
Hong Kong Baptist University

DOCTORAL THESIS

Neural stem cells as therapeutic agents for treatments of Parkinson's
disease in rat  model
Lin, Kaili

Date of Award:
2019

Link to publication

General rights
Copyright and intellectual property rights for the publications made accessible in HKBU Scholars are retained by the authors and/or other
copyright owners. In addition to the restrictions prescribed by the Copyright Ordinance of Hong Kong, all users and readers must also
observe the following terms of use:

            • Users may download and print one copy of any publication from HKBU Scholars for the purpose of private study or research
            • Users cannot further distribute the material or use it for any profit-making activity or commercial gain
            • To share publications in HKBU Scholars with others, users are welcome to freely distribute the permanent URL assigned to the
publication

Download date: 24 May, 2023

https://scholars.hkbu.edu.hk/en/studentTheses/ec1994d1-eca8-4c19-bfa2-9214e5c1c017


HONG KONG BAPTIST UNIVERSITY 

Doctor of Philosophy 

THESIS ACCEPTANCE 

 

DATE: August 26, 2019 

 

STUDENT'S NAME: LIN Kaili    

 

THESIS TITLE: Neural Stem Cells as Therapeutic Agents for Treatments of Parkinson's Disease in Rat 

Model 

 

 This is to certify that the above student's thesis has been examined by the following panel 

members and has received full approval for acceptance in partial fulfilment of the requirements for the 

degree of Doctor of Philosophy. 

 

 

Chairman: Prof Wong Ricky M S 

Professor, Department of Chemistry, HKBU 

(Designated by Dean of Faculty of Science) 

 

Internal Members: Prof Qiu Jianwen 

Professor, Department of Biology, HKBU  

(Designated by Head of Department of Biology) 

 

Dr Cheung King-Ho 

Associate Professor, Chinese Medicine - Teaching and Research Division, 

HKBU 

 

External Members: Prof Chan Wood Yee 

Professor and Associate Director 

School of Biomedical Sciences 

The Chinese University of Hong Kong 

 

Prof Qu Shaogang 

Professor 

Clinical Medicine Research Centre 

Southern Medical University 

 

  

In-attendance: 

 

Prof Yung Kin Lam 

Professor, Department of Biology, HKBU 

 

 

 

 

Issued by Graduate School, HKBU 

 

 



Neural Stem Cells as Therapeutic Agents 

for Treatments of Parkinson’s Disease 

in Rat Model 

 

 

 

LIN Kaili 

 

 

 

A thesis submitted in partial fulfilment of the requirements 

for the degree of  

Doctor of Philosophy  

 

Principal Supervisor:  

Prof. YUNG Kin Lam (Hong Kong Baptist University) 

 

August 2019 

 





ii 

ABSTRACT 

Parkinson’s disease (PD) is the second most common neurodegenerative disease. 

With the rapid global increase in population aging, neurodegenerative diseases are 

considered a primary threat to human health. As dopaminergic neuronal cell death 

and dysfunction are the main pathogenic mechanisms of PD, neural stem cell (NSC) 

replacement therapy has been identified as a potentially effective and indeed ideal 

therapeutic strategy. However, current in vitro stem cell culture methods, which 

require various chemical growth factors (GFs), are unsafe and relatively inefficient. 

To solve this problem, we developed two strategies for enhancing the proliferation 

and differentiation of NSCs in vitro based on extracellular nanomatrices and natural 

active ingredients.  

First, we developed novel nanomatrices comprising biomaterials used for 

promoting NSCs proliferation and differentiation without requiring additional GFs. 

We developed two types of inorganic sculptured extracellular nanomatrices 

comprising SiO2 (iSECnMs) which deposited by glancing angle deposition 

(GLAD). The physiological properties of nanomatrices mediate the activation of 

multiple bio-signaling pathways. Accordingly, iSECnMs, especially those 

sculptured in zigzag forms, can significantly promote the proliferation and specific 

neuronal phenotypic differentiation of NSCs without requiring additional GFs. The 
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differentiated neurons survived well in vivo and achieved outstanding therapeutic 

effects in a rat model of 6-OHDA-induced parkinsonism. Second, 20(S)-

protopanaxadiol (PPD) and oleanolic acid (OA), two crucial active ingredients 

derived from ginseng, significantly enhanced the proliferation and neuronal 

differentiation of NSCs through activating Wnt/GSK-3β/β-catenin pathway. This 

research is expected to promote significant developments in the induction of NSCs 

and provide insights into stem cell therapies for PD without undesirable prognoses. 

 

Key words: Neural stem cells, proliferation and differentiation, extracellular 

nanomatrices, natural active ingredients, Parkinson’s disease  
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Chapter 1. General research background 

1.1 Background 

1.1.1 Parkinson’s disease 

Human life expectancy is increasing worldwide along with advances in health care 

systems and rapid population aging. In this context, neurodegenerative diseases are 

now considered a primary threat to human health. Neurodegenerative diseases, such 

as Parkinson’s disease (PD), Alzheimer’s disease (AD), and amyotrophic lateral 

sclerosis, are chronic conditions characterized by a progressive degenerative and 

irreversible loss of the function and/or structure of neurons. PD which is second 

most common neurodegenerative disorder is characterized by clinical symptoms of 

resting tremor and muscular rigidity (S.Chen et al., 2016; DeMaagd & Philip, 2015). 

These core motor symptoms are attributed to the loss of dopaminergic (DA) neurons 

in substantia nigra (SN) (Sulzer & Surmeier, 2013). Currently, more than 2.5 

million people in China, or approximately 1.7% of the population aged >65, are 

affected by PD (S.Chen et al., 2016). Neurodegenerative diseases, including PD, 

affect millions of people worldwide. The associated economic burdens include not 

only the costs of treatment, but also the loss of productivity of both patients and 

caregivers, which has tremendous effects on the quality of life of patients and family 
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members. There is an urgent need to identify curative treatments for 

neurodegenerative diseases, as no such options currently exist. 

 

1.1.2 Neural stem cell therapy for Parkinson’s diseases 

Despite significant advances in the pharmaceutical industries, existing 

pharmacotherapies have limited therapeutic effects on treatment of Parkinson’s 

disease. Moreover, the effects of these medications vary according to the type of 

neurodegenerative disease. Although some medications may temporarily stabilize 

symptoms, most provide only symptom relief rather than permanent effects (L.-

W.Chen, Zhang, Kwok-Yan Shum, & Chan, 2006; Ebner, Ploehn, & Ritter, 2002). 

Pharmacotherapies currently administered for neurodegenerative diseases include 

acetylcholinesterase inhibitors, acetylcholine releasers, and cholinergic agonists. 

Many drugs are macromolecules, which do not pass easily through the blood brain 

barrier (BBB) to the affected sites in brain and therefore cannot effectively treat the 

disease (Trompetero, Gordillo, delPilar, Cristina, & Bustos Cruz, 2018). Moreover, 

many pharmacotherapeutic agents can cause severe side effects in patients with 

neurodegenerative diseases, such as undesirable motor symptoms, stomach cramps, 

nausea, dizziness, drowsiness, and insomnia (Goldenberg, 2008; Kum et al., 2011). 
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Therefore, it is important to identify more effective and curative treatments for 

neurodegenerative diseases. 

Cell replacement therapy has been identified as a promising avenue for 

neurodegenerative diseases treatment. DA neuronal death and the 

defunctionalization of the SN are the main pathogenic mechanisms of PD. 

Therefore, restoring the degenerating neurons is imperative. Currently, there are 

several types of stem cells has been used for PD treatment, including neural stem 

cell (NSC), induced pluripotent stem cell (iPSC), embryonic stem cell (ESC), and 

mesenchymal stem cell (MSC). Additionally, latest clinical trial research indicated 

that DA neurons derived from iPSCs can be used to treat PD in human patients 

(Kikuchi et al., 2017). However, stem cell therapy is subject to some certain 

limitations. The high differentiation and pluripotency capacities of ES cells lead to 

a higher potential risk of tumor formation, especially teratoma (Gordeeva, 2011). 

MSCs derived from bone marrow exhibit immunomodulatory capacities and might 

thus reduce the host’s immune responses. Additionally, MSCs differentiate into 

neuronal cells at a relatively low level of efficiency, which limits the potential 

applications for PD treatment (Long, Olszewski, Huang, & Kletzel, 2005). At 

present, iPSCs are the most common cell source for PD treatment. However, these 

cells may cause genetic instability and increase the risk of carcinogenicity 
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(Yoshihara, Hayashizaki, & Murakawa, 2017). Cell replacement therapy with 

neural stem cells (NSCs) would be a novel and effective method of treating 

neurodegenerative diseases, given the homology between NSCs and brain disorders 

(Ganz, Lev, Melamed, & Offen, 2011). Stem cell replacement therapy would 

involve the transplantation of new, healthy, and functional neurons into the brains 

of affected patients to replace degenerating and nonfunctional neurons. This therapy 

could potentially treat neurodegenerative diseases at a fundamental level (Tong, 

Izquierdo, & Raashid, 2017). Interestingly, recent studies have indicated that 

transplanted brain organoids, or collections of different cell types derived from stem 

cells, delivered therapeutic effects superior to those of homogeneous populations of 

neurons or cells (Daviaud, Friedel, & Zou, 2018). These studies clearly indicate the 

strong potential of organ-specific collections of cell types derived from NSCs to 

deliver better therapeutic results in patients with neurodegenerative diseases. 

Although stem cell replacement therapy appears to be a promising novel 

neurodegenerative disease treatment option, some bottlenecks continue to limit 

patient applications in clinical settings. Firstly, transplanted allogenic stem cells 

may trigger immune rejection and raise ethical issues (Taylor, Bolton, & Bradley, 

2011). Although the use of autologous neural stem cells (ANSCs) would avoid these 

problems, these cells are located in the subventricular zone (SVZ), a structure deep 
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in the adult brain, and are difficult to extract from a live subject (Lui et al., 2013). 

To solve this problem, our laboratory successfully developed a patented technology 

to extract ANSCs specifically from the brains of live animals in vivo using magnetic 

nanoparticles conjugated with specific markers (Lui et al., 2013). Second, this 

project addressed the problems with existing in vitro stem cell culture methods, 

which normally require various chemical growth factors (GFs) and are unsafe and 

inefficient. 

 

1.1.3 GFs used for in vitro stem cell culture 

Exogenous GFs, such as nerve growth factor (NGF), epidermal growth factor 

(EGF), and basic fibroblastic growth factor (bFGF), are widely used to enhance 

proliferation and differentiation of stem cell in vitro because the proliferation and 

differentiation capacities of NSCs are limited under natural conditions (Q.Wang et 

al., 2016). However, these GFs can increase the risk of carcinogenesis in vivo after 

transplantation (Aaronson, 1991). NGF, a neurotrophin that promotes NSC 

proliferation and differentiation, has been indicated to enhance the increment of 

pancreatic cancer cells (Cheng, Diao, Zhang, Song, & Dang, 2013), while bFGF 

signaling is considered oncogenic in many types of carcinogenesis (Guan, 2015). 

Moreover, GFs could also induced uncontrollable de-differentiation after 
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transplantation (Kiuru, Boyer, O’Connor, & Crystal, 2009). Taken together, many 

studies suggest that GFs might increase the risk of carcinogenesis in vivo after 

transplantation (Amariglio et al., 2009). Therefore, other novel method for NSC 

induction in vitro without requiring exogenous GFs is urgently needed. 

 

1.1.4 Traditional extracellular matrices (ECMs) for stem cell culturing 

Many studies have suggested the usage of ECMs for in vitro stem cell cultures to 

reduce the concentrations of GFs used to induce proliferation and differentiation. 

ECMs are normally composed of organic substrates, such as poly-L-ornithine 

(PLO), poly-L-Lysine (PLL), fibronectin, and laminin. These ECMs can increase 

the efficiency of NSC proliferation and differentiation in vitro by increasing cells 

adhesive forces and spreading areas. However, both PLO and PLL have been 

reported to induce serious inflammatory responses in the host (Ge et al., 2015; 

Strand, Gåserød, Kulseng, Espevik, & Skjåk-Bræk, 2002). Moreover, the 

proliferation capacity of NSCs cultured on a fibronectin ECM may decrease after 

several passages (Sun et al., 2011), and laminin may increase carcinogenicity 

(Spenlé et al., 2014). The above findings suggest that organic ECMs might not an 

ideal platform for stem cell culturing. 
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1.1.5 Inorganic sculptured extracellular nanomatrices (iSECnMs) for stem cell 

culturing 

The nanotechnology industry continues to mature and is expected ultimately to 

affect all aspects of life. The field of nanobiotechnology, which combines 

nanotechnology and biomedical technology, has progressed particularly rapidly. 

These advances have provided researchers with a new platform for the development 

of novel biocompatible extracellular nanomatrices (ECnMs) to enable safe and 

efficient in vitro stem cell culturing. Reports have described remarkable 

differentiation when NSCs were cultured on stiff three-dimensional graphene foams 

(Ma et al., 2016) or on carbon nanotubes (Jan & Kotov, 2007). Normally, the stage 

and fate of a stem cell may be affected by several aspects of a nanomatrix, which 

can be classified as biochemical and physiological cues (Das & Zouani, 2014). GFs 

are among the most commonly used biochemical cues, while material type (Dingal 

& Discher, 2014), stiffness (Leipzig & Shoichet, 2009), and nanostructure 

topography (Oh et al., 2006; J.Park, Bauer, von derMark, & Schmuki, 2007) are 

physiological cues. The topography of the ECnM is thought to affect the gene 

expression in stem cell (Greiner et al., 2016) and thus to determine cell migration, 

proliferation, and differentiation. Generally, attention has increasingly focused on 

the applications of nanomatrices in stem cell culture. To our knowledge, however, 



8 

no studies have attempted to culture NSCs in vitro without additional GFs. Novel 

nanomatrices composed of biomaterials that would support the proliferation and 

differentiation of NSCs without additional GFs or other biomaterials have strongly 

attracted our interest. These novel nano-biomaterials would minimize the potential 

risks of stem cell therapy. 

 

1.1.6 Active ingredients for NSCs proliferation and differentiation 

In addition to ECnMs and chemical GFs, active ingredients may promote NSC 

induction. Recently, many single natural herbs or active components derived from 

natural herbs were shown to promote NSC proliferation and differentiation. For 

example, the herb Salvia miltiorrhiza Bge enhanced the neuronal differentiation of 

NSCs in vitro (Shu et al., 2014), and Sambucus williamsii significantly induce the 

neuronal differentiation of ESCs (S.-P.Liu et al., 2015). Among the active 

components derived from natural herbs, resveratrol was shown to enhance the 

survival and proliferation of NSCs in 6-month-old mice (Torres-Pérez et al., 2015).  

Ginseng (Panax quinquefolius, L.) is a famous medicinal herb used widely in Asia 

for clinical treatment of neurological disease (Y.Wang et al., 2016). Both the total 

saponins and the specific ginsenosides derived from ginseng have been shown to 

improve cognitive function in AD animals (H. J.Kim, Kim, & Shin, 2013). Several 
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researchers have reported that ginseng and its extract can promote stem cell 

differentiation. Particularly, red ginseng extract facilitates the proliferation and 

differentiation of human ESCs (Y. Y. Kim et al., 2011). Ginsenoside-Rg1 

significantly accelerated NSCs proliferation and differentiation in a manner similar 

to that of GFs (Gao et al., 2017). However, BBB permeability remains a significant 

factor in the treatment of brain disease, and most ginseng extracts cannot cross the 

BBB efficiently. Active small molecule components might be ideal for the treatment 

of neurodegenerative diseases. However, the studies in this field is relatively rare. 

In this study, we investigated 20(S)-protopanaxadiol (PPD) and oleanolic acid (OA), 

two active ingredients with similar molecular structures that are derived from 

ginseng (Qi, Wang, & Yuan, 2011). Previous research has demonstrated that OA 

can cross the BBB very efficiently (Martín et al., 2010), while PPD can penetrate 

the BBB and protect against memory loss in AD (Lu et al., 2018). Our preliminary 

study revealed that PPD and OA could significantly accelerate neuronal 

differentiation of NSCs. Moreover, these small molecules also significantly 

activated the Wnt/β-catenin pathway, a crucial regulator of NSC proliferation and 

differentiation, in SHSY5Y cells in vitro. These preliminary studies strongly 

suggested that PPD and OA offer useful means of accelerating proliferation and 

differentiation of NSC with a mechanism of Wnt/β-catenin pathway activation. We 
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fully demonstrated these effects in our study. These novel active ingredients can be 

used for enhancing NSC proliferation and differentiation and could be explored 

further as efficient neurogenesis-promoting drug therapies for neurodegenerative 

diseases. 

 

1.1.6 Research hypothesis 

To the best of our knowledge, there is no previous studies relating on the 

development of a safe and effective method that enables NSC proliferation and 

differentiation in vitro without requiring additional GFs. To solve this problem, we 

developed a two-part research hypothesis. First, we hypothesized that the use of 

nanotechnology facilitates the in vitro proliferation and specific neuronal 

phenotypic differentiation of NSCs and thus provides an effective cell therapy for 

PD. Second, we hypothesized that novel active ingredients can be identified and 

used for enhancing NSC proliferation and differentiation. 

To investigate our hypothesis, we conducted our research in two stages. First, we 

developed iSECnMs which deposited by Glancing Angle Deposition (GLAD) 

(Deng & Huang, 2016; J.Liu, Yang, & Huang, 2016). These iSECnMs comprised 

biocompatible silica (Malvindi et al., 2012) and were sculptured into different 

topographies, including helical (SiL) (Huang & Bai, 2014) and zigzag shapes (SiZ) 
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(Huang, Harris, & Brett, 2009). The reason for choosing these two special nano 

shapes is both helix and zigzag are kinds of spring shape, which can have a 

designable hardness and elasticity. These physical properties have been considered 

to play an important role in regulating the stem cells behavior and fate in vitro 

culturing (Ferrer-Ferrer & Dityatev, 2018). We then thoroughly analyzed the effects 

and underlying mechanism of iSECnMs on the proliferation and specific neuronal 

phenotypic differentiation of NSCs. This study therefore represents an interaction 

of biology and physics. The successful implementation of our novel 

nanotechnology concept would markedly reduce the carcinogenic side effects of 

stem cell therapies. This research is highly significant for patients of PD and other 

disease that could be treated using stem cell therapies. 

Second, we investigated effects of the active ginseng derivatives, PPD and OA, on 

the proliferation and differentiation of primary cultured NSCs in vitro. We then fully 

explored the involved mechanisms using molecular docking and virus transfection 

technology. These novel bioactive small molecules could be further developed into 

promising drug therapies for neurodegeneration disease that promote neurogenesis 

via NSC induction.  
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1.2 Research objectives 

This research project had two main objectives. The first objective involved the 

development of ECnMs capable of enhancing the proliferation and specific 

neuronal phenotypic differentiation of NSCs in vitro without requiring additional 

GFs. Here, we aimed to identify the effects and mechanisms of NSC induction 

mediated by these ECnMs. Additionally, we explored the potential therapeutic 

effects of specific neuronal phenotypes induced on ECnMs and transplanted into a 

rat model of PD. We expect that in the long term, this novel cell processing bio-

nanotechnology will lead to great developments in stem cell therapies. 

The second objective involved an exploration of the effects of naturally active 

ingredients, including PPD and OA, on enhancing NSCs proliferation and 

differentiation in vitro, and the mechanisms of these effects. These results will has 

significantly meaning on novel drugs developing in treating neurodegenerative 

disorders. 

 

1.3 Significance 

Neurodegenerative diseases are the most common class of disease worldwide and 

are associated with high mortality rates. To date, however, no effective GF-limited 

method has been developed to facilitate the proliferation and specific neuronal 
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phenotypic differentiation of NSCs in vitro. Novel biomaterials, such as iSECnMs, 

can mimic physiological microenvironments and thus enable the culturing and 

expansion of NSCs without requiring additional GFs. This remarkable 

characteristic of ECnMs has attracted significant interest. Through our research, we 

aim to demonstrate that iSECnMs developed using GLAD can significantly 

enhanced the proliferation and specific neuronal phenotypic differentiation of NSCs 

without requiring additional GFs. Rather, these effects are due to the physiological 

cues of material stiffness and topography. Furthermore, these physiological cues 

can be altered to control the direction of specific neuronal phenotypic 

differentiation by modifying the flexible GLAD technique to engineer materials and 

structures. This novel cell processing bio-nanotechnology is expected to markedly 

reduce the potential side effects of traditional GFs. Moreover, these findings are 

expected to facilitate great advances in approaches to treating neurodegenerative 

diseases and other incurable diseases that can potentially be treated using stem cell 

therapy. 
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Chapter 2. General materials and methods 

2.1 General materials 

2.1.1 Reagents 

Hank’s Balanced Salt Solution (HBSS, Cat.No.: 14025-092); Neurobasal Medium 

(NBM, 500 ml, Cat. No.: 21103-049); B27 supplement (10ml, Cat.No.: 12587); 

0.25% Trysin-EDTA (100 ml, Cat.No.: 25200); 5mg/ml Penicilin, 5mg/ml 

Streptomycin and 10mg/ml Neomycin (PSN, 100ml, Cat.No.: 15640); Trypan Blue 

Stain (0.4%, 100ml, Cat.No.:15250-61); Dubecco’s Phosphate Buffered Saline 

(PBS, powder, Cat.No.: 21600) and Fetal Bovine Serum (FBS, 500ml, Cat.No.: 

10270) were purchased from Gibco company. 

30% Acrylamide/Bis Solution, 29:1 (3.3% C) (Cat.No.: 161-0156); Laemmli 

sample buffer (Cat.No.: 161-0737) Protein Assay Reagent A (1 L, Cat.No.: 500-

0114) and Protein Assay Reagent B (250 mL, Cat.No.: 500-0113) were purchased 

from Bio-Rad company; Western blot detection kit (Cat.No.: LF-QC0101) were 

purchased from Westsave company; Cytobuster protein extraction reagent (Cat.No.: 

71009) were purchased from Novagen company; Dimethyl sulfoxide (DMSO, 

Cat.No.: 5879); N,N,N,N- Tetramethylethlene diamine (TEMED, Cat.No.: T9281); 

Sodium dodecyl sulfate (SDS, Cat.No.: 5750); Thiazolyl Blue Tetrazolium Bromide 

(MTT, Cat.No.: M2128); Ascorbic acid 6-palmitate (Cat.No.: A1968); 



15 

Paraformaldehyde (Cat.No.: 158127); R-(−)-Apomorphine hydrochloride 

hemihydrate (Cat.No.: A4393); 6-Hydroxydopamine hydrochloride (6-OHDA, 

Cat.No.: H4381) were obtained from Sigma company;  

Protease inhibitor (Cat.No.: 539134) were purchased from Calbiochem company; 

Stripping buffer (Cat.No.: CW0056A) were purchased from CWBio company; 

Tween-20 (500 ml, Cat.No.: 9005-64-5) were purchased from USB company. Gold 

antifade reagent with DAPI (10ml, Cat.No.: P36931) were purchased from 

invitrogen company. 

Sodium chloride (NaCl), Potassium chloride (KCl) and Glycine, provided by the 

laboratory. 

 

2.1.2 Antibody 

Anti-GFAP antibody (Cat.No.: AB5804); anti-MAP2c antibody (Cat.No.: 

MAB364); anti-Nestin antibody (Cat.No.: MAB353); anti-Neuron-specific class III 

beta-tubulin (TUJ1) antibody (Cat.No.: MAB1637); anti-Tyrosine Hydroxylase 

(TH) antibody (Cat.No.: AB152); anti-VGLUT2 antibody (Cat.No.: AB2251) and 

anti-Oligodendrocytes (Oligo) antibody (Cat.No.: MAB1580); anti-integrin β1 

(Cat.No.: MAB2079Z) were purchased from Millipore company. Anti-Phospho-

GSK-3β (Ser9) antibody (Cat.No.: 9336S); anti-GSK-3β antibody (Cat.No.: 9315S); 
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anti-β-catenin antibody (Cat.No.: 8480S); anti-non-p (Active) β-catenin antibody 

(Cat.No.: 8814S); anti-GLI1 antibody (Cat.No.: 3835S) anti-p-p44/42 

MAPK(Erk1/2)(Thr202/Tyr204) (Cat.No.:4370S); anti-p44/42 MAPK(Erk1/2) 

(Cat.No.:4695S) were purchased from Cell signaling technology company. Anti-

GFP antibody (Cat.No.: ab6556); anti-RhoA (Cat.No.: ab125275); anti-p-RhoA 

(S188) (Cat.No.: ab125275); anti-Myosin IIB (Cat.No.: ab684); were purchased 

from Abcam company. Anti-GAD antibody (Cat.No.: AB5992) were purchased 

from Chemicon company. Anti-mouse β-actin antibody (Cat.No.: A5316) were 

obtained from Sigma company. Secondary goat anti-mouse antibody (Cat.No.: 

626520) and goat anti-rabbit antibody (Cat.No.: 656120) were obtained from 

Invitrogen company. 

 

2.1.3 Consumables 

24 well (Cat.No.: 30024) and 96 well cell culture plate (Cat.No.: 30096) were 

purchased from SPL company. 4 well (Cat.No.:176740) and 6 well cell culture plate 

(Cat.No.: 140675) were purchased from Thermo company. 15ml high-clarity 

polypropylene conical tube (Cat.No.: 22116128) and Cell Strainer 40 μm mesh 

(Cat.No.: 352340) were purchased from Falcon company. RNase-free 50ml conical 

tubes (Cat.No.: 430829) were purchased from Corning company. Reagent 
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Reservoir (Cat.No.: CS015-0040) were purchased from Eppendorf company. 0.65 

ml Microcentrifuge tubes (Cat.No.: CS015-0040) and 1.5 ml Microcentrifuge tubes 

(Cat.No.: CS015-0041) were purchased from ExCell Bio company.  

 

2.2 General methods 

2.2.1 Primary NSC culture 

The primary cell culture method was modified according to the references (Ferrari, 

Binda, Filippis, & Vescovi, 2010). The experimental protocol was approved by the 

Department of Health of the Government of the Hong Kong SAR, and was 

performed in accordance with the relevant guidelines and regulations of the Animal 

Ethics Committee at Hong Kong Baptist University. Sprague–Dawley (SD) rats 

(age postnatal 1–2 days; PND1/2) used in the experiments were purchased from the 

Chinese University of Hong Kong (CUHK). The brains of the rats were removed 

and dissected outside the laminar flow hood in an ice bath. The rats were 

decapitated immediately above the cervical spinal cord region and the skin of the 

head were removed by a medial caudal-rostral cut (Ferrari et al., 2010). Next, the 

SVZ was dissected from the brain and immersed in a petri dish containing 1× 

Hanks’s balanced salt solution (HBSS). Sections of SVZ were transferred to reagent 

reservoirs containing HBSS in the laminar flow hood. The brain tissue was cut 
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manually into pieces, which were digested with trypsin. Subsequently, the tissue 

suspension was incubated at 37ºC and 5% CO2 for 30 minutes and filtered through 

a cell strainer (40-μm mesh). After the filtrate was centrifuged at 1000 rpm for 5 

minutes, the supernatant was discarded. The resuspended cells were cultured in a 

full growth medium NBM (neurobasal medium with 10% FBS, 2% B27 supplement, 

and 1% PSN). The cells were then seeded on iSECnMs at densities of 1.5 × 105 per 

well for MTT, live/dead and immunofluorescent staining assays and 1 × 106 per 

well for western blot assays. Half of the medium was replaced every day.  

To identify NSCs, the cells were initially cultured in a full growth medium, and 

neurosphere formation was detected and imaged using an inverted microscope. 

Immunofluorescent staining was then performed, and the expression of nestin (stem 

cell marker) was visualized with a confocal microscope (FluoView FV1000, 

Olympus). 

 

2.2.2 MTT assay 

Primary cultured NSCs were prepared and adjusted to appropriate density of 1.5 × 

105 cells/ml. To evaluate iSECnM-induced proliferation, cell suspension was 

cultured in 24-well plate on the control glass or iSECnMs and incubated at 37ºC 

and 5% CO2. Half of the medium was replaced every day. After a 4- or 7-day culture, 
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the medium was removed carefully and then MTT solution (5 mg/ml, 1:10 dilution 

before use) was added. After a 4-hour incubation at 37ºC in the dark, the medium 

was replaced with an equivalent volume of DMSO to dissolve the precipitated 

formazan crystals. After shaking the plate for 10 minutes, the optical density at 540 

nm (OD540) in each well was measured by a plate reader. The survival ratio was 

calculated using the following equation: 

survival ratio = (ODS
 – ODB)/ (ODNC

 – ODB) × 100%, 

where ODB represents the OD value of a cell-free well, ODS represents the OD 

value of a well containing SiL or SiZ iSECnMs, and ODNC represents the OD value 

of a control well. 

 

 

2.2.3 CCK-8 assay 

Single NSCs was cultured onto a 96-well plate with a density of 5000 cells/well. 

PPD or OA (10, 20, or 40 μM) were added in the absence of growth factors. The 

cells were cultured for 1, 2, or 3 days. CCK-8 (DOJINDO) assay was further 

performed according to the instruction manual. The OD450 in each well was 

measured using an automatic microplate reader (BioTek). The survival ratio was 

calculated using the following equation: 



20 

survival ratio = (ODS
 – ODB)/ (ODNC

 – ODB) × 100%, 

where ODB represents the OD value of a cell-free well, ODS represents the OD 

value of a well with PPD/OA, and ODNC represents the OD value of a well without 

PPD/OA. 

 

2.2.4 Neurosphere assay 

Single NSCs was seeded into a 96-well plate and cultured with different 

concentrations of PPD or OA at 10, 20, or 40 μM without growth factors. 

Neurosphere formation was assessed on day 3 using an inverted microscope. 

ImageJ software was then used to determine the number and diameters of the 

neurospheres which diameter was over 30 μm (Mori et al., 2006). 

 

2.2.5 Cell viability assay 

To further evaluate NSC proliferation, the viability of cells cultured on iSECnMs 

on days 4 and 7 was determined through the proportion of live cells to total cells 

using a live/dead viability/cytotoxicity kit strictly according to the manufacturer’s 

protocol to distinguish live cell (green) and dead cell (red). Fluorescence and 

differential interference contrast images were taken by confocal microscope 

(FluoView FV1000, Olympus). Quantitative analyses were performed by manually 
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counting at least 6 non-overlapping areas per sample. Viability was calculated using 

the equation:  

viability (%) = number (living cells) / (number (living cells) + number (dead cells)) × 100. 

 

2.2.6 Determination of protein marker expression by western blotting 

Protein sample preparation 

The NSCs were cultured in 6-well plates on nanomatrices or in the presence of 

PPD/OA. After a 4- or 7-day culture, the cells were harvested for protein extraction 

after removing the medium and washing three times with cold phosphate-buffered 

saline (PBS). Twenty microliters of lysis buffer (containing 0.2% protease inhibitor) 

were added over the iSECnMs in each well. After a 30-minute incubation on ice, 

the lysed differentiated cells were scraped from the iSECnMs. The lysates were 

centrifuged at 14000 × g and 4ºC for 30 minutes. The supernatants were collected, 

mixed with sample buffer, heated at 95ºC for 10 minutes, and finally stored at -20ºC. 

 

 

Determination of protein concentration  

A 5-μl aliquot of each sample was diluted 10 times for use in the protein 

concentration determination assay. Protein analytical reagents (BioRad) were used 
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according to the manufacturer’s instructions. After mixing, the protein sample and 

protein analytical reagents were incubated in the dark for 30 minutes at room 

temperature. The OD750 of sample was determined using a microplate reader. The 

protein concentration was calculated using the following formula:  

concentration (μg/μl) = [(OD - 0.0865) / 0.1555] × dilution ratio. 

 

Western blotting experiment 

An aliquot of sample corresponding to 30 μg of total protein was added on a 10% 

SDS-PAGE gel. Then the electrophoresis was started at a constant voltage of 40 V 

for half an hour, after which the voltage was increased to 75 V until the dye front 

reached the bottom of the gel. After electrophoresis, a gel sandwich was prepared 

(filter paper -, gel, PVDF membrane, filter paper +) and placed into a transfer tank 

filled with freshly prepared transfer buffer.  

The proteins were transferred from the gel to PVDF membrane overnight under the 

voltage of 15 V. Subsequently, the PVDF membrane was incubated with blocking 

medium (5% non-fat milk) at room temperature for 1 hour and subsequently with 

primary antibodies overnight at 4ºC. After washed in Tris-buffered saline + Tween-

20 (TBST) for 3 times, the PVDF membrane was then incubated with specific 

secondary antibodies for 1 hour. After three additional rinses with TBST, 
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chemiluminescent reagent was added to the PVDF membrane for 30 seconds. 

Finally, the chemiluminescent bands were imaged using a ChemiDoc Touch 

imaging system (Bio-Rad). Subsequently, the PVDF membrane was stripped in 

stripping buffer for 15 minutes, followed by two washes in TBST (15 minutes each) 

to enable the detection of other proteins. β-Actin was used as a reference protein to 

assess the relative amounts of proteins loaded per lane. 

Primary antibodies including: anti-Nestin antibody (1:1000 dilution), anti-TUJ1 

antibody (1:1000), anti-MAP2c antibody (1:1000), anti-GFAP antibody (1:1000), 

anti-p-GSK-3β (Ser9) antibody (1:1000), anti-GSK-3β antibody (1:1000), anti-non-

p (Active) β-catenin antibody (1:1000), anti-β-catenin antibody (1:1000), anti-

integrin β1 (1:1000), anti-p-RhoA (S188) (1:1000), anti-RhoA (2117S, Cell 

Signaling, 1:1000), anti-Myosin IIB (1:1000),  anti-p-p44/42 MAPK(Erk1/2) 

(Thr202/Tyr204) (1:1000), anti-p44/42 MAPK (Erk1/2) (1:1000), anti-GLI1 

(1:1000), anti-TH (1:1000), anti-GAD (1:1000), anti-VGLUT2(1:1000), and anti-

Oligo (1:1000). 

2.2.7 Immunofluorescent staining 

The cells were rinsed once with 60% methanol and fixed with 4% 

paraformaldehyde (PFA) for 30 minutes. Then the samples were incubated with 

specific primary antibodies (Nestin, TUJ1, MAP2c and GFAP) at 4ºC overnight in 
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the dark. The optimal primary antibody concentration was a 1:1000 dilution in PBS 

with 0.1% Triton X-100 and 2% normal goat serum. Next, the cells were rinsed 

three times with 1× PBS (5 minutes each) and then incubated with secondary 

antibodies for 3 hours at room temperature in the dark. Finally, the cells were 

stained with DAPI (1 μg/ml in methanol) at room temperature for 15 minutes to 

stain the nuclei, mounted using fluorescence mounting medium (Dako), and stored 

at 4ºC prior to imaging. Images of the immunofluorescent staining were taken by 

confocal microscope (FluoView FV1000, Olympus). 

 

2.2.8 Cell stiffness according to Young’s modulus  

The mechanical properties of NSCs differentiated on iSECnMs, particularly 

Young’s modulus and cellular topographies, were tested using an atomic force 

microscope (AFM; Bioscope Catalyst AFM, Bruker). The Young’s modulus (E) of 

a cell was evaluated using the Sneddon model, as given by the following equation: 

  
F =

E

1-n 2

2tanb

p
d 2, 

where F is the loading force, ν is the Poisson ratio of a cell (0.5), β represents the 

half angle of an AFM tip (18º), and δ is the indentation depth. Approximately 30 

cells per group were investigated and 64 force-distance curves were monitored per 
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cell to enable a statistical evaluation of Young’s modulus in each differentiated 

group. 

The cellular topography was imaged by PeakForce Quantitative Nanomechanical 

Mapping mode and an OLTESPA probe (Bruker). Before AFM imaging, the cells 

differentiated on iSECnMs were fixed with 4% PFA in HBSS at room temperature 

for 30 minutes. The AFM images were analyzed using NanoScope Analysis. 

 

2.2.9 Determination of electrophysiological function by patch clamping 

The patch clamp technique was used to record the ion channel activities of the live 

cells. The control and differentiated cells were bathed in an extracellular solution 

inside a petri dish placed on an inverted microscope (Eclipse Ti, Nikon). Whole-

cell voltage-clamp was performed to record the inward and outward currents of 

individual cells in a recording chamber with The extracellular solution contains 

containing 160 mM NaCl, 4.5 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 5 mM of 

glucose, and 10 mM of HEPES (pH=7.4 adjusted by NaOH). To record the inward 

and outward currents of individual cells, we used a whole-cell voltage-clamp 

configuration comprising an Axopatch 200B patch clamp amplifier, Digidata 

1440A data digitizer, and pClamp 10.7 software (Molecular Devices). The data was 

collected from 12 single differentiated cells per each group at 50 kHz with and down 
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to 5 kHz low-pass filtered at 5 kHz. The intercellular electrodes were made of thin 

glass micropipette, which filled with an intracellulara salt solution (, which was 

composed of 75 mM KCl, 10 mM NaCl, 70 mM KF, 2 mM MgCl2, 10 mM HEPES, 

and 10 mM EGTA (pH=7.2-7.4). 

 

2.2.10 Statistics 

The data in the preset study are presented as means ± standard deviations (SDs) or 

standard errors of the means (SEMs). The statistical analysis was performed using 

SPSS 13.0 software. Statistical significance was determined using one-way analysis 

of variance (ANOVA). A p value < 0.05 was considered statistically significant. The 

western blot data were analyzed using ImageJ software. All of the graphs were 

produced using GraphPad Prism 5.0. 
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 Chapter 3. Inorganic sculptured extracellular nanomatrices for 

neuronal stem cell proliferation and differentiation 

3.1 Introduction 

To the best of our knowledge, no research has focused on the use of iSECnMs to 

facilitate the in vitro proliferation and specific neuronal phenotypic differentiation 

of NSCs in the absence of additional GFs. We developed two types of silica 

iSECnMs, in helical (SiL) and zigzag shapes (SiZ), which deposited by Glancing 

Angle Deposition (GLAD). We investigated the effects and mechanism of these 

iSECnMs on NSC proliferation and specific neuronal differentiation in vitro.  

 

3.2 Objective 

The first objective of this chapter was to determine the effects and mechanisms of 

iSECnMs in terms of the proliferation and specific neuronal phenotypic 

differentiation of NSCs in vitro. The second objective was to explore the potential 

therapeutic effects of the specific neuronal cell phenotypes induced on extracellular 

nanomatrices after transplantation in a rat model of PD. We hope that these findings 

will support significant developments in stem cell therapies. 
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3.3 Methods 

All of the general methods are described in Chapter 2. 

3.3.1 Fabrication of silica iSECnMs 

GLAD was used to fabricate two types of iSECnMs by depositing silicon oxide in 

left-handed helical rotation (SiL) and zigzag (SiZ) conformations. The helix and 

zigzag shape are kinds of spring shape. These structures have certain hardness and 

elasticity which might be the important factors to affect the NSCs behavior and fate  

(Ferrer-Ferrer & Dityatev, 2018). In order to study the effects of different nano-

shape (helical or zigzag) on NSCs proliferation and differentiation, the two shapes 

used in the experiments have been designed to have a comparable stiffness. 

These nanomatrices was fabricated in the laboratory of Dr. Huang (Department of 

Physics, Hong Kong Baptist University). While fabricating the iSECnMs (JunSun 

Tech Co. Ltd., Taiwan), 99.99% SiO2 was evaporated at an approximate rate of 0.3 

nm/s. The nanostructures were then deposited on ITO glasses (Xin Yan Technology 

Ltd.) or Si wafers (Semiconductor Wafer, Inc.).  

To produce SiL iSECnMs, the substrate was rotated counterclockwise at a rate Rr 

given by the equation Rr =360 Rd/PH, where Rd is the deposition rate on the 

substrate surface calibrated at 0.28 nm/s for SiO2 at an α of 87º, and PH is the helical 
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pitch with an approximate value of 200 nm. To produce SiZ iSECnMs, the substrate 

was moved back and forth at 180° intervals during the deposition of nanostructures.  

The surface nanostructures of the iSECnMs were imaged and identified using 

scanning electron microscopy (SEM). The stiffness of the SiL and SiZ iSECnMs 

was analyzed by nanoindentation. 

 

3.3.2 Transplantation of differentiated cells into normal rats 

Adult SD rats (body weight: 260–300 g) were purchased from CUHK and 

maintained in a controlled temperature room with a 12 h light-dark cycle. The 

experimental procedures were approved by the Department of Health of the 

HKSAR government and the Committee on the Use of Human and Animal Subjects 

in Teaching and Research at HKBU. 

The NSCs were differentiated on silica SiZs for 14 days and then transfected with 

lentiviral particles encoding GFP (Lenti-GFP) at a multiplicity of infection (MOI) 

of 5 in the presence of 6 μg/ml polybrene (Sigma). After a 12-hour transfection, the 

medium containing the lentiviral particles was replaced with fresh medium. The 

transfection efficiency was monitored by fluorescence microscopy at day 3 after 

transfection.  
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The rats were anesthetized with ketamine 100 mg/kg / xylazine 10 mg/kg before 

the experiments. Single-cell suspensions of GFP+ differentiated cells (4×104 

cells/μl in PBS) were prepared and stored in an ice bath immediately before 

transplantation. Subsequently, 2 × 105 cells were injected into the right parietal 

cortex at an approximate rate of 1 μl/min using a Hamilton microsyringe (Hamilton 

Company). Seven days later, the transplanted rats were euthanized with 

intraperitoneal overdoses of Dorminal 20% (130 mg/kg-1) and perfused with 0.9% 

normal saline and 4% PFA through the left ventricle. The fixed brains were removed 

and then post-fixed in 4% PFA overnight at 4ºC and subsequently in 0.9% normal 

saline for 2 days. The post-fixed brains were sliced into 50-μm coronal sections, 

which were subjected to immunofluorescence staining for the protein markers GFP, 

TUJ1, TH, GAD, VGLUT2, and Oligo to determine the viability of the 

differentiated neurons in vivo. 

 

3.3.3 Rat model of PD induced by 6-hydroxydopamine (6-OHDA) lesioning 

We used 6-OHDA to generate unilateral lesions of the nigrostriatal DA system in 

adult SD rats (body weight: 260–300 g). The rats were anaesthetized with ketamine 

(100 mg/kg) and xylazine (10 mg/kg) before all of the experiments.  
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Unilateral medial forebrain bundle (MFB) lesioned model were established to 

induce partial denervation of the nigro-striatal pathway via the 6-OHDA injection 

into a single site using a standard 10-µl Hamilton syringe. A small vial of sterile 

NaCl (0.9% w/v) with 0.1% ascorbic acid was prepared. 6-OHDA was weighed and 

covered with foil. After drilling a burr hole through the skull at the desired injection 

point, 6-OHDA was immediately dissolved (0.9% w/v) in sterile NaCl with 0.1% 

ascorbic acid immediately and withdrawn into a syringe. This solution was injected 

at the coordinates: anteroposterior (AP), -2.2 mm; mediolateral (ML), 1.5 mm; and 

dorsoventral (DV), -8.0 mm. The needle was guided slowly and steady into the 

brain to the proper depth and left in place for 5 minutes prior to injection. Each 6-

OHDA-lesioned rat received a 2-μl injection of 4 μg/μl 6-OHDA at a rate of 0.5 

μl/min. The syringe was left in place for 5 minutes to allow diffusion.  

 

3.3.4 Apomorphine-induced rotation 

Three weeks after lesioning, an apomorphine-induced rotational test was used to 

determine whether the PD model had been established successfully. The 

dopaminergic agonist apomorphine was used to induce an asymmetrical increase in 

contralateral rotation, which would rotate on the lesioned side relative to the non-

lesioned side (Hudson et al., 1993). For the assay, 0.3 mg/kg apomorphine (Sigma-
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Aldrich, USA) was injected subcutaneously, after which the rat was observed for 

30 mins to quantify the number of contralateral rotations. A rotation number 

exceeding 7 per minute was considered to indicate a successful MFB-lesioned PD 

model. Successful model rats were used in subsequent experiments. 

 

3.3.5 Transplantation of differentiated cells into PD model rats 

All of the animal experimental procedures were approved by the Department of 

Health of the HKSAR government and the Committee on the Use of Human and 

Animal Subjects in Teaching and Research at HKBU. The 6-OHDA-lesioned PD 

rats were selected for transplantation as described in the previous section and 

randomly assigned to the control and cell-transplantation groups.  

NSCs were differentiated on silica SiZs for 14 days, transfected with Lenti-GFP, 

and monitored using fluorescence microscopy at day 3 after transfection. Next, 2.5 

×105 cells were suspended in PBS buffer on ice and injected into the target areas of 

the striatum with the following coordinates: AP, 1.0 mm; ML, 2.5 mm; and DV, -

4.7 mm. Six rats were included in the cell-transplantation group (i.e., SiZ rats, n = 

6). Six control rats were not transplanted with differentiated cells induced by SiZ 

(i.e., Ctr rats, n = 6). The contralateral rotation test was applied 2 weeks before and 
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4, 8, 12, and 18 weeks after transplantation. The rats were perfused for histological 

analysis after behavioral testing. 

 

3.3.6 Histological analysis 

For immunohistochemistry, the animals were perfused intracardially with 0.9% 

normal saline until the effluent ran clear, after which the fixative (4% PFA, pH 7.4) 

was introduced. The brains were post-fixed in 4% PFA overnight at 4ºC and then 

transferred to vessels containing a 4ºC sucrose-infiltration solution. The brains were 

sectioned into 7-μm slices using a cryostat microtome, and serial sections were 

collected. The sections were incubated with primary antibodies specific for GFP, 

TUJ1, GAD, VGLUT2, Oligo, and TH at 4ºC overnight, and were subsequently 

incubated with appropriate fluorescence-labeled secondary antibodies (Invitrogen). 

The nuclei were stained with DAPI (1 μg/ml) in methanol at 37ºC for 15 minutes 

and visualized with a confocal microscope (FluoView FV1000, Olympus). 

 

3.4 Results  

3.4.1 Primary cell culture and identification of NSCs 

NSCs were identified using neurosphere formation and immunofluorescent staining 

for nestin (stem cell marker) and DAPI (nuclear marker). We successfully generated 
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neurospheres that exhibited positive nestin and DAPI staining (Figure 1), indicating 

that the primary SVZ cell culture yielded NSCs. These primary NSCs were used to 

perform further studies. 
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Figure 1. Identification of NSCs 

(A) Bright-field image of a neurosphere. (B) Immunofluorescent staining of DAPI-

labeled neurospheres (blue). (C) Immunofluorescent staining of nestin-stained 

neurospheres (red). Scale bar: 100 𝜇m. 
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3.4.2 Fabrication of two types of iSECnMs 

The iSECnMs were fabricated using GLAD and sculpted into SiL (Figure 2A) and 

SiZ shapes (Figure 2B), as described in Section 3.3.1. The helical and zigzag 

nanostructures protruded vertically from the substrate. The SiL iSECnMs had an 

approximate height of 540 nm and were composed of two pitches of approximately 

240 nm each. The SiZ iSECnMs had an approximate height of 540 nm and were 

composed of three pitches (P), each of which was approximately 165 nm (Figure 

2). The size of both the SiL and the SiZ iSECnMs was 2.5 cm2.  
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Figure 2. Fabrication of two kinds of iSECnMs, SiL and SiZ 

TEM images of the individual nanostructures of SiL (Ai) and SiZ (Bi) (scale bar: 

200 nm). Cross-sectional SEM images of the helical (Aii) and zigzag nanostructures 

(Bii) (scale bar: 100 nm). 
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3.4.3 Proliferation of NSCs induced by iSECnMs 

We evaluated the proliferation of the NSCs on days 4 and 7 after culturing on 

iSECnMs using a MTT assay, live/dead assay, and neurosphere assay. Generally, 

the MTT assay indicated that the survival of the NSCs grown on both types of SiO2 

iSECnMs tended to decrease on day 4 but increased significantly on day 7 relative 

to the control group. On day 4, the NSC survival rate in the SiL group was 

significantly lower than that of the control group and the SiZ group, while the 

survival rate of the SiZ group was slightly lower than that of the control group. On 

day 7, the NSC proliferation rates on the SiL and SiZ were comparable, and both 

reached approximately 150% of the control group proliferation rate (Figure 3). The 

MTT assay illustrated that both types of biocompatible iSECnMs could eventually 

induce NSC proliferation even after an initial decrease in survival. This unusual 

phenomenon is examined further in the Discussion section. 

We observed similar results in the live/dead viability assay. The numbers of viable 

cells on the SiL and SiZ after 7 days were significantly higher than those in the 

control group. Higher NSC viability was observed on the SiZ than on the SiL, 

although this difference was not significant. In other words, both the SiL and the 

SiZ iSECnMs promoted NSC viability on day 7. On day 4, slight decreases in NSC 

viability were observed on the SiL and SiZ iSECnMs, although these values did not 

differ significantly from the control group values (Figure 4).  
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Neurosphere formation is considered a very important step in the differentiation of 

NSCs into neuronal cells (Fan et al., 2014). Our neurosphere assay revealed a 

tendency for marked neurosphere formation on the SiL and SiZ iSECnMs compared 

with the control group on days 4 and 7 (Figure 5). Neurospheres larger than 50 μm 

were found in both the SiL and the SiZ cultures on day 4. In contrast, other 

researchers observed that neurospheres of this size were usually observed on day 5 

in cultures containing exogenous GFs (Logan, Rusnak, & Symes, 2015). The results 

of the MTT, live/dead, and neurosphere assays strongly suggested that the iSECnMs 

significantly accelerated and promoted NSC proliferation in the absence of 

additional GFs. 
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Figure 3. Survival rates of NSCs grown on SiL and SiZ iSECnMs. Cell 

proliferation was monitored in 4- and 7-day cultures using the MTT assay. **p 

<0.01, compared with the control group (i.e., Ctr), ##p <0.01, compared with the 

SiL group. 
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Figure 4. Viability of NSCs on SiL and SiZ iSECnMs. (A) NSCs grown on 

iSECnMs for 4 or 7 days were evaluated using a fluorescent live/dead cell viability 

assay (scale bar: 50 𝜇m). Live and dead cells appear as green and red cells, 

respectively. (B) Bar charts representing the percentages of live cells (i.e., cell 

viability). *p <0.05, **p <0.01, compared with the control group (Ctr). 
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Figure 5. Neurosphere formation on SiL and SiZ iSECnMs. Microscopic images 

of NSC neurosphere growth in control wells and on SiL and SiZ after induction for 

4 or 7 days (scale bar: 100 𝜇m). 
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3.4.4 Differentiation of NSCs induced by iSECnMs 

We used western blotting and immunocytochemistry to detect several protein 

markers of NSC differentiation, including nestin, TUJ1, MAP2, and GFAP, in 

differentiated NSCs induced by SiL and SiZ iSECnM. Nestin protein expression 

was detected on day 4 after induction on iSECnMs, while TUJ1, MAP2, and GFAP 

were detected on day 7. 

The western blot analyses revealed significant decreases in the levels of nestin 

protein, a specific NSC marker (Fu, Mo, Liu, Bartlett, & He, 2016), in cells grown 

on both types of iSECnM to approximately 0.7 times the control group level on day 

4. The levels of nestin did not differ significantly between the SiL and SiZ groups 

(Figure 6A). The expression of TUJ1, an important marker of neuronal maturation 

(Murai et al., 2016), was significantly increased in cells grown on iSECnMs on day 

7 compared with the control group. The TUJ1 level was also significantly higher in 

the SiZ group was significantly higher than that in SiL group, which about 2.5 times 

and 1.7 times as much as control group respectively (Figure 6B). These nestin and 

TUJ1 levels suggest that SiZ iSECnMs are more suitable than SiL iSECnMs for 

neural differentiation. 

MAP2 is another important protein marker of neurons. The expression of MAP2c, 

the smallest MAP2 isoform, is downregulated at a late stage of neuronal 

development (Mitra, Gupta, Poddar, & Bhattacharyya, 2015). In this study, MAP2c 
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protein expression increased significantly in the iSECnMs groups on day 7 when 

compared with the control group. Specifically, the MAP2c level was significantly 

lower in the SiZ group than in the SiL group, with a difference of approximately 

1.8 times. The level in the SiZ group was 2.2 times higher than that in the control 

group. These data indicate more rapid neuronal development on the SiZ than on the 

SiL (Figure 6C). The expression of GFAP, an astrocyte marker, tended to decrease 

in the SiZ group relative to the control group (Figure 6D).  

We also subjected the differentiated NSCs grown on different substrates to 

immunocytochemistry to visualize the expression of nestin, TUJ1, MAP2c, and 

GFAP (Figure 7). The images of immunofluorescent staining were highly consistent 

with the results of the western blot assay. These results illustrate that SiL and SiZ 

iSECnMs could promote significant neuronal differentiation without requiring 

additional GFs, moreover, SiZ appeared to be more suitable for rapid neuronal 

differentiation and could prohibit the differentiation of NSCs into astrocytes. 
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Figure 6. Western blot assay of NSC differentiation markers in cells grown on 

SiL and SiZ iSECnMs. Representative western blot images and statistical 

evaluations of the expression of (A) nestin on day 4, (B) TUJ1 on day 7, (C) 

MAP2c on day 7, and GFAP on day 7. “Ctr” represents the control group. **p 

<0.01 compared with Ctr; #p <0.05 and ##p <0.01 compared with SiL.  
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Figure 7. Immunofluorescent staining of NSC differentiation markers in cells 

grown on SiL and SiZ iSECnMs. Representative images of immunofluorescent 

stained differentiated NSCs grown on different substrates. Nestin (red) was 

evaluated on day 4; TUJ1 (red), MAP2c (red), and GFAP (green) were evaluated 

on day 7. Scale bar: 50 𝜇m. 
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3.4.5 Mechanical characterization of the neurons differentiated on iSECnMs 

Well-differentiated cells tend to be stiffer than less differentiated cells (Fabry et al., 

2001). Therefore, cell stiffness can be used as an index of maturity in differentiated 

cells. This index can be characterized using Young’s modulus. 

Here, AFM was used to identify differentiated neuronal cells and evaluate Young’s 

modulus. Notably, the highest Young’s modulus was observed in differentiated cells 

of the SiZ group, followed by the SiL group and control group. These results 

indicate that the iSECnMs were more favorable than the control condition for NSC 

differentiation. Specifically, SiZ yielded a higher degree of differentiation than did 

SiL (Figure 8). The AFM peak force error images depict differentiated cells induced 

on control glass and on SiL and SiZ iSECnMs (Figure 9).   
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Figure 8. Mechanical characterization of neurons differentiated on iSECnMs. 

Statistical analysis of the Young’s modulus values of differentiated cells. **p <0.01, 

compared with the control group (i.e., Ctr); #p <0.05, compared with the SiL. 
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Figure 9. AFM peak force error images of the differentiated cells. 

Representative AFM peak force error images of differentiated cells induced on 

control glass and SiL and SiZ iSECnMs. Scale bar: 8.0 μm  
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3.4.6 Electrophysiological functions of differentiated cells 

We determined the functions of the differentiated cells on iSECnMs on the basis of 

electrophysiological behavior by patch clamp assay (Figure 10A). The voltage-

clamp recording demonstrated that significant inward and outward ionic currents 

could be elicited from the differentiated neurons in response to step voltage stimuli 

in the range of -80 to 100 mV. The rapid inward voltage-activated Na+ current is 

considered as a significant characteristic of the neuronal cells. In contrast, 

astrocytes possess only K+ channels (Dejian Ren， Betsy Navarro, Haoxing Xu & 

Sequence, 2001). The peak current density in neurons is equal to the peak current 

amplitude per unit cell capacitance, while is proportional to the cell surface area of 

cell (Yang et al., 2015). The distribution of current densities on SiL and SiZ were 

calculated as the step voltage stimulus (Figure 10B, C). Compared with the SiL and 

the control group, The SiZ-mediated differentiated neurons exhibited more obvious 

characteristics of the fast Na+ currents and delayed-rectifier K+ currents than other 

groups. Additionally, there was no obvious difference on the characteristics of 

current density between SiL and control group. (Figure 10D).  

As the neuronal maturation can be judged by its electrophysiological functions. 

The electrophysiological results in the present study strongly suggested that more 

rapid neuron maturation in the SiZ group than that on the SiL and Ctr groups. More 



51 

rapid maturation of neurons has important significance from the perspective of cell 

therapy, as this characteristic would reduce cell culture times and decrease the risks 

of medical issues and contamination. 
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Figure 10. The electrophysiological functions of differentiated cells. (A) 

Representative image of a NSC on SiZsP165 and micropipette (40× magnification). 

(B-C) Inward and outward currents of the differentiated cells on the SiZ. Inward 

and outward currents (B) from 0 to 70 ms and (C) from 5 to 10 ms. (D) Current-

voltage curve of the current recording under voltage stimuli. Blue: current-voltage 

curve of the inward current (i.e., sodium current). Red: current-voltage curve of the 

outward current (i.e., potassium current) 
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3.4.7 Specific neuronal phenotype differentiation 

To further clarify the specific differentiation of neuronal phenotypes on iSECnMs, 

NSCs were differentiated on iSECnMs for 14 days, and various neuronal 

phenotype markers were detected by western blotting. As shown in Figure 11, 

compared with SiL, SiZ induced the significant amplification of TH (marker of 

DA neurons), and GAD (marker of GABAergic neurons). However, growth on 

this nanomatrix remarkably suppressed the expression of VGLUT2 (glutamatergic 

neurons) and Oligo (oligodendrocytes), indicating that SiZ more significantly 

promoted the differentiation of DA and GABAergic neurons than did SiL. 

GABAergic neurons are thought to enhance the functions of DA neurons. 

(Morozova, 2016) 
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Figure 11. Western blot assay of specific differentiation markers in NSCs 

grown on SiL and SiZ iSECnMs. (A) Western blot analysis and (B) statistical 

evaluation of the expression of TH, GAD, VGLUT2, and Oligo 14 days after 

induction on the SiL and SiZ. “Ctr” represents the control group. **p <0.01, 

compared with Ctr; #p <0.05 and ##p <0.01, compared with SiL. 
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3.4.8 The electrophysiological functions of DA neurons 

The electrophysiological characteristics of DA neurons derived from the NSCs 

plated on SiZ were examined using the patch-clamp technique to determine their 

electrophysiological functions. During whole-cell voltage clamp recording, the 

NSCs could exhibit single spontaneous firings until day 14 after cell plating, as 

shown in Figure 12. The whole-cell patch-clamp was recorded from individual cells,  

which showed the presence of voltage-gated Na+ and K+ currents in NSCs plated 

on SiZ (Figure 12A-C), which behave was similar as iPSC-derived DA neurons 

(Fang, Qing, Yan, Chen, & Yan, 2016) and induced dopamine neurons (Addis et al., 

2011). The rapid inactivating inward and outward currents was observed in voltage-

clamp mode, probably corresponded to the opening of voltage-dependent Na+ and 

K+ currents respectively. Both the sodium channel and potassium current were 

activated at -40 mV, as shown in Figure 12D, and behaved in a manner consistent 

with human iPSC-DA neurons (Franz, Olsen, Klink, & Gimsa, 2017; Wakeman et 

al., 2017). These results indicated that the SiZ-mediated neurons exhibited the 

characteristic of dopaminergic electrophysiological functionality. 
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Figure 12. The electrophysiological functions of DA neurons. (A) Representative 

images of immunocytochemistry used to detect TH in DA neurons induced on 

different substrates. Scale bars: 50 μm. (B) Representative traces of membrane 

potential in response to step depolarization by current injections ranging from 10 to 

90 pA at increments of 20 pA. (C) Representative traces of voltage-dependent 

sodium currents in the induced DA neurons. (D) Plots of the peak current density 

versus the voltage applied to the induced DA neurons. Upper: outward (K+) current 

density; Lower: inward (Na+) current density. 
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3.4.9 Physiological cues associated with NSC induction mediated by 

iSECnMs 

The above results strongly indicate that iSECnMs can significantly promote the 

NSCs induction. Furthermore, we aim to reveal the potential mechanism of 

iSECnMs induced NSC proliferation and differentiation. Here, we fully discuss the 

possible physical mechanisms (i.e., topography, stiffness, contact depth) and 

biological (i.e., bio-signaling pathways) mechanisms. ECM stiffness tends to have 

complicated effects on cell behaviors and fates. In this research, nanoindentation 

was used to evaluate the stiffness of SiL and SiZ iSECnMs.  

The SiL iSECnM had a stiffness of 12.6 ± 1.8 μN/nm, which was significantly 

smaller than the value of 19.7 ± 2.3 μN/nm determined for the SiO2 SiZ iSECnM, 

indicating that the SiZ was stiffer than the SiL (Figure 13). Together with the above 

data, this finding suggests that stiffer extracellular nanomatrices might be more 

suitable for NSC proliferation and differentiation. However, some researchers have 

reported that softer substrates, which are more similar to the hardness of brain tissue, 

better promote the neural differentiation of NSCs. This conflict with our findings is 

explored further in the Discussion section. 
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Figure 13. Stiffness values of SiL and SiZ iSECnMs. Nanoindentation was used 

to determine the stiffness of SiL and SiZ. Black and red lines correspond to the SiL 

and SiZ, respectively. 
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Topographic cues, including the geometrical profiles of cell-matrix contacts and 

contact depths (dc) of cells, can fundamentally affect NSC differentiation (McBeath, 

Pirone, Nelson, Bhadriraju, & Chen, 2004). In an analysis of the geometrical 

profiles of cell-matrix contacts, the SiLs exhibited a helical profile (Figure 14A), 

while the SiZ arrays exhibited a uniquely disordered groove-like topography 

(Figure 14B). The previous finding that nano-patterned groove-like substrates favor 

NSC differentiation (Yang et al., 2013) is consistent with our SiZ-mediation results. 

This phenomenon may be ascribed to the ability of topographic grooves to enhance 

focal adhesion and increase physical contact between the growing cells and 

sculptured nanostructures (Bosi et al., 2015). A large dc is favored for human MSC 

specific differentiation into the osteoblast lineage through the development of a 

high level of cellular organization (Zouani et al., 2012). As shown in Figure 15, 

SEM was used to determine the dc values of the silica iSECnMs, which were 

roughly equal to a half-pitch of the SiL (approximately 146 ± 4 nm) and a full pitch 

of the SiZ (approximately 192 ± 4 nm). The groove-like topography and large dc 

account for the ability of SiZ to facilitate NSC differentiation. 
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Figure 14. The geometrical profiles of the cell-matrix contacts. (A) The SiL 

exhibits a helical topography. (B) The SiZ exhibits a disordered groove-like 

topography. 
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Figure 15. Induction of NSCs on SiO2 iSECnMs. Cross-sectional SEM images 

depict the differentiation of NSCs on SiO2 iSECnMs after 7 days in culture: (A) SiL 

and (B) SiZ. The red dashed lines indicate the contact depths (dc) between the 

differentiated cells and iSECnMs. 
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3.4.10 Activation of bio-signaling pathways in induced NSCs mediated by 

iSECnMs 

The biological mechanisms of iSECnM-mediated NSC proliferation and specific 

neuronal phenotypic differentiation must be elucidated. Integrin β1, a heterodimeric 

surface molecule, regulates the interactions of intracellular and extracellular 

signaling pathways and thus affects stem cell survival, migration, and 

differentiation (J.Du et al., 2011). In this work, we observed a more significant 

increase in the expression level of integrin β1 in SiZ group than that in SiL and Ctr 

groups (Figure 16). 

The RhoA/myosin IIB pathway plays an important role in regulating cell fates 

responded to mechanical cues induced by extracellular matrices. It was reported 

that the NSC differentiation into specific phenotype neuron (dopaminergic neurons) 

was promoted when the activation of RhoA was suppressed through 

phosphorylation at Ser188, named p-RhoA (S188), and the downstream factor 

Myosin IIB was then down-regulated (Wheeler et al., 2015b). Compared with the 

Ctr group, the ratio of p-RhoA (S188) to total RhoA increased significantly in the 

SiL group and further in the SiZ group, while the expression of myosin IIB 

decreased significantly. This finding indicates that the activation of the 
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RhoA/myosin IIB pathway was suppressed in NSCs differentiated on both types of 

iSECnMs (Figure 17). 

The Wnt/β-catenin signaling pathway is believed to be a critical regulator of NSC 

proliferation and differentiation (Selvaraj et al., 2017). The crucial enzyme β-

catenin plays a key role in positive regulation, while GSK-3β acts as a negative 

regulator and can be inactivated by phosphorylation at Ser9 (Kozlovsky, Amar, 

Belmaker, & Agam, 2006). In this study, we evaluated the expression of active β-

catenin, total β-catenin, p-GSK-3β (Ser9), and total GSK-3β. We observed 

significant increases in the expression of p-GSK-3β (Ser9) in the SiL and SiZ 

groups, compared with the Ctr. More specifically, the level of p-GSK-3β (Ser9) in 

the SiZ group was significantly up-regulated than that SiL group. Given the lack of 

a significant difference in the total GSK-3β levels in the Ctr, SiL, and SiZ groups, 

the ratio of p-GSK-3β (Ser9) to total GSK-3β expression tended to increase 

significantly in the following order: Ctr, SiL, and SiZ (Figure 18). This result 

suggests that GSK-3β activity may be suppressed in NSCs induced by iSECnMs.  

Similarly, although we observed significant increases in the expression of β-catenin 

(active) in two iSECnMs groups relative to the Ctr group, while there was no 

statistical difference between the two iSECnM groups. Given the lack of a 

significant difference in the expression of total β-catenin in the Ctr, SiL, and SiZ 
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groups, the ratio of β-catenin (active) to total β-catenin expression tended to 

increase significantly in the SiL and SiZ groups relative to the Ctr group. Moreover, 

this ratio was slightly but not significantly higher in SiZ than that in the SiL group 

(Figure 18). This result also indicates that β-catenin may be activated during the 

proliferation and differentiation of NSCs on iSECnMs. In general, the above data 

confirm the crucial role of Wnt/β-catenin signaling in the proliferation and 

differentiation of NSCs induced by iSECnMs. 

Sonic hedgehog (SHH) pathway, which plays an important role in the 

differentiation of DA and GABAergic neurons, in which GLI1 is the crucial 

transcription factors for SHH pathway activation (Vazin et al., 2014). Compared 

with the Ctr group, GLI1 expression increased significantly in both the SiL and SiZ 

groups. Furthermore, the expression level of GLI1 was significantly up-regulated 

in the SiZ group than in the SiL group (Figure 19). This result indicates that both 

iSECnMs, but particularly the SiZ, led to significant SHH pathway activity. This 

finding might account for the specific differentiation of dopamine neurons and 

GABAergic neurons. 
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Figure 16. Expression of integrin β1 in NSCs differentiated on iSECnMs. (A) 

Image of a western blot of integrin β1. (B) Relative optical densities of integrin β1 

staining. **p <0.01, compared with the Ctr group; ##p <0.01, compared with the 

SiL group. 
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Figure 17. Expression of RhoA/myosin IIB pathway factors in NSCs 

differentiated on iSECnMs. (A) Image of western blotting for p-RhoA(S188), 

RhoA, and myosin IIB. (B) Relative optical densities of p-RhoA(S188)/RhoA and 

myosin IIB staining. **p <0.01, compared with the Ctr group; #p <0.05 and ##p 

<0.01, compared with the SiL group. 
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Figure 18. Activation of the GSK-3β/β-catenin pathway in NSCs differentiated 

on iSECnMs. (A) Image of western blotting for p-GSK-3β (Ser9), GSK-3β, β-

catenin (Active), and β-catenin. (B) Relative optical densities of p-GSK-3β 

(Ser9)/GSK-3β and β-catenin (Active)/β-catenin staining. *p <0.05 and **p <0.01, 

compared with the Ctr group; #p <0.05, compared with the SiL group. 
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Figure 19. Expression of GLI1 in NSCs differentiated on iSECnMs. (A) 

Western blot analysis of GLI1. (B) Relative optical densities of GLI1 staining. **p 

<0.01, compared with the Ctr group; ##p <0.01, compared with the SiL group. 
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3.4.11 Survival of neuronal cells in normal rats 

NSCs can effectively proliferate and differentiate into neurons on iSECnMs. 

Therefore, it is important to study the potential applications of these cells in cell 

replacement therapies for neurodegenerative diseases. To reach this goal, we tested 

the in vivo survival of neuronal cells differentiated from iSECnMs in normal rats.  

To investigate survival, NSCs were differentiated on silica SiZs with a PZ of 

approximately 225 nm for 14 days, labeled with GFP, and transplanted into the 

parietal cortexes of adult rats. Immunofluorescence staining was performed to 

monitor the expression of biomarkers (GFP, TUJ1, TH, GAD, VGLUT2 and Oligo) 

in brain section on day 7 after cell transplantation (Figure 20A). From the results, 

the GFP+ and TUJ1+ cells were shown to widely spread around the primary 

transduction (Figure 20B-D). The 14-day differentiation mediated by SiZs made 

the TUJ1+ and GFP+ cells had the neurite-like and neuronal perikaryal structures 

(Figure 20B-D). TUJ1+ and GFP+ cells with bouton-like structures were observed 

near the neuronal perikarya, indicating the valid migration of differentiated 

neuronal cells and the extension of neurites into the transplanted cortex. 

Additionally, many TH+/GFP+ double-labeled and GAD+/GFP+ double-labeled 

neurons were exhibited in the around of the primary transduction area, whereas very 

few VGLUT2+/GFP+ double-labeled and Oligo+/GFP+ double-labeled neurons 
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were observed (Figure 21E). These results indicated that the specific phenotype 

neurons were maintained after transplantation into the adult rat brain. In a previous 

study, it was reported that NSCs exhibited poor survival after direct transplantation 

into the cerebral cortex (Kelly et al., 2004). The above results strongly indicated 

that the 14-days SiZs-mediated culturing induced NSCs to be maturely 

differentiated into neurons and had the ability to forme functional synaptic 

connections in the brain in vivo. 
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Figure 20. Transplantation of neurons into the parietal cortexes of adult rats. 

Neural cells were induced on SiZ for 14 days and transplanted into the adult cortex. 
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(a) Low-magnification images obtained proximal to the primary transplantation site 

(marked by white arrows) on day 7 after transplantation: (i) GFP staining (green), 

(ii) TUJ1 staining (red), and (iii) merged image of (i) and (ii). The white square 

indicates the high-magnification observation. (B–D) Immunofluorescent images of 

transplanted neurons in the adult cortex: (i) GFP staining (green), (ii) TUJ1 staining 

(red), and (iii) merged image of (i) and (ii). (E) Immunofluorescent images of 

transplanted cells in the adult cortex labeled with specific neuron markers: (E-i) 

merged image of TH (red) and GFP staining (blue), (E-ii) merged image of GAD 

(green) and GFP staining (blue), (E-iii) merged image of VGLUT2 (yellow) and 

GFP staining (blue), and (E-iv) merged image of OLIG (red) and GFP staining 

(blue). Scale bars: 250 μm in A, 50 μm in B and F, 50 μm in C and D. 
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3.4.12 Establishment of a 6-OHDA lesioned rat model of PD 

The rat model of PD was established via the unilateral lesioning of 6-OHDA in the 

left side of the medial forebrain bundle (MFB) of the rat brain (Figure 21). Two to 

three weeks after lesioning, the 6-OHDA-induced PD rat model was considered to 

have been established successfully if more than 7 apomorphine-induced rotations 

were observed per minute. Immunofluorescent staining revealed a near-absence of 

TH+ signals at the striatum of the lesioned (left, 6-OHDA lesioned side) side relative 

to the contralateral side (right, 6-OHDA non-lesioned side) (Figure 22). These 

results indicate the successful establishment of a 6-OHDA lesioned rat model of PD 

with a unilateral injury of the DA neurons. 
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Figure 21. Lesion formation via stereotaxic surgery. 
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Figure 22. Immunohistochemistry of the brain coronal sections 

Immunohistochemistry of brain coronal sections from (A) a 6-OHDA lesioned PD 

rat and (B) sham-lesioned rat. Immunolabeled TH and DAPI staining are indicated 

in red and blue, respectively. Scale bars: 1000 μm. 
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3.4.13 Therapeutic effects of differentiated cells in PD model rats 

To analyze the therapeutic effects of neuronal cells differentiated on iSECnMs in 

an animal model of PD, we evaluated the reduction in motor asymmetry in 

established 6-OHDA-lesioned PD rats after cell transplantation. NSCs were 

differentiated on the silica SiZ for 14 days, labeled with GFP, and transplanted into 

the striatum of 6-OHDA-lesioned PD rats. The therapeutic efficacy of cell 

transplantation was tested using an apomorphine-induced rotation test (Figure 23).  

As shown in the results, all of the model rats exhibited severe motor asymmetry 

before cell transplantation, with apomorphine-induced rotation frequencies of 

approximately 12 rotations per mins (Figure 24A). During the 18 weeks after cell 

transplantation, the transplanted rats (n = 6) exhibited a progressive reduction in 

apomorphine-induced rotation frequency. However, control rats (i.e., no 

transplantation; n = 6) did not exhibit any improvement during this period (Figure 

24). The rotation frequency in cell-transplanted rats decreased significantly over 

time and was significantly down-regulated than that in the control group at 8, 12, 

and 18 weeks after cell transplantation (Figure 24). At the end of the test period (18 

weeks after cell transplantation), all of the transplanted rats exhibited an 

approximate average reduction of 65% in the apomorphine-induced rotation 

frequency, while the control rats exhibited an approximate average increase of 15% 
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(Figure 24B). After the behavioral test, the immunofluorescent staining of brain 

sections revealed that the graft area contained TH+ cells. As shown in Figure 25, a 

large number of GFP+ and TH+ double-labeled cells exhibiting neurite-like 

structures were spread widely around the primary area of cell transplantation. These 

results strongly indicate that the neuronal cells differentiated from NSCs on 

iSECnMs induced significant therapeutic effects in 6-OHDA-lesioned PD rats. 
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Figure 23. Schematic representation of the cell transplantation and behavioral 

test procedure. The cell transplantation site is shown in the representative image 

above (marked with a white arrow). 
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Figure 24. Therapeutic effect of a self-assembled mini-SN in 6-OHDA-lesioned 

PD rats. (A) Statistical analysis of apomorphine-induced rotation frequencies in 

rats transplanted or not with cells differentiated on SiZ [i.e., SiZ and control (Ctr) 

rats, respectively] as a function of time. (B) Changes in the apomorphine-induced 

rotation frequencies in Ctr (black) and SiZ (gray) rats at the 18th week after 

transplantation. *p <0.05 and **p <0.01, compared with the Ctr group. 
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Figure 25. Immunohistochemistry analysis of brain coronal sections from all 

of the tested rats that did and did not receive transplanted cells derived on SiZ. 

Immunohistochemistry of brain coronal sections from (A–C) a Ctr rat and (D–F) 

SiZ rat in the 18th week after the transplantation: TH (red), GFP (green), and DAPI 

(blue). The results indicate that transplanted neuronal cells can survive and restore 

the lost DA neurons in the transplanted brain hemisphere. Scale bars: 1 mm in A, 

D; 200 μm in B, E, and 50 μm in C, F.     



81 

3.5 Discussion 

Due to the exponential increase in population aging, neurodegenerative diseases 

have become a critical threat to and burden on healthcare systems worldwide. 

However, the current pharmacotherapeutic options for neurodegenerative diseases 

can only alleviate symptoms and have no permanent curative effects. Stem cell 

replacement therapy is a novel and effective therapeutic strategy for 

neurodegenerative diseases treatment whose main pathogenesis involves neuronal 

cell disfunction in the brain. Stem cell replacement therapies require the in vitro 

NSCs differentiation into functional neurons. However, existing in vitro culture 

methods require supplementation with GFs or growth on extracellular matrices 

composed of organic scaffolds, which might induce carcinogenicity, inflammatory 

responses, and other side effects in vivo after transplantation. Therefore, a method 

of promoting the in vitro proliferation and differentiation of NSCs without 

additional GFs is urgently needed. We developed two types of iSECnMs, SiL and 

SiZ, to induce NSC differentiation in vitro, based on rapidly developing 

nanotechnology. 

Our results confirm that iSECnMs can significantly enhance the proliferation and 

differentiation of NSCs in vitro without requiring additional GFs. Furthermore, SiZ 

better promoted these effects than SiL. Both our MTT and live/dead assays of 
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proliferating NSCs revealed an unusual phenomenon, namely the reduced survival 

rates of cells induced on iSECnMs for 4 days relative to the Ctr group. We note that 

primary cell cultures may contain several types of cell, including NSCs, fibrocytes, 

and vascular endothelial cells (Goldberg & Hirschi, 2009). Therefore, the unusual 

phenomenon may be due to the ability of iSECnMs not only to promote the 

proliferation of NSCs, but also to inhibit the proliferation of other types of cells. 

Moreover, some researchers have indicated that the stiffness of the nanostructure 

can affect cell fates and even cell death (Moyen et al., 2016). Further studies are 

needed to verify this possibility. 

We further evaluated the expression of Nestin, TUJ1, MAP2c, and GFAP to identify 

the neuronal differentiation of NSCs incubated on iSECnMs. Nestin is an important 

stem cell marker, and its expression decreases as NSCs differentiate. TUJ1 is an 

important neuron marker (Murai et al., 2016) that can be used to demonstrate the 

outgrowth of neurites from neuronal cells (Baral et al., 2015). TUJ1 expression 

increases as NSCs differentiate into neurons. MAP2 is a specific marker of 

dendrites in neurons and is thus a marker of neuronal maturation. This protein exists 

in three isoforms: MAP2a, MAP2b, and MAP2c (Dehmelt & Halpain, 2005). 

MAP2b is expressed during development and in mature neurons (Garner, Brugg, & 

Matus, 1988). MAP2c, the smallest isoform, is expressed in immature neurons, and 
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its expression is downregulated during later stages of neuronal development (Murai 

et al., 2016). MAP2a is a marker of mature neurons, and its expression is almost 

mutually exclusive of that of MAP2c (Chung, Kindler, Seidenbecher, & Garner, 

2002). We identified a significantly higher level of TUJ1 protein in cells 

differentiated on SiZ than in those differentiated on SiL (both of which were 

significantly up-regulated than Ctr group), demonstrating a greater extent of 

neuronal differentiation on SiZ than on SiL. Meanwhile, stronger MAP2c 

expression was observed in cells grown on SiL than in those grown on SiZ. As 

MAP2c expression is downregulated in the later stages of neuronal development, 

these results underscore that the neuronal differentiation of NSCs occurs more 

rapidly on SiZ iSECnMs than on SiL iSECnMs.  

We also detected GFAP, a specific protein marker of astrocytes. Compared with the 

control group, we observed a tendency toward decreased GFAP expression in cells 

grown on SiZ relative to the Ctr group, although we observed no significant 

difference in the expression of GFAP in the cells induced on either SiL or SiZ 

iSECnMs. NSCs can potentially differentiate into large numbers of astrocytes with 

small populations of neurons and oligodendrocytes (Ferrari et al., 2010; Mizutani, 

Yoon, Dang, Tokunaga, & Gaiano, 2007). These findings indicated that the silicon 

dioxide iSECnM, especially sculptured in the zigzag (SiZ), can particularly and 
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significantly promote the differentiation of NSCs into neurons and restrain 

differentiation into astrocytes. However, NSCs cultured in vitro with additional GFs 

(Chojnacki & Weiss, 2008; Yu, Men, & Dong, 2017) or on three-dimensional 

nanofiber scaffolds (Ebrahimi-Barough, Hoveizi, Norouzi Javidan, & Ai, 2015) 

could promote the significant differentiation of NSCs into both neurons and 

astrocytes. iSECnMs, especially those with a zigzag nanostructure, may control the 

direction of NSC differentiation. However, more research on this subject is needed 

in the future. 

Furthermore, we analyzed the specific neuronal phenotype differentiation of 

NSCs on iSECnMs by detecting the expression of various neuronal phenotype 

markers when the culture time was prolonged from 7 to 14 days. Compared with 

the cells differentiated on SiL, those differentiated on SiZ exhibited significant 

increases in the expression of TH (marker of DA neurons) and GAD (marker of 

GABAergic neurons). However, the cells differentiated on SiZ exhibited 

significantly decreased expression of VGLUT2 (glutamatergic neurons) and Oligo 

(oligodendrocytes). These results indicate that SiZ significantly promoted the 

specific differentiation of DA neurons and GABAergic neurons to a greater extent 

than SiL and the control conditions. 
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Several recent studies have indicated that the stiffness of a cell increases as 

differentiation progresses. For example, an unfertilized ovum has a stiffness of only 

~10 Pa, compared with ~500 Pa for an embryonic stem cell, 1–5 kPa for a 

differentiated tissue cell, and ~12 kPa for a skeletal muscle cell (Chowdhury et al., 

2010). Moreover, among cells cultured on the same substrate, differentiated cells 

were 7 times more stiff than the corresponding stem cells (Chowdhury et al., 2010). 

This feature may be an evolutionary advantage whereby early lineage cells tend to 

become increasingly stiff to protect themselves against injuries from the 

microenvironment (Fabry et al., 2001). Our AFM data revealed that differentiated 

cells induced on SiZ had a significantly higher Young’s modulus than cells induced 

on SiL, while both sets of induced cells had higher Young’s modulus values relative 

to the Ctr group, indicating that the neuronal differentiation was induced most 

rapidly in the SiZ group, followed by the SiL and Ctr groups. TUJ1 is a cytoskeletal 

protein and might thus affect aspects of cell physiology, such as stiffness (Katsetos, 

Legido, Perentes, & Mörk, 2003). The different TUJ1 expression levels observed 

in the SiL, SiZ, and Ctr groups might account for the stiffness of the differentiated 

neurons, consistent with the observation that cells in the SiZ group exhibited both 

the highest levels of stiffness and TUJ1 expression. 
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It is vital to reveal the molecular signaling pathways underlying the proliferation 

and differentiation of NSCs induced by iSECnM. We first discuss the physical 

causes. ECM stiffness is known to affect the cell’s final destiny in a complex 

manner. For example, a soft ECM may be suitable for iPSC differentiation (Macrí-

Pellizzeri et al., 2015), while the maximum osteogenic differentiation of MSC was 

observed on an ECM with an intermediate level of stiffness (Huebsch et al., 2010). 

For neural differentiation from NSCs, however, some researchers have reported that 

softer substrates are more suitable than stiff substrates (Engler, Sen, Sweeney, & 

Discher, 2006). Moreover, the differentiation of neurons was suppressed on a stiff 

scaffold composed of three-dimensional graphene foams, compared with a softer 

scaffold (Chung et al., 2002). These earlier results conflict with our finding that SiZ, 

a stiffer iSECnM, more strongly induced the neuronal differentiation of NSCs. 

Actually, our  iSECnMs were fabricated from SiO2, which has a far greater 

stiffness than the materials used in the above-mentioned matrices (e.g., collagen 

and graphene). Another report indicated that neurite synapsis increased 

significantly as the stiffness of the extracellular material increased (Tuft et al., 2014). 

Some researchers reported that compared with a softer substrate, a stiffer substrate 

was more suitable for neuroblastoma cell differentiation and improved the growth 

and distribution of neurites from neurospheres (Nam et al., 2015). These earlier 
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findings were consistent with our results. In conclusion, a stiffer extracellular 

material, particularly with a stiffness value greater than 12.6 μN/nm, is expected to 

be more suitable for the specific differentiation of NSCs into DA neurons and 

GABAergic neurons. 

Differences in the surface grooves on SiL and SiZ iSECnMs may also affect the 

differentiation of NSCs. Our topographical analysis revealed that the surfaces of the 

SiZs contained disordered grooves, which were not present on the SiLs. These 

surface grooves can enhance adhesion and physical contact as cells expand on the 

iSECnMs (Bosi et al., 2015). A previous report described nano-substrates with 

grooves as more suitable for the neuronal differentiation of NSCs (Yang et al., 2013), 

consistent with our findings. 

Two types of SiO2 iSECnM, SiL and SiZ, were developed to enhance NSCs 

proliferation and differentiation into neurons in vitro in complete medium 

containing minimal GFs (Thermo Scientific, 2007). We found that both types of 

iSECnM, especially SiZ, could significantly activate multiple bio-signaling 

pathways. This might explain how iSECnMs could induce the proliferation and 

neuronal phenotypic differentiation of NSCs. The NSCs differentiation was induced 

by the physical characteristics of iSECnMs instead of chemical stimulation, so the 

signaling pathway which can regulate cell response to extracellular mechanical 
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characteristics was verified first. Integrin β1 is a surface receptor and regulates the 

interactions of intracellular and extracellular signaling pathways to affect stem cell 

survival, migration, and differentiation; the RhoA/myosin IIB pathway is an 

intercellular signaling pathway which plays an important regulator of the cell fates 

induced by extracellular matrices. In the present study, the expression of integrin 

β1 in NSCs was significantly increased and the activation of RhoA/myosin IIB 

pathway was remarkably inhibited by iSECnMs, in which the influence was more 

obvious in SiZ iSECnMs. These results indicated that the NSCs differentiation was 

induced by the physical stimulation of iSECnMs via the regulation of integrin 

β1/RhoA/myosin IIB pathway, which was consistent with the findings of previous 

reports (JingDu et al., 2011; Wheeler et al., 2015a). Furthermore, several 

intercellular signaling pathways which play important roles in NSCs differentiation 

were activated, including the Wnt/β-catenin signaling pathway which was 

important in the proliferation and differentiation of NSCs (Selvaraj et al., 2017) and 

SHH/GLI1 pathway which played important pathway in the differentiation of DA 

and GABAergic neurons (Vazin et al., 2014). In the present study, both the Wnt/β-

catenin signaling pathway and the SHH/GLI1 pathway were significantly 

upregulated by iSECnMs, specifically SiZ iSECnMs. The above multiple signaling 
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pathways were accounted to the NSCs proliferation and specific neuronal 

differentiation induced by iSECnMs in our studies.  

Cell therapy is considered the most promising treatment strategy for PD and other 

neurodegenerative diseases. Many researchers have previously demonstrated that 

the transplantation of iPSCs or iPSC-derived neurons can significantly improve 

motor symptoms in a PD model. In this study, differentiated neuronal cells induced 

by SiZ survived well in vivo and exhibited beneficial therapeutic effects in rats with 

6-OHDA-induced PD. More importantly, significant symptom amelioration was 

observed in 6-OHDA-lesioned PD rats beginning at week 8 after cell 

transplantation, a much earlier time point than that reported by previous studies of 

iPSCs (Samata et al., 2016) or iPSCs-derived DA neurons transplantation (Hargus 

et al., 2010; Wakeman et al., 2017) for the treatment of 6-OHDA-induced PD in 

rats. Other studies reported that at least 16 weeks were required for symptom 

amelioration after cell transplantation. Additionally, every rat that received 

transplanted cells exhibited a progressive improvement in motor symptoms at 18 

weeks after cell transplantation, indicating the reliability and stability of the 

therapeutic effects of the neurons differentiated on iSECnMs. 
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This work is the first to use iSECnMs to induce the proliferation and differentiation 

of NSCs in vitro in the absence of additional GFs. This technique could minimize 

the potential risks and side effects associated with stem cell therapy.  
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Chapter 4. Active ingredients for neural stem cell proliferation 

and differentiation 

4.1 Introduction 

Active ingredients may also promote NSCs differentiation. Recently, the extraction 

and development of active ingredients for the promotion of NSC proliferation and 

neural differentiation have elicited great interest. In particular, small molecules 

derived from natural medicines may be delivered effectively across the BBB to the 

brain. 

Ginseng (Panax quinquefolius, L.) is a well-known traditional herbal medicine used 

widely in clinical treatments for neurodegenerative disease. In this chapter, we fully 

investigate the effects of 20(S)-protopanaxadiol (PPD) and oleanolic acid (OA), 

two crucial active small molecules derived from ginseng, and the potential 

mechanism by which these molecules promote NSC proliferation and neural 

differentiation. 

 

4.2 Objective 

The first objective was to study the pharmacological effects of PPD and OA on the 

proliferation and differentiation of primary cultured NSCs. The second objective 
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was to determine the potential mechanism by which PPD and OA induce the 

differentiation of NSCs. 

 

4.3 Methods 

The general methods are described in Chapter 2. 

 

4.3.1 Molecular docking at the interaction of PPD/OA and GSK3β 

Autodock Vina molecular docking software (Scripps Research Institute, La Jolla, 

CA, USA) (Trott & Olson, 2010) was used to determine the binding interactions. 

The results of the molecular dynamics (MD) simulation and ligand energy 

minimization were analyzed using YASARA (Krieger & Vriend, 2014). All of the 

simulations involved in this study were operated using the AMBER 03 forcefield. 

To further analyze the interaction of PPD/OA and GSK3β, water molecules and 

bound ligands were removed from the GSK3β protein structure. We used 0.9% 

NaCl to solvate the receptor-ligand complex in a dodecahedron box, with a buffer 

distance of 5 Å. Initially, the simulated annealing minimizations were set at 298 K, 

and the velocities were scaled down by 0.9 with every 10 steps, at a duration of 5 

ps. A Berendsen thermostat was used to minimize the system temperature and 

control influences. Additionally, the velocities were rescaled every 100 simulation 
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steps or whenever the mean of the last 100 detected temperatures converged. MD 

simulations were performed over a time range of 100 ns and at a rate of 2 fs. 

 

4.3.2 Establishment of a constitutively active GSK3β mutant in NSCs via 

adenovirus transfection  

A constitutively active GSK3β mutant was generated by mutating the serine residue 

at position 9 to alanine [i.e., GSK3β (S9A)]. The pAdM-FH-GFP-GSK3β (S9A) 

adenoviral vector and empty vector control were purchased from Vigene Bioscience 

(Rockville, MD, USA). For the adenovirus transfection, a single-cell suspension of 

NSCs was seeded into a 6-well plate coated with poly-D-lysine at a density of 2×105 

cells/well. After an overnight culture, the NSCs were transfected with Ad-GSK3β 

(S9A) or control adenoviral vector at a MOI of 40 with 6 μg/mL polybrene. After a 

12-hour transfection, the medium was replaced with fresh medium and cultured for 

an additional 48 hours . The transfection efficiency was confirmed by western 

blotting to detect the expression of p-GSK3β (S9). Further experiments were 

performed 48 hours after adenovirus transfection. 
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4.4 Results 

4.4.1 PPD and OA promote the proliferation of NSCs 

The NSCs were subjected to a CCK-8 assay and neurosphere assay to assess 

proliferation. The viability of the NSCs, monitored by CCK-8 assay, induced in the 

presence of 20 and 40 μM PPD increased significantly after 3 days relative to the 

control (Ctr) group (Figure 26A). Moreover, the numbers (Figure 26C) and 

diameters (Figure 26D) of neurospheres were significantly upregulated after 

treatment with 10, 20, or 40 μM PPD in a dose-dependent manner (Figure 26B–D).  

Similarly, a CCK-8 assay revealed a significant increase in NSC viability and 

proliferation after treatment with OA (20 and 40 μM) for 3 days (Figure 27A). The 

numbers (Figure 27C) and diameters (Figure 27D) of neurospheres also increased 

significantly after OA treatment (Figure 27B–D).  

These experimental results demonstrate that PPD and OA significantly enhanced 

the proliferation of NSCs. 
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Figure 26. PPD promotes the proliferation of NSCs. NSC proliferation after 

treatment with PPD (10, 20, and 40 μM) was detected using a CCK-8 and 

neurosphere assays. (A) A significant increase in cell viability after PPD treatment 

as the induction time increased by CCK-8 assay. (B) Representative images reveal 

the formation of neurospheres after treatment with PPD (10, 20, and 40 μM). Scale 

bars: 100 μm. The number (C) and diameters (D) of neurospheres (diameter >30 

μm) increased significantly after treatment with PPD. *p <0.05 and **p <0.01, 

compared with the Ctr group; ap <0.05, compared with the 10 μM PPD group. 
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Figure 27. OA promotes the proliferation of NSCs. NSC proliferation mediated 

by OA (10, 20, and 40 μM) was detected using a CCK-8 and neurosphere assays. 

(A) A significant increase in cell viability after OA treatment as the induction time 

increased by CCK-8 assay. (B) Representative images reveal the formation of 

neurospheres after treatment with OA. Scale bars: 100 μm. The number (C) and 

diameter (D) of neurospheres (diameter >30 μm) increased significantly after 

treatment with OA. *p <0.05 and **p <0.01, compared with the Ctr group; ap <0.05, 

compared with the 10 μM OA group. 
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4.4.2 PPD and OA promoted NSC differentiation 

After 7 consecutive days of treatment with 10, 20, or 40 μM PPD or OA, we 

detected the differentiation of NSCs using a western blot assay and 

immunofluorescence staining. The western blot assay revealed that PPD 

significantly decreased expression of nestin (NSC marker) and increased the 

expression of MAP2 (neuronal marker) in a dose-dependent manner. Interestingly, 

GFAP expression tended to decrease after treatment with 20 or 40 μM PPD (Figure 

28A, B). The western blot results were further confirmed by the 

immunofluorescence staining data. As shown in Figures 28C and 28D, the 

percentage of nestin+ cells decreased significantly and the percentage of MAP2+ 

cells increased significantly with PPD treatment in a dose-dependent manner. The 

percentage of GFAP+ cells also exhibited a decreasing trend. 

As expected, OA significantly downregulated the expression of nestin in NSCs but 

upregulated the expression of MAP2 (Figure 29A, B). Meanwhile, the percentage 

of nestin+ cells decreased significantly while the percentage of MAP2+ cells 

increased significantly after OA treatment for 7 days, as indicated by 

immunofluorescence staining (Figure 29C, D). In other words, both PPD and OA 

could strongly enhance the neuronal differentiation of NSCs.
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Figure 28. PPD enhanced the neuronal differentiation of NSCs. (A, B) Western 

blotting revealed that PPD significantly downregulated the expression of nestin but 

upregulated the expression of MAP2 in a dose-dependent manner. (C, D) An 

immunostaining assay revealed that PPD significantly reduced the proportion of 

nestin+ cells but increased the proportion of MAP2+ cells in a dose-dependent 

manner. Scale bars: 100 μm. **p <0.01, compared with the Ctr group; ap <0.05 and 

aap <0.01, compared with the 10 μM PPD group; bbp <0.01, compared with the 20 

μM PPD group.  
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Figure 29. OA enhanced the neural differentiation of NSCs. (A, B) Western 

blotting indicated that OA significantly downregulated the expression of nestin but 

upregulated the expression of MAP2 in a dose-dependent manner. (C, D) An 

immunostaining assay revealed that OA significantly reduced the proportion of 

nestin+ cells but increased the proportion of MAP2+ cells in a dose-dependent 

manner. Scale bars: 100 μm. *p <0.05 and **p <0.01, compared with the Ctr group; 

ap <0.05 and aap <0.01, compared with the 10 μM OA group; bp <0.05 and bbp <0.01, 

compared with the 20 μM OA group.  
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4.4.3 PPD and OA directly targeted GSK3β in a molecular docking analysis 

Wnt/GSK3β/β-catenin signaling is regarded as an important component of NSC 

proliferation and differentiation. Ser9 phosphorylation inhibits the activation of 

GSK3β and enhances the translocation of active β-catenin into the nucleus, thus 

activating the Wnt/β-catenin signaling pathway (Miura & Tanno, 2012). In other 

words, GSK3β is a very important negative regulator in Wnt/GSK3β/β-catenin 

signaling pathway.  

To further explore the potential direct interactions of GSK3β (PDB ID: 4ACC) with 

PPD (CID71620663) and OA(ZINC95098891), molecular docking analysis was 

performed using the Autodock Vina molecular docking program. This analysis 

revealed good, stable binding abilities, with binding energies of -8.874 and -8.871 

kcal/mol for the GSK3β-PPD complex and GSK3β-OA complex, respectively. In 

the three-dimensional binding complex of PPD and GSK-3β, PPD was found to 

interact with GSK-3β at Val135, Leu188, Tyr134, Ile62, Gly63, Asn64, and Ser66 

(Figure 30A). OA was shown to interact with GSK3β at Leu188, Thr138, Asn186, 

Gln185, Cys199, Ala83, Val70, Ile62, Gly63, Phe67, and Asn64 via van der Waals 

forces (Figure 31A).  

In order to further confirm the results of molecular docking, we used the best 

conformation of GSK3β-PPD and GSK3β-OA as the starting conformation for a 
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molecular dynamics (MD) simulation performed by YASARA. The results are 

shown in Figures 30B and 31B. The heavy atoms root-mean-square deviation 

(RMSD) track of GSK3β (Figures 30B and 31B, red line) fluctuated mildly around 

2 Å over 0–100 ns, while the RMSD track of PPD fluctuated around 2 Å (Figure 

30B, blue line) and the RMSD track of OA fluctuated around 0.5 Å (Figure 31B, 

blue line). Figures 30C and 31C indicated surface visualization models between 0 

and 100 ns for the GSK3β-PPD and GSK3β-OA complexes, respectively. The MD 

simulation results revealed that both PPD and OA could exist stably in the center 

of the GSK3β protein structure. The molecular docking findings strongly indicated 

that PPD and OA directly affect GSK3β.  
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Figure 30. Molecular docking analysis of PPD with GSK3β. (A) Crystal 

structure of the GSK3β-PPD interaction complex. (B) Plots of the root mean square 

deviations (RMSDs) of GSK3β (red line) and PPD (blue line). (C) Surface 

visualization models of the complex between 0 (left image) and 100 ns (right image).  
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Figure 31. Molecular docking analysis of OA with GSK3β. (A) Crystal structure 

of the GSK3β-OA interaction complex. (B) Plots of the root mean square deviations 

(RMSDs) of GSK3β (red line) and OA (blue line). (C) Surface visualization models 

of the complex between 0 (left image) and 100 ns (right image).  
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4.4.4 PPD/OA promoted the proliferation and differentiation of NSCs via 

Wnt/β-catenin pathway activation  

We monitored the activation of the Wnt/β-catenin pathway in NSCs after PPD/OA 

induction using a western blot assay. Compared with the Ctr group, the ratios of p-

GSK3β (Ser9) to GSK3β expression and of β-catenin (active) to β-catenin 

expression increased significantly after PPD (Figure 32) or OA induction (Figure 

33) for 7 days in a dose-dependent manner. Combined with the results of our 

molecular docking analysis and western blot assay, these results suggested that the 

PPD- and OA-mediated NSCs induction in vitro might be directly attributable to 

the activation of Wnt/β-catenin pathway via GSK3β inhibition.  

We further established a line of transgenic NSCs that harbored a constitutively 

active GSK3β mutant, NSCGSK3β (S9A), to validate the role of GSK3β in the PPD- 

and OA-induced proliferation and differentiation of NSCs. After a 48-hour 

adenovirus transfection, the ratio of p-GSK3β (Ser9) to GSK3β expression was 

significantly downregulated in the GSK3β (S9A) adenovirus-transfection group 

relative to the control adenovirus-transfection group. This change also led to a 

significant decrease in the ratio of β-catenin (active) to β-catenin. These results 

indicate that Wnt/GSK3β/β-catenin pathway activity was significantly suppressed 

in NSCGSK3β (S9A) (Figure 34A, B and Figure 35A, B).  
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Cells transfected with adenovirus were subjected to further experiments after 48 

hours. As expected, a CCK-8 assay revealed that the viability of NSCsGSK3β (S9A) 

was significantly attenuated relative to that of normal NSCs after treatment with 

PPD (Figure 34C) and OA (Figure 35C). Furthermore, compared with normal 

NSCs, differentiated NSCsGSK3β (S9A) after OA treatment exhibited significantly 

increased nestin expression, but the expression of MAP2 was significantly 

decreased after OA treatment (Figure 34D, E). A similar phenomenon was also 

observed in NSCsGSK3β (S9A) treated with PPD (Figure 35D and 35E). In summary, 

the constitutively active mutant GSK3β (S9A) in NSCs remarkably attenuated the 

PPD- and OA-mediated proliferation and neuronal differentiation of NSCs. Taken 

together, the above results strongly indicate that Wnt/GSK3β/β-catenin pathway 

activation plays a critical role in NSC proliferation and differentiation mediated by 

both PPD and OA. 
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Figure 32. Activation of the Wnt/GSK3β/β-catenin pathway in NSCs by PPD. 

(A) Western blot image of p-GSK3β (Ser9), GSK3β, β-catenin (active), and β-

catenin expression in NSCs mediated with PPD for 7 days. (B) The relative optical 

densities indicate significant increases in the ratio of p-GSK3β (Ser9) to GSK3β 

and the ratio of β-catenin (active) to β-catenin in NSCs. *p <0.05 and **p <0.01, 

compared with the Ctr group; ap <0.05 and aap <0.01, compared with the 10 μM 

PPD group; bbp <0.01, compared with the 20 μM PPD group.  
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Figure 33. Activation of the Wnt/GSK3β/β-catenin pathway in NSCs by OA. 

(A) Western blot image of p-GSK3β (Ser9), GSK3β, β-catenin (active), and β-

catenin expression in NSCs mediated with OA for 7 days. (B) The relative optical 

densities indicate that the ratio of p-GSK3β (Ser9) to GSK3β and the ratio of β-

catenin (active) to β-catenin increased significantly in NSCs. *p <0.05 and **p 

<0.01, compared with the Ctr group; ap <0.05, compared with the 10 mM OA group.  
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Figure 34. Inhibition of the Wnt/GSK3β/β-catenin pathway suppressed the 

PPD-mediated induction of NSCs. (A, B) A western blot assay demonstrated that 

the ratio of p-GSK3β (Ser9) to GSK3β and the ratio of β-catenin (active) to β-

catenin decreased significantly in NSCs transfected with ad-GSK3β (S9A) for 48 

hours relative to the ratios in NSCs transfected with ad-ctr. **p <0.01, compared 

with the Ctr group. (C) The CCK-8 assay revealed the significant attenuation of 

PPD-mediated cell viability in NSCs transfected with ad-GSK3β (S9A). **p <0.01, 

compared with the Ctr + 20 μM PPD group. (D, E) A western blot assay revealed a 

significant increase in the expression of nestin and a decrease in the expression of 

MAP2 in response to PPD treatment in NSCs transfected with ad-GSK3β (S9A). β-

actin was used as a loading control. **p <0.01, compared with the Ctr + 20 μM 

PPD group. 
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Figure 35. Inhibition of the Wnt/GSK3β/β-catenin pathway suppressed the 

OA-mediated induction of NSCs. (A, B) A western blot assay revealed that the 

ratio of p-GSK3β (Ser9) to GSK3β and the ratio of β-catenin (active) to β-catenin 

decreased significantly in NSCs transfected with ad-GSK3β (S9A) for 48 hours 

relative to the ratios in NSCs transfected with ad-ctr. **p <0.01, compared with the 

Ctr group. (C) A CCK-8 assay revealed the significant attenuation of OA-mediated 

cell viability in NSCs transfected with ad-GSK3β (S9A). **p <0.01, compared with 

the Ctr + 20 μM OA group. (D, E) The expression of nestin significantly increased 

while the expression of MAP2 was decreased after OA treatment in NSCs 

transfected with ad-GSK3β (S9A) by western blot assay. β-actin was used as a 

loading control. **p <0.01, compared with the Ctr + 20 μM OA group. 
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4.5 Discussion   

The replacement of neurons with cells mostly generated from differentiating NSCs 

has become the most promising potential curative strategy for neurodegenerative 

diseases (Kikuchi et al., 2017). Recently, the use of active ingredients extracted to 

enhance the proliferation and differentiation of NSCs has become a research hotspot. 

These active ingredients, especially small molecules, could undergo drug 

development for neurodegenerative diseases treatment in the future. 

In this chapter, we investigated two small molecules, PPD and OA, which were 

isolated as bioactive molecules from ginseng. Notably, both molecules significantly 

enhanced the induction of NSCs in vitro. The significantly findings have been 

published in Journal of Ginseng Research (Lin et al., 2019) and Cell Death 

Discovery (Zhang et al., 2018), respectively. 

More importantly, both PPD and OA significantly induced the neural differentiation 

of NSCs. Interestingly, PPD and OA appeared capable of suppressing the 

differentiation of NSCs into astrocytes, suggesting that these molecules might be 

useful to the differentiation of NSCs into specific cell phenotypes. Previous 

research has shown that astrocytic differentiation can be significantly suppressed 

by blocking the activation of STAT3 (S.-Y.Park et al., 2017). Interestingly, some 

researchers have observed an inhibitory effect of ginseng on STAT3 (Heo et al., 
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2016). As PPD and OA are both important active components of ginseng, the 

suppressive effects of these molecules on the differentiation of NSCs into astrocytes 

might be account by the inhibitory effects of these molecules on STAT3. This topic 

requires further investigation.   

In recent years, NSC-derived neuron has been regarded as a promising therapeutic 

strategy in neurodegenerative diseases treatment by cell transplantation. Normally, 

GFs, such as EGF and bFGF, is required for the neuronal differentiation of NSCs 

in vitro (Y.Liu et al., 2015). While these GFs may enhance carcinogenicity in vivo 

after transplantation (Guan, 2015; Saxena & Sharma, 2013), leading to a an 

increased biological risk associated with NSC replacement therapy. PPD and OA, 

as naturally active components of ginseng, are likely to promote NSC proliferation 

and differentiation in an efficient and safe manner. 

Neurodegenerative diseases mainly affect the brain. Therefore, the BBB represents 

a major challenge with respect to the treatment of these diseases, and many macro-

molecular drugs have poor effects due to a limited ability to permeate the BBB 

(Lleó, Greenberg, & Growdon, 2006). Highly BBB-permeable active ingredients 

might be ideal for neurodegenerative diseases therapy. PPD and OA appear to 

permeate the BBB efficiently. A previous study indicated that OA could cross the 

BBB efficiently (Martín et al., 2010), while PPD was shown to penetrate the BBB 
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and prevent against memory loss in AD (Lu et al., 2018). These studies support the 

further development of PPD and OA to promote neurogenesis in the brain and thus 

treat neurodegenerative diseases. 
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Chapter 5. Summary and future prospects 

5.1 Summary 

5.1.1 Inorganic sculptured extracellular nanomatrices (iSECnMs) 

Currently, the extracellular matrices used for NSCs differentiation in vitro are 

mainly made by organic scaffolds and inorganic scaffolds. The frequently-used 

organic scaffolds are PLL and PDL which may induce serious inflammatory 

response in host (Ge et al., 2015; Strand, Gåserød, Kulseng, Espevik, & Skjåk-Bræk, 

2002). The inorganic scaffolds include 3D stiff graphene foams (Ma et al., 2016), 

disorder microarrays and carbon nanotubes (Jan & Kotov, 2007), which also need 

the usage of GFs to promote NSCs proliferation and differentiation. Hence, it is 

meaningful to develop the novel inorganic scaffold composed of nanostructures that 

would promote the proliferation and differentiation of NSCs without additional GFs. 

In the present study, we developed two types of iSECnM, SiL and SiZ, to 

significantly enhance NSC proliferation and specific neuronal phenotypic 

differentiation in the absence of additional GFs. SiZ was more suitable for the rapid 

differentiation of NSCs into specific neuronal phenotypes (DA and GABAergic 

neurons). NSCs cultured on iSECnMs can be induced to proliferate and differentiate 

into specific neuronal phenotypes by activating Wnt/β-catenin pathway and SHH 
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bio-signaling pathways. Differences in the stiffness of the iSECnMs might also 

account for the superior effects of the SiZ on NSC proliferation and differentiation. 

The differentiated neuron phenotypes induced by SiZ were proved to ameliorate the 

motor dysfunction associated with 6-OHDA-lesioned PD in a rat model in a 

progressive manner and at an earlier than expected time point (8 weeks). The 

differentiated neurons exhibited improved survival and structural maintenance for 

18 weeks after transplantation. The differentiated neurons induced by culturing on 

SiZ iSECnMs may represent a promising cell therapy option for PD.  

 

 

5.1.2 Active ingredients 

PPD and OA are bioactive ginseng components and have been indicated the effect 

of neuroprotection (Bak et al., 2016; Caltana, Rutolo, Nieto, & Brusco, 2014). In 

the present study, PPD and OA have first demonstrated the ability to promote the 

proliferation and differentiation of NSCs through the activation of Wnt/GSK3β/β-

catenin pathway.  

The progressive dysfunction and death of neuronal cells is the main pathogenesis 

of the neurodegenerative disease. Such as the loss of DA neurons in substantia nigra 

leads to PD, while the disfunction of glutamatergic neurons causes the AD  
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(Govindpani et al., 2017). Promoting the neurogenesis to replace the damaged 

neurons in vivo might be the promising therapeutic strategy in neurodegenerative 

disease. As the neurons differentiated from NSCs is the main source of neurogenesis 

in vivo, PPD and OA induced NSCs proliferation and differentiation might have an 

important meaning in the treatment of neurodegenerative disease, including PD and 

AD. 
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5.2 Future prospects 

5.2.1 Inorganic sculptured extracellular nanomatrices (iSECnMs) 

In this study, we developed two types of SiO2 iSECnMs via GLAD. SiZ iSECnMs 

significantly enhanced the proliferation and specific DA neuronal differentiation of 

NSCs in the absence of additional GFs. The differentiated neuronal cells induced 

by SiZ survived well in vivo and yielded outstanding therapeutic effects in a rat 

model of 6-OHDA induced parkinsonism. This research is expected to support 

significant developments in stem cell therapies for PD by reducing the potential 

risks associated with stem cell culture. 

However, AD, which is caused by dysfunctional glutamatergic neurons, has been 

considered as the most common neurodegenerative disease. Currently, there no cure 

for AD or even an effective means of slowing its progression (R.Wang & Reddy, 

2017). Cell replacement therapies, such as therapies based on NSC-derived 

glutamatergic neurons, could potentially be used to treat AD patients. In this study, 

we found that SiZ was suitable for the differentiation of DA neurons, which could 

then be used to treat PD in a rat model. It is very important to develop other types 

of nanostructures for the specific differentiation of NSCs into glutamatergic 

neurons. These nanostructures might have significant therapeutic effects in patients 

with AD.  
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Additionally, the multiple pathways stimulated by iSECnMs were identified in the 

present study to promote NSCs proliferation and differentiation. Part of these 

signaling pathways, including RhoA/Myosin IIB pathway and Wnt/β-catenin 

pathway, also play important role in regulating other kinds of stem cell, such as 

MSC (Toyoda et al., 2017; Yuan et al., 2016) and iPSC (X.Ge et al., 2012; 

Rasmussen, Ortolano, Romero-Morales, & Gama, 2018). As a result, the novel 

iSECnMs might also be used for the efficient differentiation of MSC or iPSC in 

vitro which need further study. These researches have important implications for 

cell therapy in the future.  

 

5.2.2 Active ingredients 

In this study, we found that the bioactive ginseng components PPD and OA 

significantly promoted the NSCs proliferation and neuronal differentiation via 

Wnt/GSK3β/β-catenin pathway activation. However, it remains uncertain whether 

PPD and OA would yield similar neurogenic effects when used to treat various 

neurodegenerative diseases, including AD and PD, in vivo. Therefore, future studies 

should aim to test the permeability of PPD and OA across the BBB and to determine 

whether PPD and AO can be used to treat neurodegenerative diseases by promoting 

neurogenesis in vivo in disease models. We expect to develop these two compounds 
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further and determine the optimal effects with respect to the treatment of 

neurodegenerative disease.  
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