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Neurodegenerative diseases result in the loss of brain cells, causing 

difficulties in movement and mental functioning of patients. Currently, there is no 

effective therapy with the capability of modifying disease symptoms in the long-term. 

Transplantation of human neural stem cells (NSCs) is a novel treatment modality with 

the ability to regenerate the damaged neural tissue. NSCs possess two unique 

characteristics: the ability to renew themselves through cell division (self-renewal), 

and the capability to differentiate into major brain cell types (neurons, astrocytes, and 

oligodendrocytes). Therefore, NSCs present a renewable source of cells with tissue-

specific regenerative capacity and, hence, are promising therapeutic candidates. 
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However, limited availability of stem cells, lack of standardized protocols for 

cell preparation as well as low survival of NSCs after transplantation are among 

important challenges that restrict the translational potential of NSC-mediated therapy. 

We hypothesize that the discrepancy between in vitro culture methods and the native 

brain microenvironment may be an underlying reason for this restricted translational 

potential. For enhanced therapeutic efficacy, the in vitro culture methods utilized for 

propagation of the cells need to be improved. Culture dimensionality, reduced oxygen 

concentration (hypoxia), growth factors, and interactions between cells and the 

extracellular matrix are among important culture parameters that differ between in 

vitro and in vivo situations. In this work, we present quantitative data supporting that 

these culture parameters can individually and synergistically regulate NSC survival, 

proliferation, differentiation, and cellular output. This work is a major step towards 

understanding key factors that regulate NSC fate and provides a foundation for 

improved strategies to more efficiently harness the regenerative potential of human 

NSCs. 
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The pathology of neurological disorders and injuries is associated with the 

loss of neurons, astrocytes, and oligodendrocytes in the brain that results in functional 

impairments [1]. Even though the currently available therapies provide modest 

symptomatic relief for patients, they are not effective in the long-term and are not 

able to stop the disease progression [2]. Therefore, a need exists for development of 

novel disease-modifying therapies that yield long-lasting improvements of the disease 

symptoms. Human neural stem cells (NSCs) possess an enormous potential to be 

utilized in novel cell-replacement therapies for neurodegenerative diseases and 

injuries. NSCs possess two cardinal properties: the ability to renew themselves 

through mitotic division and the capability to differentiate into neurons and glia 

(astrocytes and oligodendrocytes) [3]. However, the translational potential of NSC-

based therapy is restricted due to the lack of standardized in vitro cell preparation 

protocols, limited survival of the NSCs after transplantation into the diseased brain, 

and limited availability of cost-effective and scalable NSC in vitro expansion 

methods. 

Several clinical applications of transplantation of NSCs in human subjects 

with neurological disorders has resulted in heterogeneous results ranging from no 

clinical benefits to major improvements [4]. The variation in clinical outcomes may 

stem from non-standardized in vitro cell preparation methods. The temporal output of 

a population of NSCs may include undifferentiated stem cells, terminally 

differentiated neurons and glia , and dead cells [5]. Due to the plasticity of NSCs, 

environmental cues play a crucial role in determining the cellular composition of 

NSC cultures over time [6]. In the absence of standardized cell preparation protocols, 
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the cellular composition of the NSC in vitro cultures may differ significantly, 

resulting in transplants with varying degrees of cell type heterogeneity and 

consequently variable clinical outcomes. To tackle this challenge, in Chapter 3 of 

this dissertation, I investigated the independent and synergistic effects of three 

important environmental factors (culture dimensionality, oxygen concentration, and 

growth factors) on the survival, growth, and differentiation potential of human NSCs. 

My experimental design included two dimensional (2D) vs three dimensional (3D) 

cultures and normoxic (21% O2) vs hypoxic (3% O2) conditions in the presence and 

absence of growth factors. Additionally, I constructed mathematical models that 

provide predictions for the rates of human NSC growth and differentiation under 

these culture conditions. My results indicate that the synergistic effect of culture 

dimensionality and hypoxic oxygen concentration in the presence of growth factors 

enhances the growth of viable and undifferentiated human NSCs. Moreover, the same 

synergistic effect in the absence of growth factors promotes the differentiation of 

human NSCs into neural and glial progenies. The results of this work will aid to 

develop standardized in vitro cell culture protocols with the capability of generating 

stem cell populations with well-defined cellular output over time.  

Another important challenge constraining the therapeutic efficacy of NSC-

mediated therapy is the low survival of the implanted stem cells. Previously published 

studies report a survival amount of between 10% to 40% of the total transplanted 

NSCs [7, 8]. Consequently, to enhance the long-term effectiveness of the cell-

replacement therapy there is a need to increase the retention time of NSCs post 

transplantation. Recent studies indicate that the in vitro culturing of stem cells under 
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hypoxia (hypoxic preconditioning) prior to transplantation significantly improves 

their survival and regenerative potential [9]. For instance, mesenchymal stem cells 

and embryonic stem cells cultured under hypoxia exhibited a higher survival and 

differentiation potential in comparison with the cells cultured normoxia [10, 11]. The 

human brain is a hypoxic environment with an oxygen concentration between 3% to 

4% as opposed to the atmospheric oxygen concentration (normoxia, 21%) that cells 

are exposed to in culture [12]. Yet, the effects of hypoxic preconditioning on human 

NSC survival and differentiation is not well understood. In Chapter 4, I hypothesized 

that the in vitro hypoxic preconditioning of human NSCs may enhance the survival of 

the cells and promote their differentiation into neurons and glia. I investigated the 

survival and differentiation behavior of human NSCs by culturing them under short-

term (up to 10 d) and long-term (up to 60 d) hypoxia and compared the results with 

the control groups cultured under normoxia. My results indicate that short-term 

hypoxic preconditioning enhances the survival of human NSCs and that long-term 

hypoxic preconditioning promotes their differentiation into neural progenies without 

reducing the survival of the cells. Therefore, hypoxic preconditioning provides an 

effective cell-priming strategy aimed to increase the tissue-repair capability of NSCs 

and improve the clinical potential of cell-replacement therapy.  

Limited availability of cost-effective and scalable methods to rapidly expand 

numbers of stem cells in vitro is the third challenge that limits the translational 

potential of cell-mediated therapy [13]. Oxygen concentration and the interactions 

between cells and the extracellular matrix (ECM) are the two important regulators of 

NSC proliferation [14, 15]. In Chapter 5 of my dissertation, I tested the hypothesis 
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that oxygen concentration and the ECM composition can synergistically enhance the 

growth of human NSCs. To test for this possible synergistic effect, I cultured human 

NSCs on six substrates (i.e., collagen I, collagen IV, poly-L-ornithine, fibronectin, 

laminin, and Matrigel) under normoxic (21% oxygen) and hypoxic (3% oxygen) 

conditions and then determined the total viable cell numbers in culture after 2 and 4 d. 

The percentages of cells undergoing proliferation and apoptosis varied with culture 

conditions, with a synergistic interaction between Matrigel substrate and hypoxia that 

resulted in the greatest number of human NSCs after 4 d compared to other 

conditions. These findings inform new methods to augment human NSC production 

by identifying potential substrate biomaterial design criteria as well as culture 

conditions that favor the generation of larger numbers of undifferentiated cells.  

The current dissertation strives to delineate how the important components of 

native brain tissue (dimensionality, oxygen concentration, growth factors, and cell-

ECM interactions) regulate NSC growth and differentiation. By clarifying these 

regulatory effects, this work opens new doors for producing sufficient quantities of 

NSCs, generating well-defined cellular transplants, and enhancing the tissue-repair 

capability of the transplants. Overall, this study provides a foundation for improved 

strategies to more efficiently harness the regenerative potential of human NSCs. 
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Stem Cells and their Therapeutic Potential 

A crucial factor in the survival of any individual is the repair of damaged 

tissues due to disease or injury. The idea of wound repair and tissue regeneration is as 

old as humanity and can be even observed in ancient Greek myths. The Greek titan, 

Prometheus, was punished by Zeus because of his disobedience in introducing fire 

and knowledge to human beings. He was tied to a rock and his liver regenerated every 

day after being eaten by an eagle [16]. 

Tissue-repair process requires the replacement of dead or damaged cells by 

the newly generated ones. Furthermore, the newly generated cells must become 

integrated in the structure of the damaged tissue in order to restore its function [17]. 

Consequently, tissues with higher proliferative potential and simpler structures more 

effectively self-repair. For instance, skin (cutaneous) wounds regain their function, 

usually, within a few weeks after an injury. However, adult mammalian central 

nervous system due to its highly complex structure and low cell turnover, has a more 

limited capacity for self-repair [1]. Cell-replacement therapies have the potential to 

compensate for this endogenous inability by presenting stem cells as promising 

candidates to be utilized as cellular transplants. 

The discovery of stem cells dates to back to 1945 when radiation-induced 

leukemia was observed among the survivors of Hiroshima and Nagasaki atomic 

bombings [18]. Hematologists discovered that a specific population of bone marrow 

cells, soon after infusion, had the ability to reconstitute the destroyed blood cells [19, 

20]. This specific population of cells was called hematopoietic stem cells (HSCs). 
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The HSCs possessed two cardinal characteristics. First, the HSCs were capable of 

“self-renewal” by producing exact copies of themselves upon division. Secondly, 

HSCs were “multipotent” and had the ability to differentiate into both red and white 

blood cells [21]. Therefore, HSCs by providing a renewable source of multipotent 

cells exhibited an enormous regenerative potential. 

It is now recognized that not only blood cells but all tissues and organs in the 

body arise from stem cells [22]. This is of particular importance for adult human 

brain where the capacity of repair is very limited. NSCs possess the ability to self-

renew and give rise to neurons and glia which are the major cellular constituents of 

the brain [3]. Consequently, transplantation of NSCs is a promising strategy to 

regenerate brain tissue that is lost as a result of neurodegenerative diseases or injuries. 

Neurodegenerative Diseases and their Impact on Society 

Neurodegenerative diseases such as Parkinson’s disease (PD), multiple 

sclerosis (MS), Alzheimer’s disease (AD), amyotrophic lateral sclerosis (ALS), and 

stroke result in the loss of neurons and glia and cause cognitive, motor, and sensory 

impairments. There are ~8 million patients in the USA who have neurological 

disorders [23], and worldwide, there are ~47 million patients with dementia [24]. 

These disorders impose a significant burden on society. For instance, in Europe, there 

are about 3.7 million patients with PD, MS, ALS, and stroke which carry an estimated 

economic cost of $106 billion (Table 2.1) [25]. 
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Table 2.1. Number of subjects affected and the cost of neurological disorders in 

Europe in 2010 

Type of 

Disease 

Number of Subjects 

Affected (millions) 

Total Cost 

(billion USD) 

PD 1.2 ~16 

MS 0.5 ~16 

ALS 0.1 ~2 

Stroke 2 ~72 

Generated from [25] 

The world health organization projected that the number of years of potential life lost 

due to these diseases will increase from 92 million in 2005 to 103 million by 2030 

[26, 27]. Currently, there are no disease-modifying therapies to restore the lost 

neurological functions of these patients. Rehabilitation techniques, depending upon 

the severity of damage to brain, could involve months or years of treatment [28]. 

Moreover, the medications available to halt the progression of neurodegenerative 

diseases are not effective in the long term. NSC transplantation has the potential to be 

the alternative therapeutic strategy.  

Application of Neural Stem Cells in Neurodegenerative Diseases 

Neural Stem Cells 

Adult mammalian brain was long assumed to remain structurally unchanged 

after early postnatal development and that no new neurons were perceived to be 

generated during adulthood.  In the early twentieth century, Santiago Ramón y Cajal, 

the father of modern neuroscience, commented in his masterpiece [29], “Once the 
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development was ended, the founts of growth and regeneration of the axons and 

dendrites dried up irrevocably. In the adult centers, the nerve paths are something 

fixed, ended, and immutable. Everything may die, nothing may be regenerated. It is 

for the science of the future to change, if possible, this harsh decree [30] .” This long-

held idea, however, was shattered by the discovery and isolation of unique cells from 

the mammalian brain that possessed the capability to give rise to both neural and glial 

cells [31-33]. These unique cells established the concept of NSCs as the building 

blocks of the mammalian brain. 

A hallmark of NSCs is their ability to produce exact copies of themselves [3] 

and also generate differentiated neurons and glia [3, 34-36]. NSCs accomplish this 

task of self-renewal and multipotency through two division mechanisms: symmetric 

and asymmetric divisions. By undergoing a symmetric division NSCs produce two 

daughter cells which are identical to the mother cell and maintain their 

undifferentiated state (Fig.2.1A). Symmetric division allows the NSCs to grow in 

number and expand the stem cell pool. Asymmetric division produces one daughter 

stem cell and one intermediate progenitor cell (IPC). The IPCs will, ultimately, 

generate a terminally differentiated neuron (nIPC), astrocyte (aIPC), or 

oligodendrocyte (oIPC; Fig.2.1B). [5, 37]. The balance between a symmetric and an 

asymmetric division must be tightly regulated because excessive symmetric division 
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may cause tumor formation whereas precocious asymmetric division results in 

premature differentiation and organ misdevelopment [38, 39]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Neural stem cell symmetric and asymmetric division and the subsequent 

cellular output. NSCs can generate two identical copies of themselves by undergoing 

symmetric division. Therefore, the cellular output of a symmetric division is two 

undifferentiated stem cells (A). Asymmetric division produces an undifferentiated NSC and a 

neuronal (nIPC), astrocytic (aIPC), or oligodendrocyte (oIPC) intermediate progenitor cell. 
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The nIPCs, aIPCs, and oIPCs will, eventually, generate terminally differentiated neurons, 

astrocytes, or oligodendrocytes (B). Reproduced from [40]. 

Neural stem cells reside in a highly specialized microenvironment in the brain 

known as the neural stem cell niche [35, 41, 42]. There are two NSC niche locations 

in the mammalian brain: the subventricular zone (SVZ) of the lateral ventricle and the 

subgranualar zone (SGZ) of the hippocampal dentate gyrus (Fig.2.2) [3, 43].  

 

 

 

 

 

 

Figure 2.2. The schematic representation of NSC niche locations in the mammalian 

brain. The subventricular zone (SVZ) and the subgranular zone (SGZ) are the two germinal 

niches in the adult mammalian brain that retain NSCs and regulate their proliferation and 

differentiation behavior. Adapted from [44]. 

The NSC niche exerts tight regulation on key aspects of NSC behavior such as 

survival, proliferation, and terminal differentiation [45]. Interactions of NSCs with 

the ECM and neighboring cells as well as the presence of biochemical cues such as 

growth factors (GFs) and environmental cues such as oxygen are some of the 

important niche components that regulate the NSC behavior (Fig.2.3) [46]. This tight 
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regulation maintains the balance between the generation of terminally differentiated 

neurons and glia without depletion of the NSC pool and sustains the brain tissue 

homeostasis. 

Figure 2.3. The parameters that regulate stem cell behavior in the niche. NSC niche 

provides a specialized microenvironment for cells in which cell-ECM and cell-cell 

interactions as well as environmental and biochemical factors regulate the proliferation and 

differentiation behavior of the NSCs. Adapted from [47]. 

The discovery of neurogenesis (generation of new-born neurons) from self-

renewing multipotent NSCs in the adult human brain [33] created a momentum for 

performing stem cell transplantation studies on animal and human subjects and 

yielded promising outcomes [48]. However, it should be noted that the development 

of NSC-based therapies for neurological diseases is still at its infancy. It is projected 

that effective cell-replacement therapies will be achieved within the next 20 years 

[49]. 

Preclinical Trials of NSC Transplantation 
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Preclinical studies of NSC transplantation performed on animal disease 

models have provided promising results [2]. For instance, human NSCs transplanted 

in a rat model of stroke migrated to the site of lesion, differentiated into neurons [50, 

51], and resulted in behavioral recovery [7, 52, 53]. Similarly, transplanted human 

NSCs into rat [54, 55] and primate [56, 57] models of PD exhibited neuronal 

differentiation and resulted in enhanced functional recovery. Amelioration of learning 

and memory deficits in AD-induced rats was also observed as a result of human NSC 

implantation [58]. These preclinical studies provide a proof of principle that partial 

reconstruction of the damaged brain tissue via transplantation of NSCs is possible. 

Clinical Trials of NSC Transplantation and the Associated Challenges 

NSC clinical trials were initiated in 1987 by implanting human fetal NSCs in 

patients with PD and continued until the late 1990s [4]. These clinical trials resulted 

in heterogeneous outcomes with major improvement in some cases and modest to no 

clinical benefits in the others [59-62]. Furthermore, 7-15% of the patients experienced 

graft-induced dyskinesia (involuntary movement) as a side effect of implantation. The 

occurrence of dyskinesia was proposed to be the result of excessive outgrowth of the 

transplanted grafts and a subsequent imbalance in dopamine secretion [63, 64]. 

The cellular output of NSC cultures can encompass undifferentiated NSCs, 

IPCs, terminally differentiated neurons and glia, and dead cells which constitute a 

heterogeneous population of different cell types [65, 66]. This heterogeneity in cell 

type is directly influenced by the cell preparation protocols. It is proposed that 

utilization of non-standardized in vitro culture methods may have resulted in 
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generation of transplants with differing cellular compositions, thus, yielding variable 

clinical outcomes [67]. I hypothesized that the key to acquire well-defined NSC 

cultures is to characterize both individual and synergistic effects of important 

environmental and biochemical cues on NSC fate. In this work, I characterized the 

individual and synergistic effects of culture dimensionality, oxygen concentration, 

and GFs on the survival, proliferation, and differentiation behavior of NSCs. 

Parameters that Influence NSC Temporal Output  

Two Dimensional (2D) vs Three Dimensional (3D) Cultures 

NSCs have been conventionally cultured on flat surfaces, such as glass 

coverslips and polystyrene multiwell plates, referred to as two dimensional (2D) 

culture systems. Thus far, significant advancements in delineating the NSC self-

renewal and multilineage differentiation have been achieved by utilizing 2D culture 

methods [68-71]. However, in vivo, NSCs reside in a local niche which has a three 

dimensional (3D) cytoarchitecture [3] and, now, it is widely recognized that 3D in 

vitro cultures generally mimic the in vivo environment more closely than 2D 

platforms. This is, in particular, due to differences in cell-ECM and cell-cell 

interactions between 2D and 3D culture methods as well as the presence of gradients 

of GFs and oxygen [72]. For instance, in 2D cultures, cells are confined to a flat x-y 

plane and only a segment of the cells can interact with the ECM. The rest of the cell 

surface is exposed to nutrients and soluble cues that are homogenously distributed in 

the bulk culture medium. However, in vivo, the binding of cells to the ECM occurs in 

a 3D x-y-z space and in the presence of spatial gradients of nutrients and biochemical 
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cues [73]. Therefore, cells cultured on 2D surfaces experience an unnatural inherent 

polarization that affect various cellular behaviors such as growth and differentiation 

(Fig.2.4) [74]. 
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Figure 2.4. Major difference between 2D and 3D culture platforms. Cells experience a 

strikingly different microenvironment when cultured on an ECM-coated 2D plastic or glass 

surface compared to a 3D hydrogel constructed with an ECM protein such as collagen.  

Reproduced from [73]. 
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Hydrogels have, in recent years, emerged as promising biomaterials to be 

utilized as 3D culture platforms [75].  Hydrogels are cross-linked networks of 

polymeric chains with the capability to incorporate high water contents. They exhibit 

high permeability for nutrients and soluble cues, can be formed under cytocompatible 

conditions as well as resemble the architecture and mechanics of the native in vivo 

microenvironments [76]. Previously published studies, on other cell types such as 

fibroblasts, indicate that the morphology of cells cultured within 3D collagen 

hydrogels mimicked the in vivo phenotype (bipolar morphology) more closely [77] 

when compared to the cells cultured on 2D substrates that exhibited a flat shape [78]. 

Moreover,  primary hepatocytes (liver cells) encapsulated within collagen hydrogels 

exhibited higher viability and liver-specific metabolic functions whereas the cells 

cultured on 2D surfaces lost viability and metabolic functions after a few days post-

isolation [79]. Additionally, our lab has also shown that 3D hydrogels uniquely allow 

neuronal cells to undergo intrinsic cellular programs akin to those observed in vivo 

(e.g. morphological development) [80, 81].  

Stem cells, such as mesenchymal stem cell, encapsulated within 3D collagen 

hydrogels exhibited enhanced viability and accelerated the healing of mice skin 

wounds [82]. Furthermore, enhanced proliferation of human embryonic stem cells 

cultured within 3D agarose hydrogels [83] and increased neuronal differentiation of 

rat NSCs encapsulated within alginate hydrogels [84] have been reported. I concluded 

from these findings that culture dimensionality exerts regulatory influences on stem 

cell growth and differentiation behavior which consequently affects the cellular 

composition of the culture. Therefore, I sought to clarify the effect of dimensionality 
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on human NSC cellular composition. To accomplish this, I investigated the survival, 

proliferation, and differentiation behavior of human NSCs by culturing them in 3D 

collagen-laminin hydrogels and comparing the results with cells cultured on 2D 

laminin-coated surfaces. 

Normoxic vs Hypoxic Cultures 

In 1774, Joseph Priestly demonstrated the importance of oxygen for animal 

life by placing a mouse alongside a burning candle in a bell jar. The consumption of 

oxygen by the burning candle caused detrimental effects on the  rodent and 

highlighted the significance of oxygen availability for survival [85]. Oxygen plays a 

crucial role in the oxidative metabolism of aerobic organisms and significantly 

influences the signal transduction pathways that control cell survival, proliferation, 

and phenotypic fate [15, 86]. The concentration of O2 in the ambient air is 21% (160 

mmHg) which is referred to as normoxia. However, even though O2 concentrations 

inside the body vary by organ, they are substantially lower than the atmospheric O2 

level (21%) [87]. The partial pressure of the inhaled oxygen (pO2) continuously 

decreases as it travels in the blood throughout the body and reduces to 2%-9% (14-65 

mmHg) when it reaches various tissues [15]. Therefore, inside the body, tissues 

experience lowered or hypoxic O2 concentrations.  

The rodent and human brains are hypoxic microenvironments. For instance, in 

adult rodents, the oxygen concentration in the cortical gray matter is between 2.5% to 

5.3% (Table 2.2) [88]. Similarly, measurements in the adult human brain depict an 

O2 concertation varying from 3% to 4% [12]. Additionally, the mammalian 
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embryonic development is known to occur at hypoxic O2 levels (3% O2) [89, 90]. 

Therefore, it is conceivable that NSCs experience a hypoxic environment both during 

development and in the adult brain. However, NSCs have been conventionally 

cultured under atmospheric oxygen concentration (normoxia) and it has been shown 

that hypoxia plays an important regulatory role in both NSC proliferation and 

differentiation [87]. For instance, hypoxia enhances the proliferation of mouse [91], 

rat [92], and human [93] NSCs. Additionally, previously published studies indicate 

the positive effect of hypoxic cultures on the neuronal differentiation of rat and 

human NSCs [92, 93]. Since hypoxia affects proliferation as well as differentiation of 

the cells, I hypothesized that it may influence the NSC cellular output over time. To 

test this hypothesis, I cultured human NSCs under both hypoxic (3% O2) and 

normoxic conditions in both 2D and 3D platforms to assess the effect of oxygen 

concentration and the synergistic effect of oxygen-dimensionality on the survival, 

growth, and differentiation of NSC. 

Table 2.2. Regional rat brain tissue partial pressures of oxygen. 

Brain Area Oxygen (%) 

Cortex (gray) 2.5-5.3 

Cortex (white) 0.8-2.1 

Hypothalamus 1.4-2.1 

Hippocampus 2.6-3.9 

Midbrain 0.55-1 

Adapted from [88] 
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Effect of Growth Factors on Neural Stem Cells 

The long-term in vitro propagation of NSCs requires continuous 

supplementation with fibroblast growth factor-2 (FGF2) and epidermal growth factor 

(EGF) [70]. FGF2 and EGF are proliferative factors and have been shown to be 

critical for the proliferation of mice [31, 94-96], rat [97, 98], and human [70, 99, 100] 

NSCs. In the presence of FGF2 and EGF, NSCs maintain their undifferentiated state 

and undergo continuous proliferation [3]. However, the withdrawal of these growth 

factors, from NSC culture, induces differentiation of the NSCs towards neurons and 

glia (Fig.2.5) [101].  
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Figure 2.5. The effect of EGF and FGF2 on NSCs. NSCs in vitro cultures upon the 

addition of EGF and FGF2 continuously generate undifferentiated stem cells and expand in 

number. Upon the withdrawal of EGF and FGF2, NSCs begin to differentiate and will 

eventually generate terminally differentiated neurons and glia.  

The discovery of FGF-2 dates back to 1974 when Holley and Kiernan showed 

that a protein extracted from cow brain can stimulate the proliferation of fibroblast 

cells [102]. FGF2 is heparin-binding and belongs to the FGF family of growth factors 

that encompass 22 members [103]. FGF2 consists of at least 3 peptides and exists in 

multiple molecular weight isoforms and the isoform with the lowest molecular weight 

(18 kDa) is secreted [104]. In rodents, FGF2 is expressed in the developing brain as 

early as embryonic day 10 (E10; E0 is day of mating) and promotes the proliferation 
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of NSCs [105]. Previously published works indicate that the FGF2 gene is necessary 

for the maintenance of proliferating NSCs in the embryonic mouse brain [106]. The 

FGF2 knockout mice had a lower number of NSCs in the SVZ niche [107] which 

resulted in a decreased number of newly generated neurons and impaired cortical 

development[108]. FGF2 is believed to act mainly through the cell surface FGF-

receptor-1 (FGFR1) [109].   

EGF was first discovered by Stanley Cohen in 1962 from mouse salivary 

glands and shown to increase the epidermal cell proliferation [110]. EGF consists of a 

single polypeptide with 53 amino acids of which 6 are cysteine [111]. Past studies 

indicate that both in vivo and in vitro cultures of NSCs are responsive to the presence 

of EGF. For instance, the infusion of EGF into the adult mouse brain resulted in an 

enhanced proliferation of NSCs in the SVZ niche [112, 113]. Moreover, the 

embryonic mouse NSCs, in vitro, exhibited increased proliferation in a medium 

supplemented with EGF [95]. EGF exerts its proliferative activity by binding to EGF 

receptor (EGFR) [114]. The expression of EGFR in the embryonic rodent brain 

occurs as early as E11 [115] and the EGFR knock out mice have shown to exhibit 

impaired cortical brain development due to decreased NSC proliferation and 

consequently limited neuronal cell generation [116]. Based upon these findings which 

show the critical effect of FGF2 and EGF on NSC proliferation, I aimed to clarify the 

cellular composition of human NSC cultures in the presence and absence of FGF2 

and EGF under both normoxic and hypoxic conditions as well as in 2D and 3D 

cultures.  
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Hypoxic Preconditioning of NSCs 

One of the major factors that decreases the therapeutic efficacy of stem cell-

mediated therapy is the extensive cell death that occurs post-transplantation which 

can be as many as 90% of the total implanted cells [8]. Therefore, there is a need to 

enhance the survival of the implanted cells to increase their therapeutic potential. In 

vitro exposure of stem cells to hypoxia (hypoxic preconditioning) prior to 

transplantation may provide a solution for this challenge. For instance, the exposure 

of rodent mesenchymal stem cells to hypoxic oxygen levels before transplantation 

into infarcted rat heart tissues resulted in enhanced survival of mesenchymal stem 

cells and improved cardiac function of rats [10]. In addition, hypoxic preconditioned 

mouse embryonic stem cells and mesenchymal stem cells after transplantation into 

ischemic rat brain exhibited enhanced survival, extensive neuronal differentiation, 

and accelerated the functional recovery of the animal subjects [11]. Promoting the 

survival and differentiation potential of human NSCs into neurons and glia plays a 

significant role in increasing their regenerative capacity. Yet, the effect of hypoxic 

preconditioning on human NSC survival and differentiation potential is unclear.  

Since NSCs reside within a hypoxic niche in vivo, I hypothesized that the in vitro 

exposure of these cells to a hypoxic condition may provide a pro-survival and a pro-

differentiation environment. Therefore, I aimed to assess the survival and 

differentiation of human NSCs under both hypoxic (3% O2) and normoxic conditions. 

Limited Availability of NSCs 

Translational potential of cell-replacement therapy is constrained because the 

amount of stem cells required for therapy highly exceeds the availability from donors 
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[13]. For instance, mesenchymal stem cells and hematopoietic stem cell clinical-

applications need cell doses up to 9 × 106 and 2 × 105 (cells/kg body weight), 

respectively [117, 118]. Therefore, there is a need for cost-effective and scalable 

methods for the production of large quantities of stem cells in vitro. Hypoxia has been 

shown to enhance rodent and human NSC growth [92, 93]. Since oxygen is scalable, 

widely available, and presents no risk of pathogen transmission, manipulating the 

oxygen concentration in stem cell cultures provides a powerful tool to enhance the 

proliferation of NSCs. Additionally, one of the important factors that regulates cell 

proliferation is the interactions between the cells and the ECM [119]. The NSC niche 

in the brain is composed of various ECM proteins such as laminin, collagen I, 

collagen IV, and low levels of fibronectin [120]. The relationship between ECM type, 

oxygen concentration, and NSC proliferation is not well understood. I hypothesized 

that the synergistic effect of lowered oxygen concentration and substrate composition 

may enhance the growth of human NSCs. Therefore, I assessed the growth of human 

NSCs cultured on four purified ECM proteins (laminin, collagen I, collagen IV, and 

fibronectin) and a cell-adhesive matrix for NSCs which is a tissue-derived ECM 

(Matrigel).  

Neural Stem Cells and the ECM 

All cell types are in contact with the ECM. ECM is a complex network of 

macromolecules including proteins, proteoglycans, glycoproteins, and 

polysaccharides [121]. Even though it was long believed that the ECM is an inert 

supportive cellular scaffold, the increasing body of evidence in the last two decades 
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suggests an instructive role of the ECM on various cellular behaviors such as 

proliferation [122] and differentiation [123]. The physical properties of the ECM such 

as porosity, rigidity, insolubility, and topography support tissue structure and integrity 

and play an important role in cell migration by functioning as a barrier, anchorage-

site, or a movement track [124]. From a biochemical point of view, the ECM greatly 

influences cellular processes such as survival and proliferation by binding to 

biochemical cues such as growth factors and regulating their bioavailability [125]. 

For instance, the ECM in NSC niche binds FGF-2 via heparan sulfate proteoglycans, 

protects FGF-2 from enzymatic degradation, establishes a localized reservoir of FGF-

2, and influences NSC proliferation by promoting FGF-2 signaling [126, 127]. 

Moreover, ECM instructs stem cells by binding to cell-surface receptors of 

which the major class are integrins [125]. Integrins are heterodimeric transmembrane 

receptors that consist of an α and a β subunit [128]. Due to their heterodimeric 

structures, integrins are capable of binding to a vast array of ECM proteins such as 

collagens, laminin, fibronectin, and vitronectin. The binding of the ECM to integrins 

activates downstream signaling cascades that can regulate various cellular behaviors 

such as survival and proliferation [129].  

Laminin 

Laminins are a family of cell adhesion molecules with a cruciform structure 

and a molecular weight between 500 to 1000 kDa [130]. In vivo, they are 

predominantly found in the basement membranes which are the thin sheets of ECM 

that underlie epithelial cells [131]. Laminin is one of the major components of the 
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brain basement membrane (basal lamina) and plays a key role in regulating NSC 

proliferation and differentiation behavior [132]. For instance, laminin has been shown 

to promote the proliferation [133] and migration [134] of mouse NSCs as well as 

proliferation and differentiation of human NSCs[123]. The regulatory effects of 

laminin on NSCs is, to a significant extent, mediated by interactions with cell-surface 

receptors (integrins) [131]. NSCs have been shown to express high levels of α6β1  

integrin which binds to laminin [135]. Disruption of the integrin-laminin binding in 

embryonic mouse brain has been shown to result in abnormal NSC proliferation and 

impaired formation of neocortex [136]. 

Collagen I 

Collagen I is a major component of the natural ECM accounting for %25-30 

of the total protein in the human body [137]. Type I collagen is an attractive candidate 

to be utilized for tissue engineering applications due to its abundance in mammalian 

tissues and its biocompatibility [138, 139]. Collagen I is composed of three 

polypeptide chains that wrap around one another to form a three-stranded rope 

structure (i.e. triple α helices) [140]. Even though collagen I is not abundant in the 

central nervous system, it can be found in the SVZ niche [43]. In vitro, collagen I has 

been shown to promote neural cell attachment and neurite outgrowth[141]. Moreover, 

collagen I has been commonly utilized to construct 3D scaffolds to promote axon 

regeneration after spinal cord injury in rodents [142].  

Fibronectin 
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Fibroenctins are high molecular weight (500 to 560 kDa) glycoproteins that 

mainly exist as insoluble proteins in the ECM and soluble molecules in plasma. 

Fibronectins consists of two similar but not necessarily identical monomoers [143]. 

Each monomer is composed of three protein domains known as type I, II, and III 

repeats that exhibit functionally distinctive properties. These domains may contain 

binding sites for the cell-surface integrins and other ECM molecules [144]. 

Interactions between fibronectin and cells occur through binding of arginine- glycine- 

aspartic acid (RGD)-containing protein domain to α5β1 and αvβ1 integrins [145]. 

Fibronectin is expressed during early brain development and its expression declines at 

the approximate time that neurogenesis occurs at the superficial cortical layers [146]. 

Fibronectin has been shown to stimulate neurite outgrowth and support neuronal cell 

adhesion and survival [147]. 

Collagen IV 

Collagen IV is a member of the collagen superfamily and unlike most 

collagens occurs only in the basement membranes [148]. Collagen IV comprises up to 

six distinct α-chains, α1 (IV) to α6 (IV), which assemble into three heterotrimers α1 

α1 α2 (IV), α3 α4 α5 (IV), and α5 α5 α6 (IV) [148]. In vitro, collagen IV has been 

shown to promote the neuronal differentiation of embryonic rat NSCs [149]and 

support the neurite outgrowth of embryonic mouse neuronal cells [150]. The 

interactions between collagen IV and NSCs is mediated via α1β1 and α2β1 class of 

integrins [151]. Even though the presence of collagen IV in vivo is sparse [152] it is 
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expressed as early as E11 in rodent brains and is hypothesized to play a potential role 

in early neuronal differentiation [153]. 

Matrigel 

Matrigel is a gelatinous soluble assortment of several ECM proteins extracted 

from Engelbreth-Holm-Swarm mouse tumors [154]. Matrigel is composed of laminin 

(a major component), collagen IV, heparan sulfate proteoglycans, entactin, and 

several growth factors such as EGF, FGF, and transforming growth factor-β (TGF-β) 

[155]. Since Matrigel contains the main protein components of the basement 

membrane, it provides a supportive substrate for stem cell attachment, proliferation, 

and differentiation [156]. For instance, Matrigel has been shown to promote the 

proliferation of human embryonic stem cells [135] and NSCs [123]. Additionally, 

enhanced survival and neuronal differentiation of mouse and human embryonic stem 

cells cultured on Matrigel has been reported [157, 158].  

Summary of the Contributions to the Field 

The present dissertation focused on the study of human NSC response to 3D 

microenvironments, hypoxia, growth factors, and various ECM protein substrates.  

The major contributions of this work are: 

 The characterization of human NSC temporal output with respect to culture 

dimensionality, oxygen concentration, and mitogenic factors as a requirement 

for generation of NSC transplants with well-defined cellular compositions.   
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 The identification of hypoxic preconditioning as an effective method to 

enhance the survival of human NSCs and stimulate their transition into 

terminally differentiated progenies. 

 The delineation of the synergistic effect of hypoxia and laminin-rich 

substrates (Matrigel and laminin) on enhancement of human NSC growth. 

The current understanding of human NSC interactions with the important 

components of their in vivo niche was advanced in this dissertation. In Chapter 3, I 

studied the regulatory role of culture dimensionality, oxygen concentration, and 

growth factors on human NSC survival, proliferation, and differentiation and clarified 

their independent as well as synergistic effects on human NSC cellular composition. 

These findings have significance in the development of stem cell transplants with 

well-defined cellular compositions. This work is submitted to Biotechnology and 

Bioengineering Journal. In Chapter 4, I studied the effect of in vitro hypoxic 

preconditioning on human NSC survival and differentiation capacity. This study 

clarifies the effect of hypoxia on human NSC differentiation and introduces in vitro 

hypoxic preconditioning as a safe and effective method to enhance the differentiation 

of stem cells towards neuronal progenies without decreasing their survival. This work 

is in preparation for submission to Stem Cell Reports Journal. In Chapter 5, I studied 

the role of cell-ECM interaction and hypoxia on human NSC growth. My findings 

suggest a synergistic relationship between laminin-rich substrates and hypoxia that 

stimulates the stem cell in vitro expansion. These findings have significance in the 

development of new biomaterial substrates with the capability of maintaining high 

levels of proliferation. This work is published in Journal of Materials Chemistry B.
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Chapter 3: Characterizing the Effect of Culture Dimensionality, Oxygen 

Concentration, and Growth Factors on Human Neural Stem Cell Survival, 

Proliferation, and Differentiation
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Introduction 

Neurodegenerative diseases such as Parkinson’s disease (PD), Alzheimer’s 

disease (AD), and stroke result in the loss of neurons and glia, leading to sensory, 

motor, and cognitive impairments [1]. The human brain, due to its structural 

complexity and low cell turnover, has a limited capacity for self-repair. Currently 

available therapies provide modest relief of disease symptoms, but they cannot 

compensate for the cell degeneration and consequently none are able to halt or 

reverse the disease progression [2]. Neural stem cell (NSC) transplantation is a cell-

mediated, disease-modifying therapy with a promising potential to restore the 

neurological deficits.  

NSCs possess two cardinal characteristics: the ability to renew themselves 

through mitotic division (self-renewal) and the capability to transition into other cell 

types (multipotency), such as intermediate progenitor cells (IPCs). NSCs and IPCs 

have the potential to differentiate into terminally differentiated (TD) neurons, 

astrocytes, and oligodendrocytes [3, 35, 159]. Thus, they present a renewable source 

of promising therapeutic candidate. Preclinical studies of NSC transplantation in 

animal models of stroke [52, 53, 160], PD [54-57], and AD [58] have shown 

enhanced behavioral recovery.  

However, several clinical trials of transplantation of human embryonic 

mesencephalic tissue in patients with PD exhibited major improvements in some 

cases and modest to no benefits in the others [59-62]. It is proposed that the lack of 

standardized protocols for cell preparation play a major role in causing variable 
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clinical benefits [161]. NSCs are plastic in nature [65, 66], and depending upon the 

preparation method, can result in substantial cell type heterogeneity.  Without 

standardized protocols, the cellular composition of the transplants derived from in 

vitro cultures may differ significantly, yielding variable clinical outcomes. Therefore, 

there is a need for designing standardized protocols to obtain human neural stem cells 

(hNSCs) with well-defined temporal and biochemical parameters.  

In this work, the effects of growth factors (GFs), oxygen concentration, and 

culture dimensionality were evaluated with respect to three key characteristics of 

hNSC in vitro culture: survival, renewal-potential, and terminal differentiation. 

Furthermore, we present kinetic models to generate predictions for the rate of hNSC 

growth (renewal-potential) and terminal differentiation. We aim to clarify whether the 

interplay among key environmental cues can individually or synergistically regulate 

the renewal-potential and terminal differentiation of hNSCs. Moreover, we test 

whether a mathematical kinetic model of hNSC growth and terminal differentiation 

can further our ability to generate hNSC cultures with well-defined cellular 

composition.   

Materials and Methods 

All materials were procured from Sigma Aldrich (St. Louis, MO), Millipore 

(Billerica, MA) or Thermo Fisher Scientific (Waltham, MA) unless otherwise noted. 

Human neural stem cell (hNSC) maintenance and culture  

RenCell-CX, an immortalized cell line derived from 14-week gestation human 

fetal cerebral cortex was purchased from Millipore (Billerica, MA) and was used as a 
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model hNSC in these experiments. The cells were cultured on laminin-coated (1.33 

μg/cm2) flasks and maintained in serum-free complete growth medium (DMEM: F12 

supplemented with 1x B27 supplement, heparin (10 U/ml), L-glutamine (2 mM), 

gentamicin (30 μg/ml), epidermal growth factor (EGF, 20 ng/ml), and fibroblast 

growth factor-2 (FGF2, 20 ng/ml). The cells were passaged every 3 to 4 days using 

AccutaseTM and plated in freshly laminin-coated flasks at a density of ~7×103 

cell/cm2. All experiments were carried out using cells between passages 9 to 15.  

The hNSCs were seeded at a density of 3×104 cells/cm2 onto laminin-coated 

96-well tissue culture plates for 1, 2, 4 and 10 d and the medium was changed every 2 

d. Complete growth medium with growth factors (GF+) was utilized to assess the 

growth kinetics of hNSCs. To induce differentiation, complete medium without 

growth factors (GF-) was used. For 3D experiments, the hNSCs were seeded at a 

density of 6×105 cells/ml within 3D laminin-incorporated collagen hydrogels (2 

mg/ml collagen, 100 μg/ml laminin, 25 μl gels) and then cultured for 1, 2, 4 and 10 d, 

with medium changes every 2 d.  

For 3D hydrogels, cell encapsulation and staining methods were adapted from 

[80, 81] and used rat-tail type I collagen from Corning (Corning, NY). Ice cold 10x 

DMEM, 7.5% sodium bicarbonate, sterile deionized water, collagen, laminin, and 

growth factors (for the growth kinetic experiments) were combined with hNSCs to 

generate 3D substrates. The hydrogel solution (containing cells) was placed in a 

culture incubator for 30 to 45 min to allow for gelation and then the culture medium 

was added.  
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Both 2D and 3D normoxic cultures were carried out in a humidified, 5% CO2, 

37°C incubator. The hypoxic cultures were carried out in a portable, humidified, and 

isolated hypoxic chamber (COY Laboratory, Grass Lake, MI) with 3% O2, 5% CO2 

and 92% N2. The hypoxic chamber was housed in a 37°C incubator. The 

concentration of oxygen in air was measured using O2-sensitive electrode system 

(Dwyer Instruments, Michigan City, IN).  

Viability study 

The hNSC viability was measured using mammalian cell LIVE/DEAD 

viability assay (Thermo Fisher Scientific). After 4 and 10 d, the culture medium was 

aspirated and the samples were incubated with a solution of calcein-AM (live cell 

marker, 2 μM) and ethidium homodimer-1 (dead cell marker, 4 μM) in Tris-buffered 

saline (TBS) for 30 min (2D) and 60 min (3D) cultures. The samples were 

immediately imaged under fluorescent microscopy (Olympus, Center Valley, PA) and 

the numbers of calcein-AM+ and ethidium homodimer-1+ cells were counted.  

Proliferation study 

To detect hNSC proliferation during culture, the Click-iT EdU proliferation 

assay (Thermo Fisher Scientific) was performed. The hNSCs were incubated with 

EdU for 4 and 10 d with EdU being replenished every 2 d to prevent depletion. The 

cells were then fixed in 4% buffered formaldehyde for 20 min, permeabilized with 

TBS containing 0.1% Triton-X-100, and incubated with EdU reaction cocktail for 30 

min (2D) and overnight (3D) followed by 4',6-diamidino-2-phenylindole (DAPI, 300 
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nM) nuclear stain. The samples were then imaged under fluorescent microscopy to 

measure the number of cells that proliferated during EdU incubation.  The nuclei of 

EdU+ cells fluoresced green because of Alexa Fluor 488 azide fluorescent dye 

detection. DAPI (blue) stains all nuclei. The numbers of EdU+ and DAPI+ cells were 

counted.   

Immunofluorescence study 

Samples after 10 d were fixed, permeabilized, and incubated with 10% goat 

serum in phosphate-buffered saline (PBS) for 30 min (2D) and 2 h (3D) in room 

temperature. The hNSCs were incubated with primary antibodies SOX-2 (1:1000, 

Millipore), nestin (1:2000, Millipore), GFAP (1:1000, Abcam, Cambridge, MA), and 

TUJ-1 (1:2000, Covance, Princeton, NJ) overnight, followed by fluorescently-

conjugated secondary antibodies (Abcam) for 2 h (2D) and overnight (3D). The 

incubation of both primary and secondary antibodies was performed at 4°C. The 

samples were then stained with DAPI and imaged using fluorescent microscopy. 

Methods to perform the immunofluorescence procedure including washing steps, 

permeabilization, and antibody incubation were adapted from [80, 81].   

Statistical Analysis 

Experimental results are represented as mean ± SD (n≥3). Analysis of 

variance (ANOVA) tests were performed to determine statistical significance. The 

results derived from non-linear regression fitting are included only if the correlation 

coefficient R2 > 0.95. The rate constants acquired from non-linear regression analysis 
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are presented without standard deviation. Model errors are expressed as confidence 

intervals in Table 3.1. 

Model Description 

The temporal output of NSC culture can be distributed into three cellular 

populations: daughter NSCs which are identical to the mother cell, multipotent IPCs, 

and TD neurons and glia. The daughter NSCs can either self-renew to populate the stem 

cell pool, or transition into IPCs, or terminally differentiate into mature neurons and 

glia. The IPCs are transient cells that will eventually generate mature neurons, 

astrocytes, and oligodendrocytes (Fig.3.1). Due to transient nature of IPCs, we assumed 

that the eventual composition of the NSC culture will consist of undifferentiated NSCs 

and TD neural and glial progenies, as well as dead cells. It is important to note that the 

final cellular composition of the NSC culture is dependent upon the culture conditions, 

in particular, the presence of mitogenic factors (GFs). Mathematical models should be 

able to predict the growth rate of NSCs (renewal-potential) as well as encompass the 

generation rate of fully differentiated progenies.  
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Figure 3.1. The predicted scenarios for NSC temporal output. NSCs, depending upon the 

culture conditions, can either self-renew in order to maintain their renewal-potential or 

differentiate into both postmitotic and intermediate progenitor neural and glial cells. Both self-

renewal and differentiation processes can be associated with cell death. The heterogeneity of 

NSC culture stems from co-existence of postmitotic neurons and glia, IPCs, and 

undifferentiated NSCs. Mathematical models should be tailored to temporally predict the 

growth/decay rate of NSCs as well the rate of terminal differentiation into neural and glial 

progenies.  
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In this paper, we have defined two general culture conditions: self-renewal conditions 

(for cultures in the presence of growth factors) and differentiation conditions (for 

cultures in the absence of growth factors). 

Self-renewal conditions 

The established culture techniques require specific growth factors for the 

NSCs to undergo continuous proliferation and renewal [3]. A simple ordinary 

differential equation (ODE) for describing this continuous growth is: 

( )Stem
Stem

dN
AN t

dt
                  

In Equation 1, NStem, denotes the number of stem cells. A, with the unit (
1

h
), is the 

growth constant and consists of three sub-terms: the self-renewal constant ASelf-renewal, 

the differentiation constant ADifferentiation, and the cell death constant ADeath. The unit of 

all three sub-terms is (
1

h
) and they are all positive real numbers (i.e., ASelf-renewal, 

ADifferentiation, and ADeath>0). The mathematical formula for A is: 

A = ASelf-renewal − ADifferentiation − ADeath 

The self-renewing NSCs populate the stem cell pool. The differentiation process, on 

the other hand, derives IPCs and fully differentiated neural and glial progenies from 

stem cells and therefore decreases the number of NSCs. Similarly, cell death 

decreases NSC numbers. Equation 1 has a solution of the form: 

0( ) At

StemN t n e   

which (if A > 0) describes an exponential increase in the NSC number.  

(1) 

(2) 

(3) 
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In this model, time is the only contributing factor to the cell growth and more 

time translates to exponentially more cells. This unhindered exponential growth is 

biologically unrealistic even for tumorigenic cells due to restraints on nutrients and 

tissue-size [162, 163]. NSC proliferation in vivo is tightly regulated until a target 

niche-size is achieved and then is maintained at equilibrium [164, 165]. For instance, 

the proliferation of stem cells in the vertebrate nervous system (i.e., mouse neocortex) 

gradually decelerates and eventually ceases toward the end of embryonic 

development, due to two mechanisms: decreased fraction of mitotic daughter cells 

(NSCs) and increased cell cycle length [166]. Therefore, we hypothesize that a 

regulating feedback mechanism is required to maintain the rate of NSC growth within 

a certain limit. Here, a possible feedback mechanism is suggested [167] that has the 

ability to account for limitations on cell growth and represent a more relevant 

prediction of NSC expansion. 

The following ODE denotes the NSC growth in a feedback-regulated system: 

2( ) ( )Stem
Stem Stem

dN
AN t k N t

dt
    

The term k×N2
Stem (k > 0) is the incorporated negative feedback and k (

1

cell number ×h
) 

is the feedback constant. The number of stem cells is defined by NStem (t) and the term 

A (
 1

 h
) is described by Equation 2. Cell-cell interactions play a crucial role in 

regulating the proliferation of NSCs. These interactions can take place either through 

cellular homeostatic pathways [168] or secretion of neurotransmitters [169, 170]. The 

number of interactions between N cells in a homogenously mixed population with 

(4) 
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random encounters is equal to N×N or N2 interactions. Consequently, we concluded 

that the magnitude of the regulatory feedback term should be proportional to the 

number of cells squared (hence k×N2
Stem).  

Equation 4 has a solution of the form: 

0

( )
( / )

Stem A t

A
N t

k A n k e 


  
 

If ASelf-renewal is larger than the sum of A Differentiation and A Death (i.e., A Self-renewal > A 

Differentiation + A Death) the term A will have a positive numerical value (A > 0). 

Consequently, NSCs will expand in number and the rate of their expansion is 

regulated by the incorporated feedback term. If t→∞ then N Stem (t) =
A

k
. The term 

A

k

is the carrying capacity (CC) or the upper limit of NSC growth. In other words, the 

number of NSCs, in a feedback regulated system, will always be between the initial 

cell numbers and the carrying capacity (i.e., n0 < NStem (t) <
A

k
). The constants A and 

k were determined by performing non-linear regression analysis of experimental data 

using the Minitab (State College, PA) non-linear regression module.  

Differentiation conditions 

The removal of growth factors from the NSC culture is associated with cell 

death or differentiation into IPCs and postmitotic cell types and consequently a 

decrease in NSC number.  Thus, in the absence of growth factors, the NSC culture 

becomes a heterogeneous population of cells consisting of undifferentiated NSCs, 

IPCs, TD cell types, and dead cells (Fig.3.1). Because IPCs are transient cells, we 

assumed the hNSC culture will eventually consist of undifferentiated NSCs, 

(5) 
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postmitotic neural and glial cell types and dead cells. Here, we suggest a 

mathematical model capable of encompassing the rate of NSC decay and terminal 

differentiation. The model includes three ODEs: 

( )Stem
Stem

dN
AN t

dt
  

( ) ( )TD Cells
Differentiation Stem Death TD Cells

dN
A N t d N t

dt


   

Total Stem TD CellsN N N    

Equation 6 describes the number of undifferentiated stem cells in the 

population. Since the growth factor removal is associated with reduction in stem cell 

numbers, we expect the numerical value of A to be less than zero (A < 0). The 

negative value for A indicates that the sum of ADifferentiation and ADeath constants is 

larger than ASelf-renewal (i.e., ASelf-renewal < ADifferentiation + ADeath). Due to temporal 

decrease in NSC numbers, designating a feedback mechanism to regulate the cell 

proliferation is unnecessary. We, instead, designed an independent ODE that 

describes the generation rate of TD cells from stem cells. Equation 7 states that the 

number of TD cells, at any time, is dependent upon the number NSCs that undergo 

differentiation and TD cell death. Overall, the total number of cells in culture will be 

equal to undifferentiated NSC number plus the number of TD cells derived from stem 

cells (Equation 8).  The mathematical terms for either NSC or TD cell death are 

incorporated in Equation 6 and Equation 7 respectively (ADeath and dDeath). The 

analytical solutions of the Equations 6-8 are as follows: 

(6) 

(7) 

(8) 
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0( ) At

StemN t n e   

0

a

( )[ ]DeathDifferentiation d tAt

TD Cells

De th

A n
N e e

A d



  


 

0

0

a

( ) ( )[ ]DeathDifferentiation d tAt At

Total Stem TD Cells

De th

A n
N N N n e e e

A d



     


 

By performing non-linear regression analysis on Equation 11 we determined the 

numerical values of A, ADifferentiation, and dDeath, and in turn, the number of NSCs, TD 

cells, and dead cells, and thus, the percentage of each cell type in the total population.  

Results 

Analysis of NSC growth rate in a 2D microenvironment in the presence of GFs for 

both normoxic and hypoxic conditions 

Standard culture conditions for hNSCs include normal oxygen concentrations 

and supplementation with growth factors (FGF-2 and EGF).  We tested the effect of 

growth factors and oxygen concentration on hNSC proliferation and differentiation 

rate by measuring the total number of hNSCs (Fig.3.2A). The main effects of both 

oxygen concentration and time yielded F-ratios of F(1, 64) = 29.38, p < 0.001 and 

F(1, 64) = 94.54, p < 0.001 respectively indicating significant effect of oxygen 

concentration and time on hNSC total number, and an interaction between time and 

oxygen concentration, F(1, 64) = 4.59, p = 0.006.  

(9) 

(10) 

(11) 
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Figure 3.2. Number of total cells (DAPI+) at day 1, 2, 4 and 10 in 2D+GF, 2D-GF, 

3D+GF, and 3D-GF cultures. After 4 and 10 d, in all of the experimental groups (A, B, C, 

and D), the total number of cells was significantly higher under hypoxia in comparison with 

normoxia. Symbol (*) denotes significant differences (p < 0.001) between normoxic and 

hypoxic groups. n > 9 samples; one representative set of experimental data is shown. n > 50 

hNSCs/sample.   
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We investigated the cellular composition of the cultures by performing a 

viability assay and immunocytochemistry for cell-type specific biomarkers. After 10 

d with GF, 94 ± 1% and 93 ± 1% of cells were viable (calcein+) under normoxic and 

hypoxic conditions, respectively (Fig.3.3A). A two-way ANOVA analysis showed no 

statistical difference in hNSC viability between normoxia and hypoxia (p = 0.65) and 

no time-oxygen interaction (p = 0.634).  

 Figure 3. 3. The hNSC viability in 2D+GF, 2D-GF, 3D+GF, and 3D-GF cultures. In both 

2D+GF (A) and 3D+GF (B) there was no significant effect of oxygen concentration on hNSC 

viability. Similarly, oxygen concentration did not show a significant effect on hNSC viability 
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in 2D-GF (C) and 3D-GF (D) groups. Bars represent mean ± SD. n > 9 independent 

experiments; n >50 NSCs/sample. 

The molecular markers nestin and SOX-2 were utilized to detect the hNSCs 

that maintained their stemness. In both normoxic and hypoxic cultures, the majority 

of cells were both nestin and SOX-2 positive (Fig.3.4A-D) with no statistically 

significant differences with respect to oxygen concentration (one-way ANOVA, p = 

0.74). No neuronal differentiation (TUJ-1+ cells) was detected and limited (<5%) 

astrocytic differentiation was observed (Fig.3.4E, F). We concluded that the hNSC 

population after 10 d in culture in the presence of GFs consists of viable and 

undifferentiated stem cells under both normoxic and hypoxic conditions and the 

number of TD cells is negligible.  
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Figure 3.4. Expression of stemness markers in 2D cultures. Representative fluorescent 

images of hNSCs cultured on 2D laminin-coated 96-well plates. The hNSCs were labeled for 

SOX-2 (A and B), nestin (C and D), and GFAP (E and F). No neuronal (Tuj-1+) cells were 

detected. Scale bar, 50 µm. 

Since there was not any statistical difference between the conditions of 

normoxia and hypoxia in terms of viability and differentiation, we hypothesized that 

the larger population of cells under hypoxia may occur as a result of higher 

proliferation. To test our hypothesis, we performed EdU proliferation assay [171]. 

Our study showed a higher degree of proliferation for the hNSCs cultured under 
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hypoxia (Fig. 3.5A, C, and E). The percentage of EdU+ cells was 11 ± 1% (4 d) and 

16 ± 0.5% (10 d) under normoxia and 14 ± 1% (4 d) and 20 ± 1% (10 d) under 

hypoxia. Two-way ANOVA showed significant main effects of oxygen F(1, 32) = 

47.69, p < 0.001 and time F(1, 32) = 36.49, p < 0.001 on hNSC proliferation with no 

significant  interaction (p = 0.291).  
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Figure 3.5. The hNSCs proliferation in 2D+GF (A) and 3D+GF (B) cultures. 

Representative fluorescent images of hNSCs cultured on 2D laminin-coated 96-well plates 

and within 3D hydrogels under hypoxic (C, D) and normoxic (E,F) conditions. At both 4 and 

10 d, the number of actively proliferating (EdU+; green) cells was higher under hypoxic 

condition in comparison with normoxia in 2D+GF (A) and 3D+GF (B). Symbol (*) denotes 

significant difference (p < 0.001). The three-way ANOVA analysis test, exhibited a 

significant effect of culture dimensionality on hNSC proliferation (p=0.009). Bars represent 
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mean ± SD. n>9 independent experiments; n>50 NSCs/sample. Cell nuclei were labeled with 

DAPI (blue). Scale bar, 50 µm. 

We then calculated the rate of hNSC growth by fitting the experimental values 

of the total cell number (Fig.3.2A) into Equation 5. Both ADeath and ADifferentiation, are 

approximately equal to zero and consequently the term A obtained from non-linear 

regression analysis is approximately equal to ASelf-renewal (i.e., A≈ ASelf-renewal). The 

numerical values of A and k for the normoxic condition were 0.012 (
1

h
) and 9.5×10-7 

(
1

cell number ×h
) and for the hypoxic condition were 0.012 (

1

h
) and 8.9×10-

7(
1

cell number ×h
). We calculated the hNSC division time by the following equation: 

 
ln 2

Self renewalA




  

The hNSC division time was 58 h for 2D cultures.   

Analysis of NSC growth rate in a 3D microenvironment in the presence of GFs for 

both normoxic and hypoxic conditions 

The main effects on the total number of hNSCs within 3D cultures were found 

for oxygen concentration F(1, 64) = 87.57, p < 0.001, time F(1, 64) = 819.91, p < 

0.001, along with a significant oxygen-time interaction F(1, 64) = 13.05, p < 0.001 

(Fig.3.2B). Similar to 2D, in 3D cultures the majority of cells were also calcein+ after 

10 d, the calcein+ cells constituted 74 ± 1% and 72 ± 0.5% of the total population 

under normoxia and hypoxia (Fig.3.3B) with no significant main effects of oxygen (p 

= 0.065) and time (p = 0.32) and no interaction (p = 0.406) on cell viability. Similar 

(12) 
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to 2D, the hNSC terminal differentiation was also negligible (<5%, data not shown) 

under both normoxic and hypoxic 3D cultures and there was no statistical difference 

with respect to oxygen concentration (one-way ANOVA, p = 0.572). However, the 

EdU proliferation analysis showed that hNSCs exhibited greater proliferation under 

hypoxia (Fig.3.5B, D, and F). The percentage of EdU+ cells after 4 and 10 d was 13 

± 1% and 17 ± 0.5% under normoxia and 15 ± 1% and 21 ± 1% under hypoxia. The 

two-way ANOVA showed a significant main effects of oxygen concentration F(1, 32) 

= 305.71, p < 0.001 and time F(1, 32) = 664.88, p < 0.001 on hNSC proliferation, and 

an interaction between time and oxygen concentration, F(1, 32) = 46.69, p < 0.001. 

To test the effect of culture dimensionality on hNSC proliferation we 

performed a three-way ANOVA, which showed significant main effects of culture 

dimensionality F(1, 64) = 7.27, p = 0.009, oxygen concentration F(1, 64) = 179.99, p 

< 0.001, and time F(1, 64) = 255.99, p < 0.001. We did not find an interaction 

between oxygen concentration and time (p = 0.077) or between oxygen concentration 

and dimensionality (p = 0.428). However, significant interactions were found 

between dimensionality and time (F(1, 64) = 24.61, p < 0.001) and dimensionality 

and oxygen and time (F(1, 64) =14.13, p < 0.001).  The extent of this increase in 

proliferation was tested by the kinetic growth model. Based upon viability assay and 

immunofluorescence results both ADeath and ADifferentiation are ≈ 0 for 3D cultures in the 

presence of GFs. By non-linear regression analysis, A and k were found to be 0.015 

(
1

h
) and 7.5×10-7 (

1

cell number ×h
) under normoxia and 0.015 (

1

h
) and 7×10-7 

(
1

cell number ×h
) under hypoxia. The cell division time (τ) was equal to 46 h under both 

normoxia and hypoxia.  
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Validation of feedback regulated growth model  

The growth rate of fetal rat NSCs in 2D adherent culture was utilized to 

validate the feedback regulated growth model. The cell density data was kindly 

provided by Thermo Fisher Scientific (personal communication). Rat NSCs were 

cultured for 3, 7, and 10 d on a 2D poly-L-ornithine coated culture flask with an 

initial density of 5×104 cell/cm2. The numerical values of A and k were obtained by 

performing non-linear regression analysis and the division time (τ) was calculated. 

The numerical values of A and k were found to be 0.03 (
1

h
) and 5.5×10-11 

(
1

cell number ×h
). The cell division time for rat NSCs was equal to 23 ± 3 h.  

Analysis of NSC decay and differentiation rate in 2D and 3D microenvironment  

In both 2D and 3D cultures after growth factor removal and under both 

normoxic and hypoxic conditions, we observed a decrease in the total cell population 

(Fig.3.2C, D). At both 4 and 10 d the numbers of cells on 2D surfaces and within 3D 

hydrogels were significantly higher under hypoxia in comparison with normoxia. The 

two-way ANOVA analysis for 2D cultures found significant main effects of oxygen 

concentration F(1, 64) = 61.43, p < 0.001 and time F(1, 64) = 610.54, p < 0.001,  with 

a significant interaction F(1, 64) = 11.87, p < 0.001. In 3D cultures, the main effects 

of oxygen concentration F(1, 64) = 25.94, p < 0.001, time F(1, 64) = 275.58, p < 

0.001, and an interaction F(1, 64) = 3.19, p = 0.031 were calculated.     

The hNSC culture in the absence of GFs initiates the differentiation phase and 

becomes a heterogeneous population consisting of undifferentiated hNSCs, TD 
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neurons and glia, and dead cells. We fitted Equation 11 into the total cell number and 

uncovered the numerical values of ADifferentiation as well as ADeath and dDeath constants. 

By substituting these constants in Equation 10 we calculated the number of TD cells 

for both 2D and 3D cultures and under normoxic and hypoxic conditions (Fig.3.6A, 

B). The number of undifferentiated cells was found by subtracting the total number of 

cells from the number of TD cells (data not shown).  The numerical values of 

ADifferentiation in 2D cultures were 0.004 (
1

h
) and 0.007 (

1

h
) under normoxia and 

hypoxia, respectively. In 3D cultures the numerical value of ADifferentiation was 0.008 

(
1

h
) under the normoxic condition and 0.01 (

1

h
) under hypoxia.  
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Figure 3.6. The number of TD cells generated in 2D-GF (A) and 3D-GF (B) cultures 

predicted by Equation 10 

.  
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The percentages of dead cells in 2D culture after 10 d were 17 ± 1.5% and 19 

± 1.8% (Fig.3.3C) under normoxic and hypoxic cultures, respectively. For 3D 

cultures the percentages of dead cells were 32 ± 1% under nomoxia and 30 ± 0.5% 

under the hypoxic condition (Fig.3.3D). The two-way ANOVA analysis showed no 

significant effect of oxygen concentration (p = 0.508) and oxygen-time interaction (p 

= 0.464) on the viability of hNSCs in 2D cultures. Similarly, in 3D cultures no 

significant effects of oxygen concentration (p = 0.093) and interaction (p = 0.324) 

were calculated. It is important to note that the percentage of dead cells found by 

performing viability assay is cumulative of both undifferentiated and differentiated 

cells. 

Discussion 

The temporal output of hNSCs is influenced by a number of factors that need 

to be robustly controlled to achieve a safe and effective cell-replacement therapy. 

Matrix dimensionality, GFs, and oxygen concentration are among these important 

factors [47]. In this paper, the stemness of hNSCs under two general conditions has 

been studied: the hNSC cultures in the presence and absence of EGF and FGF-2. 

Under each general condition, the effects of normoxia and hypoxia (21% vs. 3%) and 

culture dimensionality (2D vs. 3D) on hNSC viability, proliferation and the 

expression of neuroprogenitor markers were investigated. We designed distinct 

mathematical models for each of the general conditions and have anticipated the rate 

of growth and differentiation of hNSCs. 

The presence of mitogenic growth factors has been shown to promote NSC 

proliferation and inhibit lineage-commitment [3, 31]. Our results also confirm an 
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increase in the numbers of NSCs in both 2D and 3D cultures in the GF-containing 

medium for up to 10 d (Fig.3.2A, B). The cellular composition of the both 2D and 3D 

cultures in the presence of growth factors and under normoxic and hypoxic conditions 

consists of viable (Fig.3.3A, B) and undifferentiated (SOX-2+ and nestin+) stem cells 

(Fig.3.4A-D) with no statistical differences between normoxia-hypoxia and 2D-3D 

conditions. Therefore, we conclude that in the presence of mitogenic factors, the 

oxygen availability and culture dimensionality have negligible influence on the 

survival and differentiation of hNSCs. However, in both 2D and 3D cultures, the 

number of actively proliferating (EdU+) cells is statistically higher under hypoxia vs 

normoxia (Fig.3.5A-F). This finding is in agreement with previous literature showing 

enhanced proliferation of rat [92] and human [93] NSCs under hypoxia in comparison 

with normoxia. Moreover, three-way ANOVA reveals a main effect of culture 

dimensionality on hNSC proliferation. Overall, lowered oxygen concentration and 

culture dimensionality positively influence the proliferation rate of viable and 

undifferentiated hNSCs in the presence of GFs. 

To mathematically model the hNSC growth in the presence of GFs, we 

hypothesized that a growing population of NSCs requires a negative feedback 

mechanism to maintain the cell population size within a certain limit. Previous studies 

also confirm the existence of factors that regulate the proliferation of various 

mammalian stem cell types such as hematopoietic stem cells [172], retinal stem cells 

[173], and hair stem cells [174, 175]. The feedback regulatory mechanisms are 

necessary to maintain tissue homeostasis and prevent tumor formation. Based upon 

this understanding, we incorporated a negative feedback term in the exponential 
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growth model (Equation 1). The feedback term transforms the exponential curve into 

a logistic one (Equation 4). The logistic model assumes that a stable cell population 

will ultimately reach a saturation level or its carrying capacity. This assumption 

necessitates the rate of cell proliferation to decelerate and then cease when the target-

tissue-size is achieved. Previous in vivo studies on the proliferation of stem cells in 

mice neocortex provide evidence for such growth behavior [166]. 

Our non-linear regression analysis shows that the growth behavior of NSCs in 

the presence of GFs in both 2D and 3D cultures follows a logistic curve over the 

course of 10 d. In the presence of GFs, both ADifferentiation and ADeath are approximately 

equal to 0 and the hNSC self-renewal is the dominating scenario (i.e., A≈ ASelf-renewal). 

By comparing the 2D cultures with 3D, we realize that the numerical values of ASelf-

renewal for 3D cultures are greater than 2D under both normoxic and hypoxic cultures 

(0.015 (
1

h
)  vs. 0.012(

1

h
)). Based upon Equation 12 the larger ASelf-renewal translates 

into faster division time. The hNSC division time in 3D and 2D cultures is calculated 

to be ~46 h and ~58 h, respectively. Therefore, the higher proliferation rate in 3D 

cultures compared to 2D is probably due to shorter cell cycles. The numerical values 

of ASelf-renewal for normoxic and hypoxic conditions and in both 2D and 3D cultures 

are similar (Table 3.1). However, the feedback constants under hypoxia are lower 

compared to the normoxic condition, indicating that proliferation under normoxia is 

restricted vs hypoxia.  
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Table 3.1. The numerical values of the growth, feedback, and differentiation constants 

derived from Equations 5 and 11. The constants are accompanied by the appropriate 

confidence intervals (CIs). The unit of A and ADifferentiation constants is (
𝟏

𝐡
) and the unit 

of k is (
𝟏

𝐜𝐞𝐥𝐥 𝐧𝐮𝐦𝐛𝐞𝐫 ×𝐡
). 

With GFs Normoxic 2D Hypoxic 2D Normoxic 3D Hypoxic 3D 

A 0.012  0.012 0.015  0.015  

95% CI 4 × 10-6 4 × 10-8 6 × 10-5 2 × 10-5 

K  9.5 × 10-7  8.9 × 10-7  7.5 × 10-7   7 × 10-7    

95% CI 3 × 10-10 3 × 10-12 3 × 10-9 10-9  

Without GFs Normoxic 2D Hypoxic 2D Normoxic 3D Hypoxic 3D 

ADifferentiation 0.004  0.007  0.008 0.01 

95% CI 4 × 10-5 2 × 10-4 2 × 10-4 3 × 10-4 

 

Fetal rat NSCs exhibit a similar logistic growth with the ASelf-renewal equal to 

0.03 (
1

h
) and the cell division time (τ) of ~23 h. The estimated NSC cycle length is 

estimated to be between 18 to 25 h for rodents [176-178] which is in agreement with 

the time anticipated by our model. The NSC cycle length of primates, depending 

upon the region of brain they reside, is estimated to be 20 to 40 h longer than rodents 

at a comparable developmental stage [179, 180]. This means that for a primate the 

NSC cycle length ranges from 38 to 65 h. Human brain in terms of size and number 

of neurogenic intervals is better represented by primate models. The cycle length of 
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hNSCs found by our model for both 2D and 3D cultures is located in the range 

between 38 to 65 h.   

Upon the removal of growth factors, hNSCs differentiate into neurons and glia 

[3, 5]. By Equation 10, we predicted the number of TD cells for both 2D and 3D 

cultures and normoxic and hypoxic conditions (Fig.3.6A, B). The ADifferentiation 

constants found by our model indicate that more TD cells are generated from hNSCs 

under hypoxia in both 2D and 3D cultures. Lowered oxygen levels have been shown 

to enhance the differentiation of hNSCs into neurons [181] and both neurons and 

oligodendrocytes [93]. Since the process of neurogenesis in human brain lasts for 

more than 70 d [166], a culture period of 10 days may not provide a sufficient amount 

of time for hNSCs to terminally differentiate into neurons and glia. We acknowledge, 

therefore, a comprehensive characterization of hNSC differentiation in a protracted 

culture period is a possible future direction of this work.  

In summary, in this work by coupling in vitro hNSC culture results with 

mathematical modeling we attempted to clarify the effect of three important 

environmental cues on hNSC temporal output. These finding may contribute to 

generation of transplantable cellular grafts with well-defined cellular compositions.  
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Chapter 4: In Vitro Hypoxic Preconditioning for the Enhancement of 

Human Neural Stem Cell Survival and Differentiation 
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Introduction 

Neural stem cell (NSC) transplantation has emerged as a novel treatment 

modality with potential clinical benefits for patients with neurological disorders or 

injuries [182]. This is primarily due to the unique characteristics of NSCs (i.e. self-

renewal and multipotency). The NSCs possess the capacity of both generating more 

neuroprogenitors (self-renewal) as well as differentiating into neurons, astrocytes, and 

oligodendrocytes (multipotency) [3, 35, 159]. Thus, transplantation of NSCs, aiming 

at replacing damaged neurons and glia, presents a promising cell-mediated 

therapeutic approach to regenerate the damaged neural tissue. Preclinical studies, in 

stroke-induced rat models, showed that implanted NSCs yielded modest functional 

improvements by migrating towards the lesion site, differentiating into neurons [183], 

and partially integrating into the host neural circuitries [160, 184]. 

However, one of the major impediments in achieving efficacious and efficient 

NSC-based therapies is the limited survival of transplanted NSCs. Past studies 

indicate that only 10% to 40% of the total implanted cells survive following 

transplantation [8, 160]. The low survival of the cellular grafts is not unique to NSCs. 

In fact, stem cell regenerative therapies of cardiac [185], pancreatic [186], and 

muscular tissues [187] have also exhibited substantial cell loss post-transplantation. 

Thus, increasing the retention time of transplanted stem cells will result in enhanced 

therapeutic potential. Recently, it has been shown that the survival of stem cell 

transplants can be increased through genetic modification of cells aiming to 

overexpress anti-apoptotic and growth factors in the engrafted cells [188-190]. Even 

though this method resulted in a decreased cell loss after transplantation it may be 
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associated with an increased risk of tumor formation due to gene transfection [191]. 

Therefore, there is a need for development of safer and simpler pro-survival strategies 

that can enhance post-transplant cell survival.  

Previously published work suggests that in vitro exposure of stem cells to 

hypoxic oxygen concentrations (hypoxic preconditioning; HP) prior to transplantation 

enhances the survival and tissue-repair capacity of stem cells [192]. For instance, 

transplantation of hypoxic preconditioned murine mesenchymal stem cells (MSCs) 

into rat infarcted heart tissues resulted in improved survival of the implanted cells, 

reduced infarct size, and enhanced cardiac function in comparison with MSCs that 

were cultured under atmospheric oxygen concentration (normoxia) prior to 

transplantation [10]. Additionally, hypoxic pretreatment of rodent MSCs and 

embryonic stem cells (ESCs) before transplantation into ischemic rat brain resulted in 

enhanced cell survival, extensive neuronal differentiation, and accelerated functional 

recovery [11, 193]. Based upon these findings, our goal is to define the effects of HP 

on the survival and differentiation potential of human neural stem cell (hNSCs). 

Enhancing the survival of human NSCs (hNSCs) and promoting their 

transition into terminally differentiated neurons and glia are two key steps to increase 

the efficacy of the cell-replacement therapy. In the work herein presented, we assayed 

the viability, proliferation, and differentiation of human embryonic cortical NSCs 

cultured under hypoxic (3% oxygen) and normoxic conditions. The hNSCs were 

cultured in the absence of growth factors (GFs) under short-term (up to 10 d) and 

long-term (up to 60 d) HP and their survival as well as differentiation potential were 
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assessed. Our results indicate that short-term HP enhances the survival of hNSCs and 

that long-term HP promotes their differentiation into neural progenies. 

Materials and Methods 

All materials were procured from Sigma Aldrich (St. Louis, MO), Millipore 

(Billerica, MA) or Thermo Fisher Scientific (Waltham, MA) unless otherwise noted. 

Human neural stem cell (hNSC) maintenance and culture  

RenCell-CX, an immortalized cell line derived from 14-week gestation human 

fetal cerebral cortex was purchased from Millipore (Billerica, MA) and was used as a 

model hNSC in these experiments. The cells were cultured on laminin-coated (1.33 

μg/cm2) flasks and maintained in serum-free complete growth medium (DMEM: F12 

supplemented with 1x B27 supplement, heparin (10 U/ml), L-glutamine (2 mM), 

gentamicin (30 μg/ml), epidermal growth factor (EGF, 20 ng/ml), and fibroblast 

growth factor-2 (FGF2, 20 ng/ml). The cells were passaged every 3 to 4 days using 

AccutaseTM and plated in freshly laminin-coated flasks at a density of ~7×103 

cell/cm2. All experiments were carried out using cells between passages 9 to 17.  

To induce differentiation, the hNSCs were cultured in complete growth 

medium without growth factors (GF-) referred to as the differentiation medium. The 

normoxic cultures were carried out in a humidified, 5% CO2, 37°C incubator. The 

hypoxic cultures were carried out in a portable, humidified, and isolated hypoxic 

chamber (COY Laboratory, Grass Lake, MI) with 3% O2, 5% CO2 and 92% N2. The 

hypoxic chamber was housed in a 37°C incubator. The concentration of oxygen in air 
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was measured using O2-sensitive electrode system (Dwyer Instruments, Michigan 

City, IN).  

Short-term HP was performed by seeding hNSCs at a density of 3×104 

cells/cm2 for 1, 2, 4, and 10 d and long-term HP was performed by seeding hNSCs at 

a density of 9×104 cells/cm2 for 30 and 60 d. Both short-term and long-term cultures 

were conducted on laminin-coated 96-well tissue culture plates in differentiation 

medium (GF-). The medium was changed every 2 d. 

Viability study 

The hNSC viability was measured using mammalian cell LIVE/DEAD 

viability assay (Thermo Fisher Scientific). After 4, 10, and 30 d the culture medium 

was aspirated and the samples were incubated with a solution of calcein-AM (live cell 

marker, 2 μM) and ethidium homodimer-1 (dead cell marker, 4 μM) in Tris-buffered 

saline (TBS) for 30 min. The samples were immediately imaged under fluorescent 

microscopy (Olympus, Center Valley, PA) and the numbers of calcein-AM+ and 

ethidium homodimer-1+ cells were counted.  

Proliferation study 

To detect hNSC proliferation during culture, the Click-iT EdU proliferation 

assay (Thermo Fisher Scientific) was performed. The hNSCs were incubated with 

EdU for 4 and 10 d with EdU being replenished every 2 d to prevent depletion. The 

cells were then fixed in 4% buffered formaldehyde for 20 min, permeabilized with 

TBS containing 0.1% Triton-X-100, and incubated with EdU reaction cocktail for 30 
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min followed by 4',6-diamidino-2-phenylindole (DAPI, 300 nM) nuclear stain. The 

samples were then imaged under fluorescent microscopy to measure the number of 

cells that proliferated during EdU incubation.  The nuclei of EdU+ cells fluoresced 

green because of Alexa Fluor 488 azide fluorescent dye detection. DAPI (blue) stains 

all nuclei. The numbers of EdU+ and DAPI+ cells were counted.   

Immunofluorescence study 

The immunofluorescence staining methods were adapted from lab protocols 

previously published in [80, 81]. In brief, the hNSCs cultured onto 96-well tissue 

culture plates after 10 d, 30 d, and 60 d were fixed with 4% buffered 

paraformaldehyde, washed with Tris-buffered saline (TBS, pH 8.0), and incubated 

with 10% goat serum in phosphate buffered saline (PBS) for 30 min in room 

temperature. The hNSCs were then incubated with primary antibodies SOX-2 

(1:1000, Millipore), nestin (1:2000, Millipore), TUJ-1 (1:2000, Covance, Princeton, 

NJ), MAP-2 (1:2000, Abcam, Cambridge, MA), DCX (1:2000, Millipore), GFAP 

(1:1000, Abcam), S100β (1:500, Abcam), and GalC (1:1000, Millipore) diluted in 

10% goat serum PBS overnight followed by washing steps and then incubation with 

fluorescently-conjugated secondary antibodies (Abcam) for 2 h and washing. The 

incubation of both primary and secondary antibodies was performed at 4°C. The 

samples were then stained with DAPI and imaged using fluorescent microscopy.  

Statistical Analysis 
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Experimental results are represented as mean ± SD (n≥3). Student’s t-test and 

analysis of variance (ANOVA) tests were performed to determine statistical 

significance. 

Results 

Effect of short-term hypoxic preconditioning on hNSC viability, proliferation, and 

differentiation potential 

The standard culture method to induce hNSC differentiation into neurons, 

astrocytes, and oligodendrocytes is by withdrawing growth factors (FGF-2 and EGF) 

from the culture media (Fig.4.1).  
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Figure 4.1. The withdrawal of growth factors from the hNSC culture initiates the 

differentiation of stem cells into neural and glial progenies. The proposed differentiation 

model in this work suggest that the neural lineage-commitment transitions from DCX+/SOX-

2+ and DCX+/SOX2- precursors to TUJ-1+ immature neurons and eventually to MAP-2+ mature 

neuronal cells. The astrocytic differentiated cells temporally transition from GFAP+/SOX-2+ 

progenies to terminally differentiated GFAP+/SOX2- and S100β+ astrocytes. The terminally 

differentiated oligodendrocytes (GalC+) are generated over the course of 60 d from stem cells. 

The undifferentiated hNSCs persist through the entire culture period of 60 d and consist of 



 

68 
 

Nestin+/SOX-2+ cells at day 10, Nestin+/SOX2-, Nestin-/SOX-2+, and Nestin+/SOX-2+ 

populations at day 30, and Nestin-/SOX-2+ cells at day 60.  

We grew hNSC cultures for 1, 2, 4, and 10 d in differentiation medium (GF-) 

under both hypoxic and normoxic (control) conditions.  To test the effect of short-

term HP on hNSC survival, we first measured the total number of cells in both 

hypoxic and control groups (Fig.4.2A). After 4 and 10 d, the number of hNSCs 

cultured under hypoxia was significantly higher in comparison with normoxia. A two-

way ANOVA showed significant main effects of time F(1, 64) = 610.54, p < 0.001 

and oxygen concentration F(1, 64) = 61.43, p < 0.001 on hNSC total number, and an 

interaction between time and oxygen concentration, F(1, 64) = 11.87, p < 0.001. We 

investigated whether the increased number of cells under hypoxia was due to 

enhanced viability. Our viability analysis results at 4 and 10 d showed that the viable 

cells (calcein+) constituted 89 ± 2% (hypoxia) vs 89 ± 4% (control) and 83 ± 2% 

(hypoxia) vs 81 ± 2% (control) of total cells, respectively (Fig.4.2B). A two-way 

ANOVA analysis indicated a significant main effect of time F(1, 32) = 66.98, p < 

0.001 with no significant main effect of oxygen concentration F(1, 32) = 0.45, p = 

0.508 and time x oxygen interaction F(1, 32) = 0.55, p = 0.464 on hNSC viability. We 

hypothesized that the larger population of cells under hypoxia may occur as a result 

of higher proliferation. To test this hypothesis, we performed EdU pulse-labeling 

[171] to detect the cells in the S-phase of division. The percentage of EdU+ cells was 

8 ± 0.3% (4d) and 7 ± 0.6% (10 d) under hypoxia and 6 ± 0.8% (4 d) and 5 ± 0.4% 

(10 d) under normoxia (Fig.4.2C-E). A two-way ANOVA showed a significant main 

effect of oxygen F(1, 32) = 26.85, p < 0.001 with no effect of time F(1, 32) = 2.35, p 
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= 0.135 and time x oxygen interaction F(1, 32) = 1.66, p = 0.206 on hNSC 

proliferation. 

To clarify whether the generation of differentiated progenies contributed to 

enhanced cell number under hypoxia, we performed immunocytochemistry for cell-

type specific biomarkers. Nestin and SOX-2 stem cell markers, GFAP astrocytic 

marker, and TUJ-1 neuronal marker were utilized to detect the undifferentiated stem 

cells as well as astrocytes and neurons, respectively. After 10 d, the majority of cells 

were Nestin+/SOX-2+ (Fig.4.2F, G) with very limited (<5%) GFAP+ cells and no 

TUJ-1+ cells. A Student’s t-test did not show any statistical difference t(16) = 0.34, p 

= 0.74 in percentage of Nestin+/SOX-2+ cells with respect to oxygen concentration.  
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Figure 4.2. The effect of short-term HP on the survival and differentiation potential of 

hNSCs. Number of total cells (DAPI+) at day 1, 2, 4 and 10 in differentiation medium (A). 

After 4 and 10 d the total number of cells was significantly higher under hypoxia in 

comparison with normoxia. There was no significant effect of oxygen concentration on hNSC 

viability (B). However, at both 4 and 10 d, the number of actively proliferating (EdU+) cells 

was higher under the hypoxic condition in comparison with normoxia (C). Representative 

fluorescent images of EdU+ (green) and DAPI+ (blue) hNSCs cultured under hypoxic (D) and 

normoxic (E) conditions. After 10 d, the majority of hNSCs (>95%) expressed both SOX-2 

(red) and Nestin (green) stem cells markers (Nestin+/SOX-2+) under both hypoxic (F) and 
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normoxic (G) conditions with no statistical difference with resepect to oxygen concenteation. 

Symbol (*) denotes significant differences (p < 0.001) between hypoxic and normoxic 

groups. n > 9 samples; one representative set of experimental data is shown. Bars represent 

mean ± SD.  n > 50 hNSCs/sample.   

These results yielded in two outcomes. First, short-term HP enhances hNSC 

survival by increasing the proliferation of undifferentiated hNSCs without reducing 

cell viability. Secondly, a culture period of 10 days without GFs, regardless of oxygen 

concentration, does not provide a sufficient amount of time for hNSCs to differentiate 

into neurons and glia. Therefore, short-term HP does not influence the differentiation 

potential of hNSCs.  

Effect of long-term hypoxic preconditioning on hNSC viability and proliferation 

Since the majority of hNSCs (>95%) maintained their undifferentiated state 

after 10 d we extended the culture period of both hypoxic and normoxic groups to 30 

and 60 d in growth factor-free medium and counted the total numbers of cells 

(Fig.4.3A). A two way ANOVA analysis showed a significant main effect of time 

F(1, 32) = 774.05, p < 0.001 but no main effect of oxygen F(1, 32) = 1.61, p = 0.214 

or a  time x oxygen interaction F(1, 32) = 0, p = 0.982 on hNSC number. Our cell 

viability analysis at 30 d indicated that 71 ± 1% (hypoxia) and 70 ± 1% (control) of 

total cells were viable (Fig.4.3B) with no statistical difference between hypoxia and 

normoxia (Student’s t-test, t (16) = 0.18, p = 0.861). We concluded that long-term 

exposure of hNSCs to hypoxia does not reduce cell survival.  
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Figure 4.3. The effect of long-term HP on the survival of hNSCs. Number of total cells 

(DAPI+) at day 30 and 60 in differentiation medium (A). There was not any statistical 

difference in total number of cells between the conditions of hypoxia and normoxia. 

Moreover, oxygen concentration did not influence the viability of the cells after 30 d of 

culture in differentiation medium (B).  
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Effect of long-term hypoxic preconditioning on hNSC differentiation potential  

Next, we tested whether the long-term HP influences the differentiation 

potential of hNSCs. The extent of differentiation was evaluated by performing 

immunocytochemistry utilizing neural (DCX, TUJ-1, and MAP-2), astrocytic (GFAP 

and S100β), oligodendrocyte (GalC), and undifferentiated stem cell (Nestin and SOX-

2) specific biomarkers. The cells that were immunoreactive for DCX consisted of 

DCX+/SOX-2+ and DCX+/SOX2- cells. After 30 d, the percentage of DCX+/SOX-2+ 

cells under hypoxia and normoxia was 5 ± 1% and 2 ± 1%, respectively (Fig.4.4A). 

The DCX+/SOX2- cells constituted 4 ± 1% (hypoxia) and 1 ± 0.5% (normoxia) of the 

total cell number (Fig.4.4A). A student’s t-test analysis yielded t-values of t(16) = 

4.03, p = 0.001 and t(16) = 5.83, p < 0.001 indicating a significant effect of oxygen 

concentration on hNSC differentiation to DCX+/SOX-2+ and DCX+/SOX2- cells. The 

TUJ-1+ neurons constituted 2 ± 0.5% of total cells under hypoxia and there were not 

any TUJ-1+ cells in the control group (Fig.4.4A). A student’s t-test analysis indicated 

a significant effect of oxygen concentration t(16) = 7.77, p < 0.001 on the number of 

TUJ-1+ cells. 

After 30 d, we detected two populations of differentiated astrocytic progenies: 

GFAP+/SOX-2+ and GFAP+/SOX2- cells. The GFAP+/SOX-2+ and GFAP+/SOX2- 

cells constituted 13 ± 1% (hypoxia), 17 ± 1% (control), 16 ± 1% (hypoxia), and 11 ± 

1% (control) of the total cell number (Fig.4.4B). A student’s t-test statistical analysis 

yielded t-values of t(16) = 3.06, p = 0.007 and t(16) = 5.61, p < 0.001 indicating a 

significant effect of oxygen concentration on the number of GFAP+/SOX-2+ and 

GFAP+/SOX2- astrocytic progenies.  
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We identified three populations of undifferentiated hNSCs: Nestin+/SOX-2-, 

Nestin+/SOX2+, and Nestin-/SOX-2+ cells. After 30 d, the hypoxic cultures had 11 ± 

1% Nestin+/SOX2-, 11 ± 1% Nestin+/SOX-2+, and 24 ± 2% Nestin-/SOX-2+ cells and 

the control groups consisted of 10 ± 1% Nestin+/SOX2-, 16 ± 1% Nestin+/SOX-2+, 

and 35 ± 2% Nestin-/SOX-2+ stem cells (Fig.4.4C). A student’s t-test did not indicate 

any significant effect of oxygen concentration on the number of Nestin+/SOX2- cells 

(t(16) = 0.99, p = 0.338). However, it yielded in t-values of t(16) = 7.38, p < 0.001 

and t(16) = 7.41, p < 0.001, indicating a significant effect of oxygen concentration on 

the amount of Nestin+/SOX-2+ and Nestin-/SOX-2+ undifferentiated stem cells. 
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Figure 4.4. The effect of long-term (30 d) HP on the differentiation potential of hNSCs. 

The hNSCs were cultured in differentiation medium (GF-) for 30 d under hypoxic and normoxic 

conditions and the extent of their differentiation was measured by performing 

immunocytochemistry utilizing neural, glial, and stem cell specific biomarkers. The neural 

differentiated progenies consisted of DCX+/SOX-2+, DCX+/SOX2-, and TUJ-1+ populations. 

The numbers of all neural differentiated populations were statistically higher under hypoxia vs 

normoxia (A). The astrocytic progenies constituted two distinct populations: GFAP+/SOX-2+ 

astrocytic precursors and GFAP+/SOX2- astrocytes. The numbers of GFAP+/SOX-2+ cells were 

statistically lower under hypoxia while the numbers of GFAP+/SOX2- astrocytes was 

statistically higher (B). There was no statistical difference in the number of Nestin+/SOX-2- 

undifferentiated hNSCs between the conditions of hypoxia and normoxia. However, the 

numbers of Nestin+/SOX-2+ and Nestin-/SOX-2+ hNSCs were statistically lower under hypoxia 

vs normoxia (C). Symbol (*) denotes significant differences (p < 0.001) between hypoxic and 

normoxic groups. n > 9 samples; one representative set of experimental data is shown. Bars 

represent mean ± SD.  n > 50 cells/sample.   

 Even though these results indicate that, after 30 d, hypoxia promotes the 

transition of hNSCs into differentiated progenies, yet, ~46% (hypoxia) and 61% 

(normoxia) of the total hNSCs maintain their undifferentiated state. Moreover, we did 

not detect any GalC+ oligodendrocytes after 30 d. Therefore, we attempted to further 

measure the extent of hNSC differentiation by prolonging the culture period to 60 d. 

Figures 4.5A-D and 4.5E-F represent the immunofluorescence expression of neural 

and astrocytic progenies after 30 d.  
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Figure 4.5. Expression of neural and astrocytic cell markers after 30 d. The neural 

progenies stained  DCX+/SOX-2+ (green-red), DCX+/SOX2- (green) neural precursor markers 

(A and B) and TUJ-1+ (green) immature neural markers (C and D). The cells with astrocytic 

lineage were GFAP+/SOX-2+ (red-green) precursors and GFAP+/SOX2- (red) astrocytic 

differentiated cells (E and F). Scale bar, 50 µm. 
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After 60 d, we identified two groups of neural populations: DCX+ and MAP-

2+ cells. The hypoxic cultures contained 12 ± 1% DCX+ and 15 ± 1% MAP-2+ cells 

vs 9 ± 1% DCX+ and 9 ± 1% MAP-2+ cells in the controls (Fig.4.6A). A student’s t-

test analysis indicated a significant effect of oxygen concentration on the number of 

DCX+ cells (t(16) = 5.3, p < 0.001) and MAP-2+ cells (t(16) = 12.51, p < 0.001). The 

astrocytic differentiated cells consisted of GFAP+ and S100β+ populations. The 

GFAP+ and S100β+ astrocytes constituted 18 ± 1% (hypoxia), 17 ± 1% (control), 12 ± 

2% (hypoxia), and 12 ± 1% (control) of the total cells, respectively (Fig.4.6B). A 

student’s t-test analysis did not show any statistical difference between the number of 

GFAP+ (t(16) = 0.46, p = 0.649) and S100β+ astrocytes (t(16) = 0.41, p = 0.689) with 

respect to oxygen concentration. We detected GalC+ oligodendrocyte differentiated 

progenies in the cultures after 60 d. The hypoxic and control groups contained 10 ± 

1% and 8 ± 1% of GalC+ cells, respectively (Fig.4.6C). A student’s t-test analysis 

yielded in a t-value of t(16) = 4.89, p < 0.001 indicating a significant effect of oxygen 

concentration on hNSC differentiation to GalC+ oligodendrocytes. The 

undifferentiated hNSCs, after 60 d, consisted of Nestin-/SOX-2+ cells that constituted 

20 ± 1% and 35 ± 1% of the total cells under hypoxia and normoxia, respectively 

(Fig.4.6D). A student’s t-test analysis showed a significant effect of oxygen 

concentration on the number Nestin-/SOX-2+ cells after 60 d (t(16) = 17.48, p < 

0.001). 
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Figure 4.6. The effect of long-term (60 d) HP on the differentiation potential of hNSCs. 

The hNSCs were cultured in differentiation medium (GF-) for 60 d under hypoxic and normoxic 

conditions and were labeled for neural, glial, and stem cell specific biomarkers. The numbers 

of neural differentiated cells, consisting of DCX+ and MAP-2+ progenies, were statistically 

higher under hypoxia vs normoxia (A). There was no statistical difference in numbers of 

GFAP+ and S100β+ differentiated astrocytes between hypoxia and normoxia (B). The number 

of GalC+ oligodendrocytes was statistically higher under hypoxia compared to normoxia (C) 

and the number of Nestin-/SOX-2+ undifferentiated hNSCs was statistically lower under the 
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hypoxic condition vs normoxia (D). Symbol (*) denotes significant differences (p < 0.001) 

between hypoxic and normoxic groups. n > 9 samples; one representative set of experimental 

data is shown. Bars represent mean ± SD.  n > 50 cells/sample.  

The immunofluorescence expression of neural (Fig.4.7A-D), astrocytic (Fig.4.7E-H), 

and oligodendrocytes (Fig.4.7I, J) after 60 d are presented.   
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Figure 4.7. Expression of neural and glial cell markers after 60 d. The neural progenies 

stained positive for DCX (green; A and B) and MAP-2 (green) neural markers (C and D). 

The cells with astrocytic lineage stained positive for GFAP (red) and S100β (red) astrocytic 

markers (E-H). The differentiated oligodenrrocytes were labeled for the GalC (green) marker 

(I and J). Scale bar, 50 µm. 
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Discussion 

The capability of human brain to repair after a neurological disorder or injury 

is limited due to its highly complex structure and low cell turnover. Stem cell 

transplantation utilizing multipotent NSCs with tissue-specific differentiation 

capacity holds great promise for the repair and restoration of brain tissue and 

function. However, the substantial loss of engrafted NSCs, which can be as much as 

much 90% [8] of the total transplanted cell number, limits the translational potential 

of NSC-mediated therapy. To achieve efficacious regenerative therapeutics, there is a 

need to enhance the survival of transplanted NSCs as well as their differentiation 

towards functional neural and glial differentiated cells.  

The human brain is a hypoxic environment with an oxygen concentration 

between 3% to 4% [15, 194]. However, the hNSC in vitro cultures have been 

conventionally performed under normoxic O2 concentration (21%) which is 5 to 7 

times higher than that of natural brain tissue. This significant discrepancy in O2 

concentration between in vitro cultures and the in vivo environment may stress the 

NSCs and cause cell death post transplantation. Since hNSCs are exposed to hypoxia 

in their native niche, we hypothesized that an in vitro hypoxic culture may provide a 

permissive environment for the hNSC survival and differentiation. Manipulation of 

O2 concentration, in vitro, provides a scalable, cost-effective, and xeno-free tool for 

the production of differentiated neurons and glia. Moreover, it may reduce the risk of 

oxidative stress on hNSCs and their differentiated progenies after being implanted in 

the hypoxic brain environment.   
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To test our hypothesis, we investigated the effect of oxygen concentration on 

the survival and differentiation behavior of hNSCs in short-term (up to10 d) and long-

term (up to 60 d) cultures in the absence of mitogenic factors (i.e. FGF2 and EGF). 

The hNSCs, upon withdrawal of GFs, begin to differentiate into neural and glial 

progenies and resulting in a heterogeneous population of cells consisting of 

undifferentiated hNSCs, terminally differentiated neurons and glia as well as dead 

cells (Fig.4.1) [96, 195]. The process of hNSC differentiation in the human brain lasts 

as long as 70 d [166, 196]. Based upon this initial understanding from the in vivo 

scenario, we did not expect to detect extensive neural and glial differentiation in our 

short-term (10 d) cultures. However, it was crucial to perform short-term HP to assess 

the effect of lowered oxygen concentration on the survival of hNSCs. We, then, 

extended the culture periods to 30 and 60 d to measure the extent of hNSC 

differentiation.  

In both hypoxic and normoxic cultures we observed a temporal decrease in 

cell density during the course of 10 d (Fig.4.2A). However, after 4 and 10 days the 

total number of cells under hypoxia was significantly higher than normoxia 

(Fig.4.2A). Our cell viability analysis indicated no statistical difference in the number 

of viable cells between the hypoxic and normoxic groups (Fig.4.2B). However, the 

number of actively proliferating (EdU+) cells under hypoxia was statistically higher 

vs normoxia (Fig.4.2C). This finding is in agreement with previously published 

studies showing a positive effect of hypoxia on mouse [91] and rat [92] NSC 

proliferation in the absence of growth factors. Under both hypoxia and normoxia, the 

majority of cells (>95%) expressed both Nestin and SOX-2 stem cell markers 



 

84 
 

(Nestin+/SOX-2+) (Fig.4.2F, G). Therefore, we concluded that short-term HP 

enhances the survival of undifferentiated hNSCs by increasing the proliferation of the 

cells without influencing their viability and differentiation.   

Long-term HP did not reduce the survival of hNSCs or their differentiated 

progenies. After 30 d, there was no statistical difference in the total cell number 

(Fig.4.3A) and the number of viable cells between the hypoxic and normoxic groups 

(Fig.4.3B). We measured the extent of differentiation by performing 

immunocytochemistry for neural, glial, and stem cells specific markers. After 30 d, 

the neural differentiated progenies consisted of three populations: DCX+/SOX-2+, 

DCX+/SOX2-, and TUJ-1+ cells. The DCX is a marker for neuroblasts which are 

neuronal precursors that will eventually differentiate into neurons [197, 198]. Our 

immunocytochemistry analysis shows a significant effect of hypoxia on the number 

of DCX+/SOX-2+ (5% vs 2%), DCX+/SOX2- (4% vs 1%), and TUJ-1+ (2% vs 0%) 

cells (Fig.4.4A) meaning that hypoxia significantly enhanced the neural 

differentiation capacity of hNSCs. These results are in agreement with previous 

studies showing the positive effect of hypoxia on rat [92] and human [93] NSC as 

well as human ESC [199] differentiation potential towards neural progenies.   

The astrocytic progenies, after 30 d, consisted of astrocytic precursors 

(GFAP+/SOX-2+) and terminally differentiated astrocytes (GFAP+/SOX2-). The 

number of GFAP+/SOX-2+ cells was statistically lower under hypoxia (13% vs 17%) 

while the number of GFAP+/SOX2- cells was higher (16% vs 11%, Fig.4.4B). 

However, the sum of GFAP+/SOX-2+ and GFAP+/SOX2- cells was similar in both 

hypoxic and normoxic cultures (29% vs 28%) indicating that, after 30 d, hypoxia did 
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not influence the extent of hNSC differentiation into astrocytic progenies. Previously 

published studies on hNSC [93] and hESC [199] differentiation also indicate no 

significant differences in the extent of astrocytic differentiation with respect to 

oxygen concentration. However, our results indicate that hypoxia enhances the 

transition from precursor state to terminal differentiation. This is evident by the 

higher number of GFAP+/SOX2- and lower number of GFAP+/SOX-2+ cells under 

hypoxia (Fig.4.4B).  

The population of undifferentiated stem cells which consisted of 

Nestin+/SOX-2-, Nestin+/SOX2+, and Nestin-/SOX-2+ cells constituted ~46% 

(hypoxia) and ~61% (normoxia) of the total cells (Fig.4.4C). There was no statistical 

difference in the number of Nestin+/SOX-2- cells between hypoxia and normoxia 

(11% vs 10%). However, the number of Nestin+/SOX-2+ (11% vs 16%) and Nestin-

/SOX-2+ (24% vs 35%) cells was statistically lower under hypoxia vs normoxia 

(Fig.4.4C). Previously published works on mouse [200] and human [201] NSCs 

indicate that SOX-2 expression temporally decreases when NSCs are cultured in 

differentiation medium (GF-). In our cultures >95% of hNSCs expressed SOX-2 at 

day 10 which decreased to 35% (hypoxia) and 51% (normoxia) at day 30 which is in 

agreement with these findings. Moreover, hypoxia has been shown to reduce the 

expression of SOX-2 in murine MSCs [202] and human ESCs [203] in the 

differentiation phase which also agrees with our results.  

Our differentiation analysis after 60 d shows that the hypoxic cultures 

contained a higher number of neural progenies compared to the normoxic groups. The 

number of both DCX+ (12% vs 9%) and MAP-2+ (15% vs 9%) cells was statistically 
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higher under hypoxia and yielded a total of 27% differentiated neural progenies vs 

18% under normoxia (Fig.4.6A). There was no statistical difference in the number of 

astrocytic progenies with respect to O2 concentration. The GFAP+ astrocytes, after 60 

d, constituted 18% of the total cell number under hypoxia vs 17% under normoxia 

(Fig.4.6B). Both hypoxic and normoxic cultures contained 12% of S100β+ astrocytes 

and the sum of GFAP+ and S100β+ astrocytes was 30% under hypoxia vs 29% under 

normoxia (Fig.4.6B). We detected GalC+ oligodendrocytes after 60 d of 

differentiation. The number of GalC+ cells was statistically higher under hypoxia 

(10%) vs normoxia (8%) which is in agreement with previously published work 

showing that hypoxia favors the differentiation of hNSCs to neurons and 

oligodendrocytes (Fig.4.6C) [93]. The undifferentiated stem cells, after 60 d, only 

consisted of Nestin-/SOX-2+ cells and were statistically lower under hypoxia (20%) 

vs normoxia (35%, Fig.4.6D).  

In summary, our results show that hypoxia promotes the survival of hNSCs in 

short-term cultures by increasing the proliferation of hNSCs without reducing their 

viability. In long-term cultures hypoxia promotes the transition of hNSCs into 

terminally differentiated cells, possibly through decreased expression of SOX-2 

transcription factor, and enhances the hNSC differentiation towards neural progenies. 

These results may introduce HP as a pro-survival pre-conditioning strategy, for in 

vitro culture of hNSCs, with the potential to improve the tissue-regenerative capacity 

of hNSCs.  
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Chapter 5: Synergistic Effect of Hypoxia and Laminin-rich Substrates on 

the Enhancement of Human Neural Stem Cell Growth
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Introduction 

Neural stem cells (NSCs) are a self-renewing somatic cell type with the 

capacity to generate the major neural and glial cell types in the brain [3, 35, 159]. Due 

to their ability to self-renew and their multipotency, NSCs are promising candidates 

to be utilized in cell-replacement therapy in patients with neurological disorders or 

injury. Preclinical studies have shown that the transplantation of NSCs in animal 

experimental models such as stroke [52, 53, 160], Parkinson’s disease [54-57], and 

Alzheimer’s disease [58] has resulted in enhanced behavioral recovery. However, the 

application of stem cells in clinical trials may require as many as 1010 cells per patient 

[204] and therefore a need exists for cost-effective and scalable methods of producing 

large quantities of hNSCs in vitro. 

Neural stem cells, in vivo, reside within a specialized anatomical compartment 

known as the NSC niche [41, 205]. The NSC niche provides extrinsic cues that 

influence cell survival and regulate stem cell proliferation and differentiation [206, 

207]. The interaction between NSCs and the extracellular matrix (ECM) [47, 208] as 

well as the gradient of important cues such as oxygen [15] are among the important 

regulators of NSC proliferation. For instance, the proliferative behaviors of mouse 

neuroepithelial cells [133], as well as mouse and human NSCs [123] have been 

shown to be influenced by ECM molecules (e.g., laminin). NSC adhesion to ECM is 

mediated via several cell-surface receptors, of which the major class is integrins 

[128]. The upregulation of β1 integrin expression, in particular, has been linked to the 

effect of cell-ECM interaction on NSC proliferation [209-211]. Additionally, the NSC 

niche is a hypoxic environment with an oxygen concentration between 3% to 4% as 
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opposed to the atmospheric oxygen concentration (normoxia, 21%) [15, 194] 

conventionally utilized in in vitro NSC culture. Further, hypoxia has been shown to 

enhance the proliferation of both rat and human NSCs [92, 93]. Due to ease of 

scalability, availability, and no risk of pathogen transmission, manipulation of oxygen 

concentration in NSC cultures can provide a powerful tool for improving production 

strategies for NSCs. 

In the NSC niche, the ECM varies in composition [121, 212], where laminin 

[211], collagen I [43, 213], collagen IV [149], and low levels of fibronectin [214] are 

among its protein constituents. Yet, the relationship between NSC proliferation, 

substrate composition and the concentration of oxygen in culture has not yet been 

examined. Herein, we test the hypothesis that the synergistic effect of a lowered 

oxygen concentration across various substrates can enhance the in vitro expansion of 

NSCs.  

We assayed the proliferation of human embryonic cortical NSCs cultured on 

six different substrates and under both normoxic and hypoxic conditions (3% 

oxygen). Four purified ECM proteins (i.e. laminin, collagen I, collagen IV, and 

fibronectin), a positively charged non-ECM polymer (i.e. poly-L-ornithine or PLO), 

and a cell-adhesive matrix for NSCs which is a tissue-derived ECM (Matrigel, 

reduced-growth factor) were utilized. The proliferation and apoptosis of NSCs when 

cultured on these substrates and under both normoxia and hypoxia were assessed. In 

this work, we have shown that the laminin-rich substrates in synergy with low oxygen 

concentration can significantly contribute to in vitro expansion of NSCs.  
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Materials and Methods 

 

All materials were procured from Sigma Aldrich (St. Louis, MO), Millipore 

(Billerica, MA), Life Technologies (Grand Island, NY), or Trevigen (Gaithersburg, 

MD) unless otherwise noted. 

Human neural stem cell (hNSC) maintenance and culture  

Rencell-CX, an immortalized cell line derived from 14-week gestation human 

fetal cortex was purchased from Millipore (Billerica, MA) and was used as a model 

hNSC in these experiments. Cell culture flasks were coated with natural mouse 

laminin (Life Technologies; 20 μg/ml) and used to maintain cells in serum-free 

complete growth medium composed of DMEM: F12 supplemented with 1x B27 

supplement, heparin (10 U/ml), L-glutamine (2 mM), gentamicin (30 μg/ml), 

epidermal growth factor (EGF, 20 ng/ml), and fibroblast growth factor-2 (FGF-2, 20 

ng/ml). The cells were passaged every 3 to 4 days using AccutaseTM and plated in 

freshly laminin-coated flasks at a density of ~7×103 cell/cm2. All experiments were 

carried out using cells between passages 10 to 14.  

To assess hNSC proliferation, the cells were seeded at a density of 3×104 

cells/cm2 onto 96-well tissue culture plates coated with the various substrates; cultures 

were carried out for 2 and 4 d and the medium was changed every 2 d. All the 

proliferation experiments were carried out using complete growth medium containing 

growth factors.   
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The normoxic cultures were carried out in a humidified, 5% CO2, 37 C 

incubator. The hypoxic cultures were carried out in a portable, humidified, and 

isolated hypoxic chamber (COY Laboratory, Grass Lake, MI) with 3% O2, 5% CO2 

and 92% N2. The hypoxic chamber was housed in a 37 C incubator. The 

concentration of oxygen in air was measured using O2-sensitive electrode system 

(Dwyer Instruments, Michigan City, IN).  

Substrates 

Solutions of human fibronectin, laminin, reduced-growth factor Matrigel, and 

poly-L-ornithine (30000-70000 MW) in DMEM: F12 as well as collagen I (Corning, 

Corning, NY) in 0.02 N acetic acid and collagen IV (Santa Cruz Biotechnology, 

Dallas, TX) in 0.05 N hydrochloric acid were prepared for coating 96-well tissue 

plates. Fibronectin, laminin and poly-L-ornithine solutions were incubated in the 96-

well plates overnight in a 37 C, 5% CO2, humidified incubator and then the wells 

were rinsed with phosphate-buffered saline (PBS) before plating the cells. Matrigel 

was incubated in the wells at room temperature for 2 h and subsequently the wells 

were rinsed and incubated in DMEM: F12 overnight in a humidified 37 C, 5% CO2 

incubator. Collagen I and collagen IV solutions were incubated in the wells at room 

temperature for 2 h and then the wells were rinsed with sterile water, PBS, and 

DMEM: F12 before plating the cells. The final concentration of all protein substrates 

and PLO in the wells was assumed to be 3 µg/cm2.  

Proliferation assay 
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To detect hNSC proliferation during culture, the Click-iT EdU proliferation 

assay (Life Technologies) was performed. The hNSCs were incubated with EdU for 2 

and 4 d with EdU being replenished every 2 d to prevent depletion. The cells were 

then fixed in 4% buffered formaldehyde (Thermo Fisher Scientific, Pittsburgh, PA) 

for 20 min, permeabilized with Tris-buffered saline (TBS) containing 0.1% Triton-X-

100, and incubated with EdU reaction cocktail for 30 min followed by 4',6-

diamidino-2-phenylindole (DAPI, 300 nM) nuclear stain. The samples were then 

imaged under fluorescence microscopy (Olympus, Center Valley, PA) to measure the 

number of cells that proliferated during EdU incubation.  The nuclei of EdU+ cells 

fluoresced green because of Alexa Fluor 488 azide fluorescent dye detection. DAPI 

(blue) stained all nuclei. The numbers of EdU+ and DAPI+ cells were counted.   

Apoptosis assay 

To detect cell apoptosis, the terminal deoxynucleotidyl transferase-mediated 

nick end labeling (TUNEL) assay (Life Technologies) was performed. After 4 d in 

culture, hNSCs were fixed in 4% buffered formaldehyde, permeabilized, and 

incubated with terminal deoxynucleotidyl transferase (TdT) buffer for 10 min. The 

cells were then incubated for 1 h at 37 C with TdT reaction cocktail (according to the 

manufacturer’s instructions) and were subsequently washed two times with 3% goat 

serum in PBS for 5 min followed by incubation with TUNEL Click-iT reaction 

cocktail for 30 min. The samples were then stained with DAPI and imaged under 

fluorescence microscopy. All nuclei fluoresced blue because of the DAPI nuclear 



 

93 
 

stain; also, the nuclei of TUNEL+ cells fluoresced green due to Alexa Fluor 488 dye 

detection.  The numbers of TUNEL+ and DAPI+ cells were counted. 

Statistical Analysis 

Experimental results are represented as mean ± SD (n≥3). Student’s t-test and 

analysis of variance (ANOVA) tests were performed to analyze statistical 

significance among groups. 

Results 

To test the effect of substrate type and oxygen concentration on hNSC 

proliferation, we first determined the total number of cells in culture after 2 and 4 d. 

Identical numbers of cells were seeded on 96-well plates coated with PLO, collagen I, 

collagen IV, fibronectin, laminin, and reduced-growth factor Matrigel, and cultured 

under both normoxic and hypoxic conditions.  The hNSCs were subsequently fixed, 

stained with DAPI nuclear stain, and imaged using fluorescent microscopy. After 2 d 

and 4 d, we did not detect any DAPI+ hNSCs on collagen I and PLO coated wells 

(results not shown), suggesting that the hNSCs did not adhere to these two substrates 

and were washed away during medium replacement or fixation.  

The total number of hNSCs cultured on fibronectin and collagen IV substrates 

decreased over time (Fig. 5.1). After 4 d, the hNSCs cultured on collagen IV and 

fibronectin, under both normoxic and hypoxic conditions, exhibited ~65% and ~20% 

decreases in cell density, respectively. 
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Figure 5.1. Number of total cells (DAPI+) at days 2 and 4 cultured on fibronectin, 

collagen IV, laminin, and Matrigel substrates. After 4 d, there were no statistical 

differences in cell number between normoxia and hypoxia for the cells cultured on 

fibronectin and collagen IV. The total number of cells was significantly higher under hypoxia 

in comparison with normoxia at day 4 for the cells cultured on laminin and Matrigel 

(p<0.05). The total number of cells cultured on Matrigel are significantly higher than laminin 

under both normoxic and hypoxic conditions (p<0.001). Symbol (*) denotes significant 

differences (p<0.05) between normoxic and hypoxic groups. n>9 samples; one representative 

set of experimental data is shown. n>50 hNSCs/sample.   
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 To determine whether the decrease in the total cell number is due to cell death or a 

lack of proliferation, we used EdU pulse-labeling [171] to label the cells in the S-

phase of division.  After 4 d, the EdU+ cells constituted 16±1% and 16±0.9% of 

hNSCs cultured on collagen IV under normoxic and hypoxic conditions, respectively 

(Fig.5.2A). The hNSCs cultured on fibronectin, after 4 d, consisted of 31±1% and 

32±1.1% of EdU+ cells under normoxia and hypoxia, respectively (Fig.5.2A). A 

student’s t-test analysis showed no statistical difference in cell density between 

normoxia and hypoxia for both fibronectin (t(16) = 0.13, p = 0.899) and collagen IV 

substrates (t(16) = 0.37, p = 0.72) after 4 d. In addition, no statistical difference in 

percentage of EdU+ cells with respect to oxygen concentration was found for both 

fibronectin (Student’s t-test, t(16) = 1.28, p = 0.219) and collagen IV (t(16) = 0.6, p = 

0.554). This suggests that oxygen concentration did not influence the proliferation of 

hNSCs cultured on fibronectin and collagen IV.  

The total number of hNSCs cultured on laminin and laminin-rich Matrigel 

substrates increased over time (Fig.5.1). The hNSCs cultured on laminin, after 4 d, 

exhibited ~18% and ~25% increases in number under normoxia and hypoxia, 

respectively. The hNSCs cultured on reduced-growth factor Matrigel represent 

~160% and ~179% increases in number, after 4 d in normoxic and hypoxic 

conditions. A two-way ANOVA analysis indicates significant effects of oxygen (F(1, 

32) = 6.81, p = 0.014) and substrate (F(1, 32) = 145.87, p < 0.001) on hNSC total 

number after 4 d of culture on laminin and Matrigel with no oxygen-substrate 

interaction (F(1, 32) = 0.4, p = 0.532). The EdU proliferation assay for laminin, after 

4 d, determined that 11±1% and 14±1% of cells were EdU+ under normoxia and 
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hypoxia, respectively (Fig.5.2B). For reduced-growth factor Matrigel, 24±1.1% and 

31±0.9% of stem cells under normoxia and hypoxia, respectively, were actively 

proliferating after 4d (Fig.5.2B). Similar to cell density, a two-way ANOVA analysis 

indicates significant effect of oxygen (F(1, 32) = 8.55, p = 0.006) and substrate (F(1, 

32) = 129.76, p < 0.001) on hNSC proliferation with no interaction (F(1, 32) = 0.14, p 

= 0.707). 
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Figure 5.2. The proliferation of hNSCs on fibronectin and collagen IV (A) and laminin 

and Matrigel (B) substrates.The cells cultured on fibronectin and collagen IV did not 

exhibit a significant difference in number of actively proliferating cells (EdU+) between 

normoxia and hypoxia. The cells cultured on laminin and Matrigel had a higher proliferation 

under hypoxia in comparison with normoxia (p < 0.01). The percentage of EdU+ cells was 

significantly higher for the cells cultured on Matrigel compared to laminin under both 
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normoxic and hypoxic conditions. Symbols denote significant differences (*, p < 0.01 and **, 

p < 0.001). A two-way ANOVA analysis indicated significant effects of substrate type and 

oxygen concentration on hNSC proliferation. Bars represent mean ± SD. n>9 independent 

experiments; n>50 NSCs/sample.  

To clarify whether the temporal decrease in cell numbers in collagen IV and 

fibronectin cultures is due to cell death, we performed a TUNEL assay to detect the 

apoptotic hNSCs in culture.[215] After 4 d, in collagen IV cultures, 32±0.6% 

(normoxia) and 33±0.87% (hypoxia) of hNSCs were apoptotic TUNEL+ cells 

(Fig.5.3A). The hNSCs cultured on fibronectin consisted of 19±0.99% and 20±0.64% 

of TUNEL+ cells under normoxia and hypoxia, respectively (Fig.5.3A). The hNSCs 

cultured on laminin-rich substrates (i.e., laminin and reduced-growth factor Matrigel) 

were associated with less apoptosis vs fibronectin and collagen IV substrates. The 

hNSCs cultured on laminin had 8±0.24% (normoxia) and 7±0.95% (hypoxia) apoptotic 

cells (Fig.5.3B). Similarly, in reduced-growth factor Matrigel cultures, 8±0.71% and 

8±0.44% of hNSCs were apoptotic under normoxia and hypoxia, respectively 

(Fig.5.3B). A two-way ANOVA indicates a significant effect of substrate (F(3, 64) = 

1750.30, p < 0.001) on hNSC apoptosis and no effect of oxygen concentration (F(1, 

64) = 1.42, p = 0.238) and oxygen-substrate interaction (F(3, 64) = 2.02, p = 0.121). 

Therefore, we concluded that the relatively lower cell density in collagen IV and 

fibronectin cultures may be due to increased apoptosis vs cells cultured on laminin-rich 

substrates.  
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Figure 5.3. The apoptosis of hNSCs cultured for 4 days on fibronectin and collagen IV 

(A) and on laminin and Matrigel (B) substrates. The cells cultured on collagen IV and 

fibronectin exhibited ~4 fold and ~2.5 fold higher percentages of apoptotic cells (TUNEL+) 

compared to laminin-rich substrates, respectively. A two-way ANOVA analysis indicated a 

significant effect of substrate (p<0.001) on hNSC apoptosis with no significant effect of 

oxygen concentration. Bars represent mean ± SD. n>9 independent experiments; n>50 

NSCs/sample. 
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I previously showed in Chapter 3 that, in the presence of growth factors, 

hNSCs maintain their undifferentiated state and exhibit negligible differentiation. 

Based upon this and the EdU proliferation and TUNEL apoptosis results, the hypoxic 

culture on Matrigel supports the expansion of undifferentiated hNSCs in vitro.  

Discussion 

Our results demonstrate a synergistic effect of laminin-rich substrates (i.e., 

reduced-growth factor Matrigel) and oxygen concentration on the expansion of 

hNSCs. These results are consistent with published works [123, 133, 216] showing 

that laminin-rich substrates promote the proliferation of mouse and human NSCs. We 

observed that the stem cells exhibit a temporal increase in density when cultured on 

laminin and laminin-rich Matrigel substrates (Fig.5.1). However, the numbers of 

hNSCs cultured on fibronectin and collagen IV decreased over time (Fig.5.1). To 

start to understand this distinction, we considered the three possible scenarios for the 

fate of a population of hNSCs: self-renewal, differentiation, or death [3]. The 

immunofluorescence analysis using stemness markers (i.e., nestin and SOX-2) 

showed that the majority (>95%) of cells in culture maintained their stemness and did 

not differentiate into neural or glial progenies (Chapter 3). In the absence of 

differentiation, the total cell number in culture is regulated via two cellular behaviors 

(i.e., proliferation and death). The EdU assay confirmed that hNSC proliferate 

regardless of substrate type and oxygen concentration (Fig.5.2A, B).  Therefore, the 

relative differences in total cell numbers under different conditions could be 

explained by differing extents of cell death.  
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We thus investigated hNSC apoptosis when cultured under all conditions by 

performing the TUNEL apoptosis assay (Fig.5.3A, B). Our results indicate that the 

substrate composition had a significant effect (p<0.001) on the survival of hNSCs 

with no significant difference between normoxia and hypoxia (p = 0.238). 

Percentages of apoptotic (TUNEL+) cells were greatest for collagen IV (~32%) and 

fibronectin (20%, Fig.5.3A) whereas in laminin and Matrigel cultures the percentages 

of apoptotic cells were lower (~8%, Fig.5.3B). Therefore, the higher percentage of 

apoptotic cells in collagen IV and fibronectin cultures may explain the lower density 

of hNSCs on these two substrates.  

The binding of cells to ECM is mediated via cell-surface receptors such as 

integrins [129]. The hNSCs express high levels of α6β1 integrin [217], which binds to 

laminin. However, hNSCs express only low levels of fibronectin-binding receptors 

(α5β1 and αVβ1) and collagen IV receptors (α1β1 and α2β1) [128, 151, 217]. For 

instance, it has been shown that ≤2% of hNSCs express α1 and α2 integrin subunits 

[123] which are required for adhesion to collagen I and collagen IV. For a variety of 

cells, proper integrin-mediated binding to ECM plays a crucial role in cell survival 

[218, 219]. Thus, the lower survival of hNSCs cultured on fibronectin and collagen 

IV may be due to low expression of appropriate integrin receptors and consequently 

insufficient cell-ECM adhesion.  

The hNSCs cultured for 4 d on Matrigel had a ~2 fold greater increase in total 

cell numbers in comparison with the cells cultured on laminin regardless of oxygen 

concentration (Fig.5.1). The number of actively proliferating cells, as determined by 

an EdU assay, is also ~2 fold higher on Matrigel versus laminin at 4 d regardless of 
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oxygen concentration (Fig.5.2B). Matrigel is a secreted ECM extracted from 

Engelbreth-Holm-Swarm mouse tumor and is a complex mixture of laminin, collagen 

IV, entactin, and heparin sulfate proteoglycans [220]. Since laminin is one of many 

constituents of Matrigel, the concentration of laminin in Matrigel-coated substrates is 

expected to be lower than on laminin-coated substrates.  Therefore, other components 

of Matrigel are likely responsible for the enhanced cell numbers vs laminin alone. 

Growth factor signaling in synergy with β1 integrin signaling play a regulatory role in 

hNSC maintenance [221]. Therefore, the enhanced proliferation of hNSCs on 

Matrigel may be due to the presence of heparin sulfate proteoglycans, which stabilize 

heparin-binding growth factors such as FGF, providing protection from degradation 

[222-224], and allowing upregulation of growth factor signaling processes involved 

in adhesion and survival.  

For the hNSCs cultured on laminin and Matrigel, hypoxic conditions are 

associated with significant increases both the stem cell density (Fig.5.1) and the 

percentage of actively proliferating (EdU+) cells over time (Fig.5.2B). However, for 

hNSCs cultured on fibronectin and collagen IV, the lowered oxygen concentration 

does not affect hNSC density and proliferation (Fig.5.1 and Fig.5.2A). Thus in 

summary, we report that the synergistic effect of the laminin-rich substrate (i.e. 

Matrigel) and lowered oxygen concentration increases the rate of hNSC in vitro 

expansion.  Manipulation of oxygen concentration in culture provides a scalable and a 

xeno-free alternative to enhance in vitro hNSC growth. We acknowledge that 

Matrigel and laminin are both animal-derived and hence xenogeneic. However, this 

result may inform the development of new xeno-free biomaterial substrates with the 
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capability of binding to α6β1 integrins, stabilizing growth factors, and maintaining 

high levels of proliferation. 
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Chapter 6: Conclusions and Future Directions 
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The progressive neural and glial cell degeneration in neurodegenerative 

disorders cause debilitating difficulties in movement (ataxia) and mental functioning 

(dementia) of the patients. To date, there is no disease modifying therapy with the 

capability of halting the disease progression and regenerating the damaged neural 

tissue. Transplantation of neural stem cells (NSCs) with tissue-specific differentiation 

capacity provides a promising therapeutic modality for the treatment of these 

diseases. A proof of principle for the effectiveness of cell-replacement therapy was 

obtained from the transplantation of human NSCs in patients with Parkinson’s 

disease. However, the variability in functional outcome, poor cell survival, and the 

limited availability of NSCs are among the major challenges that need to be resolved 

to achieve effective and efficient therapies.  

The current dissertation assumes that the key to enhance the functional 

efficacy of NSC grafts relies on the improvement of the in vitro culture methods 

utilized for generation of NSCs transplants. A prerequisite for designing modified 

culture methods is to investigate how the essential components and interactions of the 

in vivo microenvironment influence the NSC fate. Therefore, herein, the effects of 

culture dimensionality, reduced oxygen concentration (hypoxia), growth factors as 

well as the interactions between cells and the extracellular matrix (ECM) on the 

survival, growth, and differentiation behavior of human NSCs have been examined. 

Overall, this dissertation, provides a foundation for designing improved strategies for 

in vitro characterization, expansion, and differentiation of human NSCs. 
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Characterizing the Effect of Culture Dimensionality, Oxygen Concentration, and 

Growth Factors on Human Neural Stem Cell Survival, Proliferation, and 

Differentiation 

NSCs, in vivo, reside within a local niche that regulates stem cell maintenance 

in a three dimensional (3D) microenvironment under hypoxic oxygen concentrations 

and in the presence of soluble factors. However, in vitro, NSCs have been 

traditionally studied on two dimensional (2D) surfaces under normoxia. This 

discrepancy between the in vivo scenario and the conventional in vitro 2D normoxic 

cultures may be an underlying reason for the heterogeneous outcomes observed in 

clinical trials. Therefore, the first project in the current dissertation was inspired by 

the need to characterize the regulatory effects of culture dimensionality, oxygen 

concentration, and growth factors on the survival, proliferation, and differentiation 

behavior of NSCs. The results of this characterization will aid in delineating the 

individual and synergistic effects of these important culture parameters on human 

NSC behavior and will further our ability in generating cellular transplants with well-

defined compositions.  

Contributions of the current dissertation  

In Chapter 3, I demonstrated a synergy between hypoxia and three 

dimensionality of the culture that positively regulates the proliferation and 

differentiation behavior of human NSCs. I cultured human NSCs in the presence and 

absence of growth factors, under both normoxic and hypoxic conditions, as well as in 

2D and 3D cultures. In the presence of growth factors, regardless of hypoxia and 
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dimensionality, the cellular composition of the cultures consisted of viable 

undifferentiated NSCs. However, hypoxia and dimensionality individually and 

synergistically enhanced the proliferation of the cells resulting in NSC expansion in 

number. The largest population of NSCs was detected in 3D hypoxic cultures, 

indicating a positive synergistic regulatory effect of dimensionality-hypoxia on the 

cell growth. The synergistic cooperation of culture dimensionality and hypoxia, in the 

absence of growth factors, yielded the most number of differentiated progenies.  

Thus, I report that the niche-derived environmental cues play an important role in 

regulating human NSC temporal output and that the 3D hypoxic cultures may provide 

a more physiologically relevant in vitro culture method for human NSCs.  

Future Directions 

 Performing growth factor dose-dependent studies under both hypoxia and 

normoxia and in 2D and 3D cultures to discover the optimum growth factor 

concentration that in synergy with hypoxia and dimensionality provides the 

maximum number of viable undifferentiated cells. 

 Investigating the signaling pathways that may be responsible for less restricted 

proliferation of NSCs under hypoxia. Measuring the expression of hypoxia-

inducible factor-1α (HIF-1α) as well as FGFR-1 and EGFR growth factor 

receptor expression under both normoxic and hypoxic conditions and 

examining their possible synergy with notch signaling pathway can be a 

viable starting point for this project. 
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 Measuring the expression of cyclin D1 protein in 2D and 3D cultures to 

determine whether the overexpression of cyclin D1 protein plays a role in 

shorter NSC cycle lengths in 3D cultures. 

In Vitro Hypoxic Preconditioning for the Enhancement of Human Neural Stem 

Cell Survival and Differentiation 

A major challenge limiting the effectiveness of NSC-mediated therapy is the 

low survival of the transplanted cells which can be as low as 10% of the total cell 

number. The extensive NSC death after implantation results in limited generation of 

terminally differentiated neurons and glia and overall reduces the efficacy of the 

therapy. Therefore, the second project (Chapter 4) in the current dissertation was 

inspired by the need for the development of novel strategies that can enhance the 

survival and differentiation of NSCs after transplantation. Even though the pro-

survival strategies based upon permanent gene alteration have shown to enhance the 

survival of the engrafted NSCs, these methods may have an increased risk of 

tumorigenicity. On the other hand, in vitro hypoxic preconditioning (HP) of 

mesenchymal and embryonic stem cells prior to transplantation has resulted in 

enhanced survival and regenerative capacity of the stem cells after implantation. HP 

provides a simpler and safer non-genetic pro-survival strategy. However, to this date, 

the effect of HP on the survival and differentiation behavior of human NSCs is not 

well understood. Therefore, I sought to investigate whether an in vitro hypoxic 

culture could provide a permissive environment for enhanced survival and 

differentiation of human NSCs.   
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Contributions of the current dissertation  

In Chapter 4, I demonstrated that short-term HP enhances the survival of human 

NSCs and long-term HP promotes the differentiation of human NSCs towards neural 

progenies without reducing their survival. Human NSC differentiation into neurons 

and glia, in vivo, lasts as long as 70 d.  Based upon this initial understanding from the 

in vivo situation, I defined four culture periods in my experimental design: 4 and 10 d 

(short-term HP) and 30 and 60 d (long-term HP). I, first, sought to assess whether 

short-term HP influences the NSC survival and, then, extended the culture periods to 

30 and 60 d to assess both the long-term survival and the extent of differentiation into 

neurons and glia. The short-term HP preconditioning yielded more number of NSCs 

over the course of 10 d due to higher proliferation of the cells and no difference in 

cell viability. After 30 and 60 d, even though there was no difference in cell number 

and viability between hypoxic vs normoxic cultures, long-term HP promoted the 

differentiation of NSCs towards neural progenies. These results introduce HP as a 

promising method for enhancing human NSC survival and differentiation.  

Future Directions 

 Investigating the long-term (30 and 60 d) differentiation potential of human 

NSCs cultured within 3D hydrogels.  

 Measuring the expression of vascular endothelial growth factor (VEGF) and 

erythropoietin (EPO) in both normoxic and hypoxic long-term differentiation 

cultures. This may be a viable starting point to explain the enhanced 

generation of neural progenies under hypoxia.   
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Synergistic Effect of Hypoxia and Laminin-rich Substrates on the Enhancement 

of Human Neural Stem Cell Growth    

The number of stem cells required for clinical therapies falls in the range of a 

few tens of millions to a few billion per patient. The production of such quantities of 

stem cells in a cost-effective and scalable manner is a prerequisite for exploiting the 

therapeutic potential of stem cells. Currently, the in vitro expansion of NSCs is 

accomplished by utilizing proliferative factors which are costly and, hence, have a 

limited ability for scalability. In the NSC niche, the oxygen concentration and the 

interactions between cells and the ECM are the two important regulators of NSC 

proliferation. Yet, the synergistic relationship between hypoxia and the ECM 

composition on human NSC proliferation is not well understood. Compared to growth 

factors, oxygen is more easily scalable and widely available. Therefore, manipulation 

of oxygen concentration in NSC cultures provides a powerful strategy for in vitro 

expansion of these cells. Therefore, the third project in this dissertation (Chapter 5) 

was inspired by the need for the development of cost-effective methods for rapid and 

scalable in vitro production of human NSCs. 

Contributions of the current dissertation  

In Chapter 5, I analyzed the growth of human NSCs on six different 

substrates (collagen I, poly-L-ornithine, fibronectin, collagen IV, laminin, and 

Matrigel) under normoxia and hypoxia. The cells, regardless of oxygen concentration, 

did not adhere to collagen I and poly-L-ornithine and the cells cultured on collagen 
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IV and fibronectin decreased in number over time due to insufficient cell-ECM 

binding and apoptosis. The NSCs that had been cultured on Matrigel and laminin 

exhibited a temporal increase in cell density which indicates the individual positive 

effect of laminin-rich substrates on human NSC growth. The hypoxic Matrigel 

cultures had the highest cell density and number of actively proliferating cells 

followed by normoxic Matrigel, hypoxic laminin, and normoxic laminin cultures. 

This suggests an individual positive effect of oxygen concentration and a synergistic 

effect of substrate-oxygen on human NSC growth. Thus, I report that laminin rich 

substrates as well as hypoxia positively regulate the proliferation of human NSCs and 

the synergistic effect of Matrigel-hypoxia yields the highest growth. 

Future Directions 

 Comparing and contrasting the expansion of human NSCs derived from other 

sources such as adult brain and induced pluripotent stem cells (iPSCs) 

cultured on Matrigel under normoxia and hypoxia to test whether the 

Matrigel-hypoxia synergy provides a generalizable cell expansion strategy. 
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Culture and Immunofluorescence Staining of Human Neural Stem Cells in Two 

Dimensional Platforms and Three Dimensional Hydrogels  

The human neural stem cell (NSC) model utilized in this dissertation 

(RenCell-CX, Millipore, SCC007) is a commercially available immortalized cell line 

derived from 14-week gestation human fetal cerebral cortex. In this chapter, I provide 

methods for two dimensional (2D) and three dimensional (3D) culture of these cells 

as well as the protocols for immunofluorescence staining and assessing viability of 

these cells.  

Reagents and Supplies Required for 2D Culture, Passaging, and Freezing of NSCs 

1. 1 × 106 vial of viable RenCell-CX cells (Millipore, SCC007) 

a) Note: Many thanks to Dr. Elizabeth M. Powell for generously 

providing the NSCs for the experiments performed in the current 

dissertation. 

2. DMEM/F12 culture medium without HEPES and with L-Glutamine 

(Millipore, DF-042-B) 

3. 50x B27 supplement (ThermoFisher, 17504044) 

4.  Heparin sodium salt (Sigma Aldrich, H3149) 

5. Fibroblasts growth factor-2 (FGF-2, Millipore, GF003) 

6. Epidermal Growth Factor (EGF, Millipore, GF001) 

7. AccutaseTM (Millipore, SCR005) 

8. Laminin mouse protein (ThermoFisher, 23017015) 

9. Gentamicin (ThermoFisher, 15750060) 
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10. Phosphate-buffered saline (PBS), sterile  

11. Fetal Bovine Serum (ThermoFisher, 10437-028) 

b) Note: This serum in only used for freezing the cells. 

12. Dimethyl sulfoxide (DMSO) 

c) Note: DMSO is only used for freezing the cells. 

13. Sterile water 

14. Tissue culture-ware 

Methods 

Preparation of coated flasks 

1. After receiving the frozen vial of the cells, immediately store the vial in a 

liquid nitrogen tank. 

a) Note: Please keep in mind that RenCell-CX is a very sensitive cell line 

and it is absolutely necessary to store the cells in a liquid nitrogen tank and 

not the -80 C freezer.  

2. Thaw the laminin at a 4 C fridge. 

b) Note 1: The concentration of laminin varies from batch to batch (1 to 1.2 

mg/ml). Please note the concentration listed in the product catalog in your 

lab notebook. 

Note 2: Please avoid performing repeated freeze-thaw cycles of laminin. 

Definitely make aliquots of laminin in autoclaved Eppendorf tubes. 
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3.  Dilute laminin in DMEM/F12 to the final concentration of 20 µg/ml and add 

the diluted solution to cover the entire surface of a T-75 tissue culture-ware (5 

ml of the solution is enough for a T-75 culture flask). 

4. Incubate the tissue culture-ware in a 37 C, 5% CO2 regular incubator for at 

least 4 h. 

5. Before plating cells in the coated tissue culture-ware, aspirate the laminin 

solution and rinse the flask once with 1x PBS.   

Preparation of the NSC medium 

1. Add 5 ml of DMEM/F12 to the heparin sodium salt container and pipette up 

and down multiple times to ascertain a well-mixed solution 

2. Filter-sterilize the heparin solution by using a syringe filter and subsequently 

add 2.5 ml of the heparin solution to a 500 ml bottle of DMEM/F12 

3. Add the 50x B27 supplement to a 500 bottle of DMEM/F12 

4. Add sterile water to the vials of FGF-2 and EGF and prepare multiple growth 

factor aliquots with a final concentration of 0.5 µg/µl 

a) Note: Store the aliquots in a -20 C freezer and do not add them to the 

medium at this point. The EGF and FGF-2 should be freshly added to the 

medium when the cell culture is being performed. 

Thawing the vial of NSCs (RenCells) 

1. Before thawing the cells, please ascertain that the laminin coated T75 tissue 

culture-ware and the culture medium is ready. 
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2. Make an aliquot of the culture medium and warm it in a 37 C water bath and 

then add gentamicin to the pre-warmed culture medium (containing heparin 

and B-27) at a final concentration of 30 µg/ml. 

3. Remove the RenCell vial from the liquid nitrogen tank and thaw the vial of 

the cells immediately in a 37 C water bath. Please carefully monitor the vial 

and make sure that the vial is entirely thawed and as soon as the vial is thawed 

proceed to the next step. Please keep in mind that acquiring the maximum 

viability is a function of complete and rapid thawing. 

4. Immediately transfer the cell suspension into a 15 ml centrifuge Conical tube 

and avoid introducing any bubbles during the transfer process. 

5. Very slowly (dropwise) add 9 ml of the pre-warmed cell culture medium to 

the 15 ml tube and avoid creating any bubbles. 

6. Very gently mix the cell suspension by slow pipetting up and down. 

7. Centrifuge the tube at 300 × g for 5 minutes to pellet the cells. 

8. In the meantime, prepare the complete growth medium by adding FGF-2 and 

EGF at a final concentration of 20 ng/ml to the culture medium.  

a) Note: FGF-2 and EGF should always be added fresh to the culture 

medium. 

9. Discard the supernatant. 

10. Gently, resuspend the cells in 5 ml of the complete growth medium by 

pipetting up and down. 
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11. Plate the cell suspension onto a laminin coated T-75 tissue culture-ware and 

add an extra 5 ml of the complete growth medium to the flask and place the 

flask in a regular incubator for 24 h. 

12. Replace the medium with a fresh complete growth medium the next day. 

Passaging the NSCs 

1. At least, 4 h before passaging, prepare a freshly laminin coated tissue culture-

ware (a T-75 or a T-25 flask and a 96- or 48- or a 24-well tissue culture plate 

if you are initiating an experiment).  

2. Aspirate the old complete growth medium in the T-75 flask and gently rinse 

the flask with 1x PBS. 

3. Add 5 ml of AccutaseTM to the flask and place the flask in a regular incubator 

for 5 min. 

4. Add 10 ml of pre-warmed complete growth medium to the flask and gently 

pipette up and down twice to make sure the cells are detached. 

5. Transfer the cell suspension into a 15 ml centrifuge Conical tube. 

6. Centrifuge the tube at 300 × g for 5 minutes to pellet the cells. 

7. Discard the supernatant. 

8. Resuspned the cells in 5 ml of complete growth medium.  

9. Count the number of cells by using hemocytometer. 

10. Plate the cells into a pre-warmed freshly laminin coated tissue culture-ware at 

a density of 7 × 10 3 cell/cm2 
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a) Note: At this point, if you are trying to initiate an experiment, you can 

culture the cells in laminin coated 96- or 48- or 24-well tissue culture 

plates at a desired cell density (depending upon the experiment). 

b) Always make sure that you have enough cells for starting an experiment as 

well as maintaining a population of NSCs for future experiments. Do not 

use all your cells for one experiment. In this case, you will not have any 

cells for the future experiments and will have to thaw a new vial.  

c) If your experiments require continuous growth of NSCs you need to make 

sure that the culture medium is supplemented with FGF-2 and EGF (the 

complete growth medium). 

d) If you are intending to study the differentiation of RenCells, allow the 

cells to attach to the 96- or 48- or 24-well tissue culture plates in the 

complete growth medium for 3 h after plating and then replace the 

complete growth medium with a culture medium that does not contain 

FGF-2 and EGF 

Freezing the NSCs 

1) Ascertain that you have cryovial tubes available. 

2) Prepare two 15 ml Styrofoam tube trays. You will need to sandwich the 

cryovials between these Styrofoam trays at step 8. The Styrofoam trays will 

allow the cells to freeze over time (ideally -1 C/min) and not abruptly. This 

will result in enhanced viability of the cells.   

3) Follow the passaging protocol up to step 7. 
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4) Resuspend the cells in a complete growth medium containing 20% FBS (v/v). 

5) Count the number of cells.  

a) Note: The optimum density for freezing is 1-5 ×106 cell/ml in the 

cryovials.  

6) Add 10% DMSO to the cell suspension and very gently pipette the suspension 

up and down three times to ensure a homogeneous mixture.  

7) Immediately, transfer the cell suspension that contains DMSO to the 

cryovials. 

8) Immediately, sandwich the vials between the Styrofoam trays and 

immediately transfer the trays to a -80 C freezer. 

Note: Please keep in mind that the time between adding DMSO and the time 

to transfer the vials to the -80 C freezer should be minimized (this is very 

important). 

9) After 24 h, transfer the vials to a liquid nitrogen tank. This step is absolutely 

necessary.  

Note: Do not freezer the cells in a –20 C freezer, it is too warm!!! 

Reagents and Supplies Required for 3D Encapsulation of NSCs in 3D Collagen 

Hydrogels 

1. Collagen stock solution: Collagen, type I from rat tail, concentration range 3-4 

mg/ml in 0.02 N acetic acid, (Corning, 354236), sterile, store at 4°C 

2. Dulbecco’s modified Eagle’s medium (10x DMEM, Sigma Aldrich, D2429), 

sterile, store at 4 C 
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3. 7.5% (w/v) sodium bicarbonate solution, sterile filtered, suitable for cell 

culture (Sigma Aldrich, S8761) 

4. Laminin mouse protein (ThermoFisher, 23017015) 

5. Phosphate-buffered saline (PBS), sterile  

6. Sterile water  

7. Coverslips, 12-mm diameter, glass 

8. 24-well tissue culture plates, sterile 

Methods 

1. Please ascertain that you have autoclaved and appropriately sealed in-box 

Eppendorf tubes. Keep the box in a 4 C fridge. 

2. Make sure that you have aliquots of laminin, FGF-2, and EGF. 

3. Follow the passaging protocol up to step 9 and write down the number of 

available cells in your lab notebook. 

4. Determine the final volume of your solution and the desired final 

concentration of collagen in the solution: 

 

Volume of collagen = 
𝐹𝑖𝑛𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 × 𝐹𝑖𝑛𝑎𝑙 𝑐𝑜𝑙𝑙𝑎𝑔𝑒𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (

𝑚𝑔

𝑚𝑙
)  

𝑆𝑡𝑜𝑐𝑘 𝑐𝑜𝑙𝑙𝑎𝑔𝑒𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (
𝑚𝑔

𝑚𝑙
)

 

 

For example, if you would like to make 30 gels (25 µl each in volume) then 

the final volume of your solution will be 750 µl. The final concentration of 

collagen varies depending upon the experiment and the stock concentration of 

collagen varies from batch to batch and it is labeled on the collagen container 
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procured from Corning. However, here, we assume the final concentration of 

collagen is 2 mg/ml and the stock concentration is 4 mg/ml. Therefore, the 

volume of collagen you need is: 

Volume of collagen = 
750 × 2 (

𝑚𝑔

𝑚𝑙
)

4 (
𝑚𝑔

𝑚𝑙
)

 = 375 µl 

5. In the laminar flow hood: 

a) Add the following volume of 10x DMEM and sodium bicarbonate 

solution to a cold empty tube: 

 

Volume of 10x DMEM = 
𝐹𝑖𝑛𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒

10
=  

750

10
= 75 µl 

Volume of sodium bicarbonate = 
𝐹𝑖𝑛𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒

10
=  

750

10
= 75 µl 

 

b) Calculate the volume of laminin, FGF-2, and EGF based upon the final 

concentration that you need. The final concentration of laminin, FGF-2, 

and EGF varies depending upon the experiment. Here, we assume the final 

concentration of laminin that we need is 20 µg/ ml and the final 

concentration of FGF-2 and EGF is 20 ng/ml. If the stock concentration of 

laminin is 1 (mg/ml) and the stock concentration of FGF-2 and EGF is 

0.01 (mg/ml) then: 

 

Volume of laminin = 15 µl 

Volume of FGF-2 and EGF = 1.5 µl 
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c) Add to the 10x DMEM and bicarbonate solution the following volume of 

sterile water:    

 

Volume of water = Final volume – final volume of collagen – volume of 10X 

DMEM – volume of sodium bicarbonate – volume of laminin - volume of 

FGF-2 - volume of EGF - volume of cell suspension (volume of cells is also 

equal to final volume divided by 10 or 75 µl in this case) 

 

Volume of water = 750 – 375 – 75 – 75 – 15 – 1.5 – 1.5 – 75 = 132 µl 

 

d) Add calculated volume of collagen.  

e) Add cold sodium bicarbonate in 10 μl increments followed by mixing 

until the solution turns purple, indicating pH~8. 

Note: It will be extremely helpful if you use PH papers before starting any 

experiments involving cells to exclusively observe the correlation between 

the color of the solution and the corresponding PH. 

f) Add the calculated amount of laminin, FGF-2, and EGF. 

g) Add the calculated amount of cell suspension. 

h) By using a micropipette, pipette up and down a few time to ensure a 

homogeneous mixture. 

i) Pipette 25 µL of the collagen/cell solution onto an untreated sterile 

coverslip in a 24-well plate. 
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j) Incubate the plate in a 37 C cell culture incubator for 30-40 minutes to 

allow the solution to form a soft solid gel. The sign of proper gelation is 

that gel will start floating in the medium. 

k) Carefully add 500 µL medium to each well. 

l) Incubate the plate in a 37°C cell culture incubator. 

Reagents and Supplies Required for 2D and 3D Viability Analysis and 

Immunofluorescence of Human NSCs 

1. LIVE/DEAD cell viability assay for mammalian cells (ThermoFisher, L3224) 

2. Primary antibodies (Table 6.1) 

3. Secondary Antibodies 

4. Normal goat serum (ThermoFisher, 50062z) 

5. 300 µM 4',6-diamidino-2-phenylindole dihydrochloride (DAPI; Life 

Technologies, D1306) in water. Prepare 1 ml aliquots in Eppendorf tubes and 

store at -80°C. Protect from light using aluminum foil.  

6. 8% buffered formaldehyde in PBS  

7. Fluoromount-G (SouthernBiotech, 010001) 

8. Phosphate-buffered saline (PBS), sterile  

9. Tris-buffered saline (TBS) 

10. Multiwell chamber coverslip, 9 mm, 1 mm depth (ThermoFisher, C24778) 

11. Parafilm 

12. Aluminum foil 
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Table 7. 1. The list of primary antibodies and the corresponding suppliers 

Primary Antibody Supplier Company Catalog Number 

SOX-2 Millipore AB5603 

Nestin Millipore MAB5326 

DCX Millipore MABN707 

TUJ-1 Covance 801201 

MAP-2 Abcam Ab11267 

GFAP Abcam Ab4674 

S100β Abcam Ab52642 

GalC Millipore MAB342 

 

Abbreviations: DCX doublecortin (DCX), microtubule associated protein-2 (MAP-2), glial fibrillary 

acidic factor (GFAP), galactocerebroside (GalC). 

 

Methods 

Viability staining 

 

1. At the end of the culture period, aspirate the medium and add the cell-

permeant fluorescent green calcein AM dye at the concentration of 2 µM and 

the red nucleus stain ethidium homodimer-1 at the concentration of 4 µM to 

each well. Incubate 2D cultures for 30 minutes and 3D cultures for 45-60 

minutes. 
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Note: The optimal concentration of calcein AM and ethidium homodimer-1 

may vary depending upon the cell type. For both dyes, select concentrations 

that do not cause significant fluorescence in the cell cytoplasm.  

2. For 2D cultures, aspirate the calcein AM-ethidium homodimer-1 solution after 

30 minutes and add a sufficient amount of PBS to create a very thin film of 

liquid at the bottom of the well. This is necessary in order to prevent the cells 

from drying. Do not add to much PBS because that may create background 

noise when you are performing fluorescence microscopy.  

Note: For viability staining, it is absolutely necessary to perform the 

fluorescence microscopy immediately after adding PBS. 

3. For 3D cultures, aspirate the calcein AM-ethidium homodimer-1 solution after 

45-60 minutes and wash the gels once in PBS for 10 min.  

4. Immediately mount the gels. For mounting, add one drop of mounting 

medium per well of the multiwell chamber coverslip. Very carefully, place the 

coverslip and gel on the drop of mounting medium. Be careful not to 

introduce any bubbles and not to fold the gel.  

5. Perform fluorescence microscopy.  

6. Count the number of live (calcein AM+, green) and dead (ethidium 

homodimer-1+, red) cells in 3 to 5 in 3 samples in each of 3 replicates (total n 

≥ 18) and calculate the percentage of viability utilizing the following formula: 

 

% Viability = 
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠 (𝑔𝑟𝑒𝑒𝑛)

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠 (𝑔𝑟𝑒𝑒𝑛)+𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑒𝑎𝑑 𝑐𝑒𝑙𝑙𝑠 (𝑟𝑒𝑑)
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Figure 7.1. Viability staining sample images of 2D and 3D cultures. Human NSCs were 

cultured on 2D 96-well tissue culture plates (A) and within 3D collagen-laminin hydrogels 

(B) for 10 d in the presence of growth factors and were then stained with LIVE/DEAD 

viability assay and imaged using fluorescence microscopy.  

2D Immunofluorescence 

1. At the end of the culture period, add 100 µl of 8% formaldehyde to 100 µl 

of the culture medium. Therefore, the final concentration of formaldehyde 

will be 4% in each well. Allow to react at room temperature for 10 

minutes.  

Note: The volumes mentioned here in the immunofluorescence section are 

for 2D cultures in a 96-well tissue culture plates.  

2. Aspirate the formaldehyde-medium solution and add 100 µl of ice cold 

PBS buffer to each well and leave it in the well for 10 min. Perform two 

more washes with ice cold PBS (duration of each wash: 10 min). At this 

point, you can either initiate the staining process or add 100 µl of ice cold 

PBS to each well and wrap the tissue-culture ware with Parafilm and store 

the plate at a 4 C fridge for up to several weeks.  

A B 
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3. Wash the samples with PBS two times for 10 min each, then one time in 

0.1% Triton X-100 in PBS for 10 min, then 3 times in PBS for 10 min 

each. 

Note: Early in your experiments, you can try and see whether PBS or TBS 

provides better results during the washing steps.  

4. To block non-specific binding, add 100 µl of 10% goat serum to each well 

and incubate the serum for 30 min. 

5. Add the desired primary antibodies diluted in 10% goat serum to each 

well. To save more antibody, you can add 50 µl of the antibody-serum 

solution to each well. See Table 6.1 for the recommended antibodies. 

Incubate the plate overnight at a 4 C fridge.  

Note: For finding the appropriate dilution factors, search for the scientific 

papers that studied the similar cell line(s). This will help significantly with 

discovering the appropriate range of dilutions for each antibody. 

6. Wash the samples with PBS two times for 10 min each, then one time in 

0.1% Triton X-100 in PBS for 10 min, then 3 times in PBS for 10 min 

each. 

7. Add 50 µl of fluorescently-tagged secondary antibody diluted in 10% goat 

serum and incubate for 2 h at 4 C. 

8. Wash the samples with PBS two times for 10 min each, then one time in 

0.1% Triton X-100 in PBS for 10 min, then 3 times in PBS for 10 min 

each. 
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9. To stain nuclei, prepare a solution of DAPI at 300 nM in water or PBS, 

which is a 1:1000 dilution of the 300 µM DAPI stock aliquots. Add 100 

µL of 300 nM DAPI to each well and allow to react at room temperature 

for 10 minutes. 

10. Wash the samples with PBS two times for 10 min each. 

11. Wrap aluminum foil around the plates to prevent light exposure (keep in 

mind that the secondary antibodies are light sensitive) and store the plates 

in a 4 C fridge.  

12. Perform fluorescence microscopy.
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Figure 7.2. Immunofluorescence staining sample images. Human NSCs were cultured on 

2D 96-well tissue culture plates and stained with SOX-2 (A), DCX (B), TUJ-1 (C), MAP-2 

(D), GFAP (E), and S100β (F). Scale bar 50 µm. 

3D Immunofluorescence 

A B 

C D 

E F 
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1. At the end of the culture period, add 500 µl of 8% formaldehyde to 500 µl 

of the culture medium. Therefore, the final concentration of formaldehyde 

will be 4% in each well. Allow to react at room temperature for 30 

minutes.  

2. Aspirate the formaldehyde-medium solution and add 500 µl of ice cold 

PBS buffer to each well and leave it in the well for 10 min. Perform two 

more washes with ice cold PBS (duration of each wash: 10 min). At this 

point, you can either initiate the staining process or add 500 µl of ice cold 

PBS to each well and wrap the tissue-culture ware with Parafilm and store 

the plate at a 4 C fridge for up to several weeks.  

3. Wash the samples with PBS for 25 min, then two times in 0.1% Triton X-

100 in PBS for 25 min each, then two times in PBS for 20 min each. 

4. To block non-specific binding, add 300 µl of 10% goat serum to each well 

and incubate the serum for 2 h. 

5. Add the desired primary antibodies diluted in 10% goat serum to each well 

(300 µl per well). See Table 6.1 for the recommended antibodies. 

Incubate the plate overnight at a 4 C fridge.  

6. Wash the samples two times with PBS for 25 min each, then two times in 

0.1% Triton X-100 in PBS for 25 min each, then two times in PBS for 20 

min each. 

7. Add 300 µl of fluorescently-tagged secondary antibody diluted in 10% 

goat serum and incubate at 4 C overnight. 
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8. Wash the samples two times with PBS for 25 min each, then two times in 

0.1% Triton X-100 in PBS for 25 min each, then two times in PBS for 20 

min each. 

9. To stain nuclei, prepare a solution of DAPI at 300 nM in water or PBS, 

which is a 1:1000 dilution of the 300 µM DAPI stock aliquots. Add 300 

µL of 300 nM DAPI to each well and allow to react at room temperature 

for 30 minutes. 

10. Wash for 30 minutes at room temperature in PBS. The gels may be 

mounted immediately or add 500 µL PBS to each well and store at 4ºC, 

wrapped in foil for up to several weeks. 

11. For mounting the gels, add one drop of mounting medium per well of the 

multiwell chamber coverslip. Very carefully, place the coverslip and gel 

on the drop of mounting medium. Be careful not to introduce any bubbles 

and not to fold the gel.  

12. Perform fluorescence microscopy.  
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