graduate category for excellence in pulp biology regeneration research, pulp biology and 

regeneration group (PBRG)). 

 

Al-Maswary A., Walmsley D., Cooper P., Scheven B. Neuronal Wiring. Competition of 

doctoral early research image presentation. College of Medical and Dental Sciences, Festival 

of Graduate Research, University of Birmingham, UK, April 11th, 2019 (poster presentation- 

Joint Winner). 
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