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ABSTRACT 

 Neural Stem and Progenitor Cells (NSPCs) from the adult subventricular zone 

hold therapeutic potential for a variety of neurological diseases due to their capabilities of 

self-renewal and potential for differentiation into the cell types of the brain. The potential 

for autologous cell replacement using NSPCs in cases of neurological injury or disease 

alleviates many of the ethical and practical issues that are a concern of other stem cell 

varieties. However, an understanding of many of the basic mechanisms that influence 

NSPC behaviour under normal physiological conditions is still required to develop 

appropriate strategies for NSPC expansion in vitro or for endogenous recruitment. 

Typically studies of NSPCs are conducted under conditions of atmospheric O2 levels, 

when in reality NSPCs reside in a niche that is subject to much lower concentrations of 

O2. As such, most studies concerning NSPCs may be limited in terms of their 

physiological relevance, and culture at lower levels of O2 may better approximate the 

conditions NSPCs experience in situ within their neurological niche. With this in mind, 

adult mouse (Mus musculus) NSPCs were cultured in both physiologically relevant levels 

of O2 (5%) and atmospheric conditions (21% O2) and then subsequently harvested for 

quantitative proteomic analysis using a data-independent acquisition (DIA) mass 

spectrometry (MS)-based approach. While cell count experiments suggested there was a 

difference in cellular activity between NSPCs in each treatment, there were no 

statistically significant changes in individual protein levels between O2 treatment groups 

following MS analysis, likely due to high variation among samples. However, MS-

analysis still resulted in the identification of 878 unique proteins across treatment groups 

with quantitative protein expression values. To the best of our knowledge, this is the first 
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quantitative accounting of the proteome of adult NSPCs from mice using DIA-MS-based 

techniques, which has resulted in a data set that can be compared to future studies of 

NSPCs. Additionally, this paper provides a framework for future studies by 

implementing coarse-grain functional categorization of proteins in order to reduce a large 

proteomic data set into a partitioning scheme that may be more amenable to deriving 

biologically meaningful conclusions.  
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1. INTRODUCTION 

1.1 Neurogenesis in the Adult CNS 

1.1.1 Discovery of Adult Mammalian Neurogenesis 

The central nervous system (CNS) consists of the brain and spinal cord, within 

which there are two primary cell types: neurons and glial cells. Neurons transmit 

information from one cell to another via neurotransmitters and electrical signals, while 

glial cells generally play supportive roles. Microglia, a small type of specialized 

macrophage, provide immune defense to the CNS by destroying pathogens and removing 

material such as cellular debris. Macroglia, a second class of glial cells, generally act to 

regulate the internal environment of the CNS and provide physical support to neurons. 

Astrocytes, the most abundant type of macroglia, aid in the delivery of nutrients to 

neurons and play a role in neurotransmitter recycling. Oligodendrocytes, another type of 

macroglia, produce the myelin sheath that surrounds and insulates neuronal axons, which 

is essential for rapid signal transmission. 

 Until more recently, it was generally held that once CNS development was 

complete, the adult brain was incapable of generating and integrating new neural cells. 

Although Altman and Das (1965) suggested the existence of neurons of post-natal origin 

in rats, skepticism over adult mammalian neurogenesis remained for many years 

following. It wasn’t until key findings in the 1990s, such as the isolation and subsequent 

proliferation in culture of stem cells from the adult mouse brain and labeling studies 

demonstrating the proliferative capacity of neural progenitor cells in the adult rat brain, 

that lead to the acceptance of adult neurogenesis in mammals (Reynolds and Weiss, 

1992; Richards et al., 1992; Kuhn et al., 1996). After these initial discoveries of adult 
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mammalian neurogenesis in rodents and subsequently non-human primates (Gould et al., 

1998), the generation of new neurons in the adult human brain was demonstrated by 

Eriksson et al. (1998). Further support comes from research using measurements of Cold 

War nuclear bomb test-derived 14C incorporated into genomic DNA that has allowed 

researchers to determine quantitative information on the dynamics of cell turnover and 

neurogenesis in humans (Bhardwaj et al., 2006; Bergmann et al., 2012; Spalding et al., 

2013).  

1.1.2 Neurogenic Niches in the Adult CNS 

 Neural stem cells (NSCs) are defined in vitro by their capacity to proliferate, 

potential for unlimited self-renewal, and their ability to generate multipotential progeny 

capable of differentiating into a variety of CNS cell types. NSCs can be found in and 

isolated from two major neuron-generating niches in the mammalian brain: the 

subventricular zone (SVZ) and hippocampal dentate gyrus (DG) (Figure 1) (Conover and 

Notti, 2008). The adult multipotent stem cells harbored in these niches are more limited 

in their differentiation potential, only able to differentiate into CNS cells, while 

embryonic stem cells (ESCs), which are pluripotent, can give rise to all cell types of the 

body. 

 The SVZ, located in the lateral walls of the lateral ventricles (Figure 1), is a well-

defined niche consisting of mature vasculature and a variety of cell types that provide a 

specialized microenvironment to regulate the process of neurogenesis via a number of 

intrinsic and extrinsic signals. Within the rodent SVZ, four main cell types are present: 

astrocytic stem cells (type B), transiently amplifying cells (type C), migrating neuroblasts  

(type A), and the ventricle-lining ependymal cells. In response to particular signals, 
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Figure 1. Schematic of the location of the neurogenic niches within the adult rodent brain 

and adult human brain. (A) A sagittal view of the adult rodent brain depicting the location 

of the lateral ventricle (LV), which is lined by the subventricular zone (SVZ), and the 

dentate gyrus (DG). Astrocytic stem cells (type B) in the SVZ generate transit amplifying 

progenitor cells (type C), which in turn give rise to migrating neuroblasts (type A). Type 

A cells then migrate via the rostral migratory stream (RMS) to the olfactory bulb (OB) 

where they integrate as interneurons. Neurogenesis also occurs in the DG, and may be 

important for memory and cognitive plasticity. (B) A coronal view of the adult human 

brain. Compared to the rodent brain, neurogenesis in the SVZ appears to be much more 

limited, and instead of migrating to the OB, type A cells may instead integrate into the 

adjacent striatum. Like rodents, neurogenesis also occurs in the human DG, and results in 

the integration of newly generated neurons. Figure modified, with permission, from Ernst 

and Frisén (2015). (Original in colour). 
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quiescent type B cells that are in contact with the lumen of the lateral ventricles give rise 

to actively dividing type B cells, which then generate transiently amplifying progenitor 

cells that in turn primarily become type A neuroblast cells. These neuroblasts then 

migrate in chains via the rostral migratory stream (RMS) to the olfactory bulb where they 

finally differentiate into interneurons of many different types (Lim and Alvarez-Buylla, 

2014). While the SVZ in adult rodents provides an active source of new neurons for the 

olfactory bulb (OB), this process appears to be extremely limited in humans and there are 

some significant structural differences in the organization of the adult SVZ between 

humans and rodents (Sanai et al., 2004; Quiñones-Hinojosa et al., 2006). There is some 

evidence that SVZ neuroblasts give rise to new interneurons in the SVZ-adjacent striatum 

in the adult human brain (Ernst et al., 2014); however, contesting research suggests that 

the vast majority of these striatal interneurons are generated during embryonic 

development only (Wang et al., 2014). Within the hippocampal DG, there appears to be 

substantial neurogenesis throughout life in both adult humans and rodents and it occurs at 

comparable rates, although the pattern of neurogenesis differs somewhat (Spalding et al., 

2013). While the majority of neurons in the DG are subject to turnover in adult humans, 

only about 10% of the neurons in adult rodents are exchanged (Ernst and Frisén, 2015). 

This neurogenesis is important for memory and cognitive plasticity in rodents (Clelland 

et al., 2009; Sahay et al., 2011; Nakashiba et al., 2012), however, its potential function in 

humans is currently unknown. Since levels of neurogenesis in adult humans are 

comparable to levels in adult rats, this may indicate that hippocampal neurogenesis is 

sufficient to contribute to brain function and may be involved in similar cognitive 
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processes to those seen in rodents (Spalding et al., 2013; Bergmann et al., 2015; Ernst and 

Frisén, 2015). 

1.2 Properties of Neural Stem and Progenitor Cells in Culture 

 Often, cells belonging to the neurogenic niches of the mammalian brain are 

labeled without proper consideration of precise classifying nomenclature. For example, 

the term ‘stem cell’ is often used to describe any proliferating cell, even when the cell 

type may be farther along the neural cell lineage and more appropriately referred to as a 

progenitor or precursor cell (Seaberg and van der Kooy, 2003). Granted, the overlap in 

gene expression of specific marker genes between stem cells and their progeny at 

different stages of development along the neural cell lineage can make classification and 

distinction between different cell types difficult. Additionally, certain progenitor cell 

types have the ability to undergo asymmetric and/or symmetric division, albeit with a 

more limited capacity, which makes them appear functionally similar to stem cells. 

However, this proliferative property alone does not meet the qualifications of a stem cell, 

as multipotentiality is also required.  

 While the neurogenic niches of the mammalian brain contain a heterogeneous 

pool of cells at various stages of development, making distinction of different cell types a 

challenge, efforts have been made to classify different cell populations via the expression 

profiles of various markers that correspond with distinct steps of neurogenesis (von 

Bohlen and Halbach, 2011; Rushing and Ihrie, 2016; Xu et al., 2017). However, there is 

often overlap of marker expression between cell types and markers can be dynamic and 

change their expression with a cell’s stage in the cell cycle, allowing for the appearance 

of distinct populations even within a purified population of cells (Pastrana et al., 2011). 
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Even among definitive NSCs, characterized by their expression of glial fibrillary acidic 

protein (GFAP), heterogeneous populations have been reported based on their expression 

marker profiles and functionality. In adult mice, Codega et al. (2014) and Mich et al. 

(2014) both describe distinct populations of quiescent NSCs and actively proliferating 

NSCs that differ in their expression of epidermal growth factor receptor (EGFR), among 

other markers. Recently, another population of ‘primitive’ NSCs  (pNSCs) have been 

reported to exist in the adult SVZ, albeit in fewer numbers and also upstream in terms of 

lineage compared to the definitive GFAP expressing NSCs (Sachewsky et al., 2014). 

These GFAP- pNSCs appear to act as a reserve pool capable of giving rise to definitive 

GFAP+ NSCs both in vitro and in vivo and are characterized by expression of OCT4 and 

a differentiation profile that gives rise to equal proportions of the three main neural cell 

types, neurons, astrocytes, and oligodendrocytes, in vitro (Sachewsky et al., 2014). 

 Like their organization in vivo, cells obtained from the dissociation of primary 

CNS tissue for the purposes of in vitro culturing consist of a heterogeneous mixture of 

stem, progenitor, and differentiating cells (De Filippis and Binda, 2012). Traditionally, 

these neural stem and progenitor cells (NSPCs) are cultured under non-adherent 

conditions, where they generate floating three-dimensional aggregates of cells termed 

neurospheres. These neurospheres are clonal, meaning they are generated from a single 

cell and, once they reach a size of roughly 150 microns, can be dissociated into single 

cells and re-plated to generate new neurospheres. Upon re-plating, upwards of 90% of 

cells die, mostly consisting of more differentiated cell types, while less differentiated 

stem and progenitor cells remain viable for expansion (Reynolds and Rietze, 2005). This 

method of NSPC expansion is frequently termed the neurosphere assay (NSA) and was 
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first described in 1992 by Reynolds and Weiss when they successfully isolated NSCs 

from the mouse CNS. 

1.3 The Role of Stem Cells in Regenerative Medicine 

 Due to their ability to both self-renew and differentiate, NSPCs are also of great 

interest in treating neurological disorders via regenerative medicine, an emerging field of 

research that aims to restore normal organ structure and function by regenerating lost or 

damaged tissue. Neurodegeneration, one common cause of neurological illness, is 

characterized by the inexorable deterioration and loss of neurons in the CNS that can 

occur due to factors both environmental and genetic in nature (Migliore and Coppedè, 

2009). Some neurodegenerative diseases include Parkinson’s, Huntington’s, Alzheimer’s 

and amyotrophic lateral sclerosis (ALS). Other examples of neurological disorders 

include demyelinating disorders, such as multiple sclerosis, and disorders caused by acute 

injury, such as stroke or spinal cord injury. Two current areas of research to treat 

neurological disorders include cell replacement therapy via transplantation of exogenous 

cells (Terzic and Nelson, 2013) as well as targeting of endogenous adult stem cells to aid 

in neurological repair (Picard-Riera et al., 2004). While the therapeutic mode of action of 

stem cells is primarily unknown, it is likely that they provide trophic support for 

surviving cells or reconstruct elements of the neural circuitry, rather than replacing lost or 

damaged cells directly (Cossetti et al., 2012; Kokaia et al., 2012). To date, stem-cell-

based approaches have shown tremendous potential for treating a variety of neurological 

illnesses caused by both chronic neurodegeneration as well as acute injury. These 

include: Huntington’s (Clelland et al., 2008; Lescaudron et al., 2012; Chen et al., 2014), 

Parkinson’s (Arias-Carrión et al., 2007; Madhavan et al., 2009; Lescaudron et al., 2012), 
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Alzheimer’s Disease (Felsenstein et al., 2013; Sproul, 2015), ALS (Lunn et al., 2014), 

multiple sclerosis (Huang et al., 2011; Miron et al., 2011; Jadasz et al., 2012), and stroke 

(Arvidsson et al., 2002; Burns and Steinberg, 2011; Sanberg et al., 2012b) among others. 

1.3.1 Concerns with Using Stem Cells in Regenerative Medicine 

 While stem cells provide a promising approach for clinical applications, several 

concerns remain with regard to their use. Some potential issues that arise when 

transplanting exogenous stem cells include proper integration of the cells without 

disrupting existing cellular architecture, immunological rejection of the transplanted cells, 

potential for tumour formation from transplanted cells, and difficulty in directing the 

differentiation and achieving the appropriate cellular phenotype of the cells to be 

transplanted (Sanberg et al., 2012a). Since NSPC isolation and expansion using the NSA 

typically results in populations of cells that have a highly proliferative phenotype, this 

may also increase the risk of tumour formation following transplantation (Gil-Perotín et 

al., 2013). In addition to these clinical challenges, there are also ethical concerns that 

arise when using certain types of stem cells, such as embryonic stem cells, since they 

require the destruction of an embryo. The use of exogenous adult NSPCs is also 

problematic because they cannot be easily accessed or harvested from the brain without 

using invasive procedures. While other types of stem cells, such as mesenchymal stem 

cells (MSCs) or induced pluripotent stem cells (iPSCs), are more easily accessed and 

their use circumvents the aforementioned ethical issues, this does not overcome the 

previously mentioned clinical challenges that arise from cellular transplantation. 

Additionally, these cell types are not necessarily suitable for the treatment of all 
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neurological illnesses as they have the potential to produce undesired non-neural 

phenotypes. 

1.3.2 Potential for Use of Endogenous NSPCs in Regenerative Medicine 

 Although transplantation of exogenous cells poses several concerns, at least some 

of these can be overcome by inducing endogenous stem cells to participate in repair or by 

modulating factors that play a role in repair following neural damage (Erlandsson et al., 

2011; Christie and Turnley, 2012; Dadwal et al., 2015). In an ideal scenario, endogenous 

NSPCs would be targeted for activation in neurological illnesses since in vivo they 

display the inherent properties of proliferation, migration, and differentiation; behavior 

that would be necessary for repair in a variety of neurological illnesses. Furthermore, the 

neural restricted lineage of NSPCs permits the production of only CNS cell types and 

NSPCs have been shown to innately respond to neurological injuries, including stroke 

(Zhang et al., 2004; Jin et al., 2006; Kolb et al., 2007; Curtis et al., 2012; Dibajnia and 

Morshead, 2012). However, this innate response is typically insufficient for complete 

functional recovery (Nakayama et al., 2010), and the ability to enhance the activity or 

response of endogenous NSPCs to injury would be useful. In order to find the appropriate 

targets to modulate, an understanding of the basic mechanisms that influence NSPC 

behaviour under normal physiological conditions is required. 

1.4 Regulation of Stem Cells via Oxygen 

 NSPC behavior is strongly influenced by the microenvironment in which they 

reside, and one important aspect of this microenvironment, is O2 concentration. In 

addition to being important for the regulation of stem cells residing in neurogenic niches 

within the adult brain, O2 levels also act to regulate and coordinate mammalian 
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development (Simon and Keith, 2008; Dunwoodie, 2009). Low O2 levels, or hypoxic 

microenvironments, occur naturally in the developing embryo and are involved in 

regulating the differentiation of ESCs (Mutoh et al., 2012). Precise O2 levels help to 

coordinate the development of a variety of body systems including blood, vasculature, 

and the nervous system, and the presence of O2 gradients within hypoxic 

microenvironments promotes the differentiation of certain stem and progenitor cells, 

while inhibiting the differentiation of others (as reviewed by Simon and Keith, 2008). 

Additionally, there is evidence in mice that during post-natal development, O2 tension is 

an important regulator of both myelination and angiogenesis in the brain (Yuen et al., 

2014). 

 Similar to the microenvironments that help to regulate stem cell differentiation 

during development, adult NSC niches are also subject to low O2 levels. In terms of O2 

tension found in the brain, there does not appear to be major differences between 

different mammalian species, and levels of O2 are relatively low throughout, although not 

uniformly (Erecińska and Silver, 2001). The concentration of O2 in the brain is much 

lower than the 21% atmospheric O2 we breath and there is large variation throughout, 

ranging from roughly 0.55% in the midbrain to 8% in the pia at the surface of the brain 

(Erecińska and Silver, 2001).  

1.4.1 Hypoxia vs. Normoxia in the CNS 

Currently, studies often use atmospheric levels of oxygen to represent normoxia 

and reduced O2 levels, that which are typically found in the brain, to represent hypoxia. 

However, these reduced levels of O2 are physiologically normoxic for the cells that reside 

in the NSC niches within the brain. As such, atmospheric levels of O2 should not be 
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considered normoxic and lower levels of O2 better approximate in situ normoxia, or 

physioxia (Ivanovic, 2009). Due to this discrepancy in protocols and naming convention, 

comparisons of in vitro experiments performed at atmospheric vs. physioxic O2 levels can 

be difficult or misleading (Carreau et al., 2011). Another factor that is often overlooked 

and can make interpretation of the literature difficult is that O2 levels in the gas phase are 

not always the same as O2 levels experienced by cells in culture. Factors such as plating 

density, medium height and cellular oxygen consumption rate can all affect the 

concentration of O2 experienced by the cell, and variations in these factors between 

experiments could explain discrepancies in results, even when the levels of O2 in the gas 

phase are equal (Millman et al., 2009). As such, along with the use of appropriate naming 

conventions, these factors should be reported in studies and efforts need to be made to 

tightly control the levels of O2 actually experienced by cells in culture as much as 

possible. 

1.5 Mechanisms of Regulation via Oxygen 

Although no direct measurements of the mammalian SVZ have been performed, 

based on O2 measurements of other brain areas, it is suggested that gradients of O2 in the 

stem cell niche exists. These gradients are estimated to range from roughly 1 to 8% O2, 

where the lowest concentrations of O2 are found near the ependymal surface along the 

lateral ventricles of the SVZ (Mohyeldin et al., 2010). It is also suggested that similar to 

the way O2 levels in specialized niches tightly regulate ESCs during development, these 

physiologic O2 levels in the SVZ play an important role in maintaining the stem cell niche 

and regulating adult NSPCs. There is evidence that physiological regulation of NSPCs 

via O2 levels plays a role in their survival, proliferation, self-renewal and differentiation 
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(Studer et al., 2000; Pistollato et al., 2007; Panchision, 2009), however the mechanism by 

which this regulation occurs is not well understood. While mammals utilize a variety of 

molecular mechanisms to sense hypoxia (Taabazuing et al., 2014), one of the primary 

candidates for NSPC regulation via O2 is through the activation of the hypoxia-inducible 

factor (HIF) family of transcription factors, as the HIF pathway is a highly conserved 

mechanism and primary transcriptional response to hypoxia in mammals. 

1.5.1 Mechanism of Hypoxia Inducible Factor (HIF) Regulation 

 HIFs, originally discovered in the early 90’s (Semenza and Wang, 1992; Wang et 

al., 1995), are heterodimeric transcription factors that induce a number of genes involved 

in cellular response to hypoxic conditions. The active HIF heterodimeric complex 

consists of an α subunit dimerized with a β subunit. Mammals express three different α 

subunit isoforms, HIF1α, 2α, 3α, with HIF1α and HIF2α being the best characterized. 

HIF1β, also known as ARNT (aryl hydrocarbon receptor nuclear translocator), is the β 

subunit that together with an α subunit collectively forms an active HIF transcription 

factor. Although both the HIFα and HIF1β subunits are constitutively expressed, 

stabilization of the HIFα subunit is subject to oxygen-sensitive degradation, while HIF1β 

is not (reviewed by Ke and Costa, 2006). HIFα subunits are rapidly degraded by 

proteolytic enzymes in the presence of oxygen, but are protected from degradation during 

low oxygen, or hypoxic conditions. When oxygen is present, two proline residues on 

HIFα are hydroxylated via a specific family of prolyl hydroxylase enzymes (PHDs) that 

require 2-oxoglutarate, O2 and Fe2+ as cofactors (Zhang et al., 2011). This hydroxylation 

promotes the recognition of HIFα by the von Hippel-Lindau protein (VHL), which is in 

turn recognized by a multi-protein ubiquitin E3 ligase complex (Ke and Costa, 2006). 
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This entire complex then undergoes proteasomal degradation (Figure 2). In contrast, 

HIFα stabilization occurs during hypoxia since O2 is a required cofactor for PHDs to 

exhibit enzymatic activity.  When HIFα is not hydroxylated on its specific proline 

residues due to PHD inactivity, it is no longer targeted for degradation (Correia and 

Moreira, 2010). As a result, stable HIFα translocates to the nucleus where it forms a 

heterodimeric complex with HIF1β. The HIFα/HIF1β dimer then recruits the 

transcriptional co-activator p300/cAMP-response element-binding protein-binding 

protein (CBP), thus forming an active HIF complex. This complex can then bind to and 

regulate the expression of over 100 different target genes that have been discovered to 

date, including genes involved in cell response and survival during hypoxia, such as 

erythropoietin (EPO), vascular endothelial growth factor (VEGF), and glycolytic 

enzymes involved in energy metabolism (Semenza, 1999; Liu et al., 2012). 

 While low oxygen conditions prevent the flagging of HIFα for degradation, full 

transcriptional activation of the HIF complex requires additional processing. Under 

normal oxygen conditions, a specific asparagine residue in HIFα is hydroxylated by 

factor inhibiting HIF1 (FIH-1), preventing the interaction of HIFα with the transcriptional 

co-activator CBP (Ke and Costa, 2006). Similar to the PHDs, under hypoxic conditions 

the FIH-1 hydroxylase is unable to utilize O2 as a substrate, resulting in a loss of 

enzymatic activity and preventing hydroxylation of the asparagine residue in HIFα. 

Altogether, this results in full transcriptional activity of the HIF complex. 
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Figure 2. HIF1 stabilization and degradation under hypoxia and normoxia, respectively. 

In the presence of oxygen, prolyl hydroxylase enzymes (PHDs) hydroxylate 

HIF1α/HIF2α. This hydroxylation is recognized by the von Hippel-Lindau (VHL) 

protein, and binding of VHL results in the ubiquitination and targeting of HIF1α/HIF2α 

for degradation. Under hypoxia, PHDs are inactive and HIF1α/HIF2α is not targeted for 

degradation. HIF1α/HIF2α dimerizes with HIF-1β and the dimer, collectively known as 

HIF1, regulates expression of hypoxia-related genes upon recruitment of the 

transcriptional co-activator P300/CBP. Figure adapted from Corcoran and O’Connor 

(2013) using artwork provided by Somersault1824 (http://www.somersault1824.com), 

licensed under a Creative Commons License. (Original in colour). 
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1.5.2 Roles of Different HIF Isoforms 

 Levels of HIF can vary over a range of physiologically relevant O2 levels (Jiang et 

al., 1996) and the expression and distribution of the different HIFα subunits are not 

uniform among different mammalian tissues (Talks et al., 2000; Stroka et al., 2001; 

Wiesener et al., 2003). Within the adult mouse SVZ, there is evidence that HIF1α is 

continuously expressed and stabilized in endogenous neural progenitors (Roitbak et al., 

2011). HIF1α and HIF2α have been shown to have unique transcriptional targets (Hu et 

al., 2003; Loboda et al., 2010) and while mostly sharing similar structural properties, 

variability within their N-terminal transactivation domains are thought to contribute to 

target gene specificity of each subunit (Loboda et al., 2012). Although less studied, it 

appears that HIF3α has a limited role as a modulator of the hypoxic response and acts 

primarily as a regulator of the other two HIFα isoforms (Loboda et al., 2012). One way 

HIF3α may be an important contributor to the precise regulation of HIF activity is 

through the inhibition of HIF-mediated transcription in order to decrease a prolonged 

active HIF response that could potentially lead to detrimental cellular effects (Tanaka et 

al., 2009). It has also been shown that HIF3α may actually have distinct roles in the 

regulation of the two other HIFα isoforms (Ho Kim et al., 2015) and appears to 

differentially regulate HIF1α and HIF2α in human ESCs (Forristal et al., 2010). 

Furthermore, it has been suggested that HIF3α variants are capable of directly regulating 

the transcription of certain HIF target genes, such as in zebrafish, where HIF3α mediates 

hypoxia-induced growth and developmental retardation via transactivation activity and 

upregulates similar genes in both human cells and zebrafish (Heikkilä et al., 2011; Zhang 

et al., 2014).  
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1.5.3 The Role of HIFs in Mammalian Development 

 Knowledge of HIF expression and their role in adult NSPCs is limited and they 

have mostly been investigated in terms of embryonic development, where O2 levels and 

HIFs have been shown to be of major importance in rodents. Ex utero culture of rat 

embryos requires low O2 conditions for proper neural fold development (Morriss and 

New, 1979) and HIF1α has been shown to be essential for this process. In HIF1α null 

mutant mouse embryos, neural tube defects and cardiovascular malformations result in 

arrested development and lethality by embryonic day 11 (E11), whereas HIF1α 

expression in wild type embryos is upregulated between E8.5 and E9.5, which 

corresponds to when developmental defects first start to appear in knockout mice (Iyer et 

al., 1998). Ryan et al. (1998) also found abnormal neural fold formation in HIF1α null 

mutant mouse embryos and a lack of cephalic vascularization by E8.5. Evidence suggests 

that defective vascularization in HIF1α null embryos is associated with mesenchymal cell 

death (Kotch et al., 1999). Together these studies demonstrate that the HIF pathway is 

necessary in the regulation of embryogenesis as well as vascularization. In a study of 

neural cell-specific deletion of HIF1α, HIF1α-deficient mice were viable to adulthood, 

but suffered from hydrocephalus and impaired spatial memory as a result of neural cell 

apoptosis (Tomita et al., 2003), which in turn was likely a result of vascular regression 

due to impaired angiogenic signaling from HIF1α-deficient neural cells (Ogunshola et al., 

2002). However, this apoptosis and the associated embryonic defects could be restored by 

in vitro delivery of a HIF1α expression vector, indicating that HIF1α is essential for 

proper development of a functional brain (Tomita et al., 2003). HIF1α is also suggested 

to be essential for the differentiation of ESCs from an epiblast state to neural progenitors 
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of the neuroectodermal state via direct activation of the neural progenitor gene Sox1 

(Zhao et al., 2014). 

HIF2α null mutant mouse embryos survive longer than HIF1α deficient embryos, 

sometimes until birth, but ultimately die from developmental defects not associated with 

HIF1α deficient embryos (reviewed by Simon and Keith, 2008). In order to test the 

degree to which HIF2α can rescue HIF1α null mutation, Covello et al. (2006) replaced 

the HIF1α gene with HIF2α using a targeted genetic knock-in (KI) approach. Despite the 

expanded expression of HIF2α under the HIF1α locus, it was found that HIF2α KI 

embryos still show impaired development and a reduced recovery rate when compared to 

wild-type embryos (Covello et al., 2006). These developmental defects were found to be 

associated with direct HIF2α, but not HIF1α, upregulation of Oct-4, a transcription factor 

essential for regulating stem cell function during embryonic development and which may 

also be expressed in certain types of adult stem cells (Tai et al., 2005). Overall, this 

indicates that HIF2α may have an overlapping, but not identical role to HIF1α in the 

regulation of stem cells and embryonic development (for a complete review of the role of 

hypoxia and HIF in development see: Simon and Keith, 2008; Dunwoodie, 2009). 

1.5.4 HIF Regulation of Stem Cells in vitro 

To date, most research on stem cells in vitro has focused on the effects of oxygen 

and HIFs on either embryonic NSCs or ESC-derived NSCs. Our understanding of how 

these factors regulate adult NSPCs is much more limited. However, studies 

demonstrating an increase in neural precursor cell proliferation and neurogenesis within 

the brain after hypoxic/ischemic attack, such as in stroke, provide indirect evidence for a 

role of oxygen and HIFs in the regulation of adult NSPCs (Zhang et al., 2001, 2004; 
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Arvidsson et al., 2002; Jin et al., 2006) and it has been hypothesized that HIF1α is an 

important mediator of NSPC function under both pathologic and non-pathologic 

conditions (Cunningham et al., 2012). Indeed, HIF1α has been shown to be required for 

maintenance of NSCs within the adult mouse SVZ and it is suggested that NSCs maintain 

the vascularity within the SVZ niche via HIF1α-mediated signaling mechanisms (Li et 

al., 2014). 

As previously mentioned, the majority of research to date investigating the effects 

of O2 and HIFs on stem cells in vitro has focused on embryonic NSCs or ESC-derived 

NSCs rather than adult NSPCs. Mesencephalic precursor cells isolated from E12 rats that 

were subsequently cultured in lowered O2  (3 ± 2%) have shown increased proliferation 

and decreased apoptosis when compared to cultures at 20%, and also showed an increase 

in the number of dopaminergic neurons produced when differentiated after culture in 

lowered O2 (Studer et al., 2000). In a parallel study, peripheral nervous system (PNS) 

neural crest stem cells isolated from E14.5 rats were cultured under ~5% O2 and showed 

corresponding results of increased survival, proliferation and neuronal differentiation 

(Morrison et al., 2000). Similarly, in long-term cultures of human fetal mesencephalic 

precursors isolated from embryonic brain tissue, cellular yields were higher when 

cultured at 3% O2 and upon differentiation dopaminergic neurons were present in 

increased amounts (Storch et al., 2001). Horie et al. (2008) found results coincident with 

these studies, showing enhanced proliferation and neuronal differentiation when culturing 

E15.5 NSPCs from the ganglionic eminence at physiological O2 levels (2-10%), but also 

found that proliferation and neural differentiation were highest at 2% O2, which is 

towards the lower end of the typical physiological range used in studies and may be 
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associated with pathophysiological conditions such as cerebral ischemia. In contrast, 

parallel studies using E13.5 mouse cortical NSPCs and human neonate SVZ NSPCs 

found that changes to O2 tension additionally regulate the generation of oligodendrocytes 

upon differentiation. The authors suggest that O2 levels distinctly regulate different neural 

stem and progenitor cell types at defined steps during their proliferation and 

differentiation, which may partially account for the different responses seen between 

similar studies (Chen et al., 2007b; Pistollato et al., 2007). Zhu et al. (2005) and 

Rodrigues et al. (2010) also observed increased proliferation when culturing E13.5 rat 

mesencephalic NSCs and mouse ESC-derived NSCs, respectively, at physiological O2. In 

NSPCs expanded from an immortalized human NSC line, growth in physiological 

concentrations of O2 resulted in increased proliferation, reduced cell death and enhanced 

differentiation of both neuronal and oligodendroglial cell types (Santilli et al., 2010). 

Furthermore, Stacpoole et al. (2011, 2013) found that human ESCs can be efficiently 

converted to NPCs under physiological O2 and that culture of NPCs at 3% rather than 

20% confers a protective effect and increases cellular survival following transplantation 

into the brain of experimental animals. Altogether, these studies indicate that 

physiological O2 levels confer a common benefit on stem cell and NSPC populations of 

various origin by inducing proliferation, increasing cell survival and, upon differentiation, 

increasing the production of neurons and oligodendrocytes. 

It is suggested that the beneficial effects associated with physiological oxygen 

levels are at least partially regulated by HIFs, in particular HIF1α, in both embryonic 

NSCs and adult NSCs. Consistent with this notion, Zhang et al. (2007) found that 

culturing E13.5 mesencephalic NSPCs at 3% O2 increases the percentage of 
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dopaminergic neurons upon differentiation, and that HIF1α protein levels are elevated 

from 3 to 72 h after the onset of lowered O2, providing indirect evidence that HIF1α is 

involved in the regulation of NSPCs at physiological levels of O2. HIF1α’s importance at 

3% O2 for proper proliferation, survival and differentiation has also been demonstrated by 

using E14 HIF1α conditional knockout NSPCs from the midbrain of mice and it was 

concluded that HIF1α mediated its effect at least partially through VEGF (Milosevic et 

al., 2007). More direct evidence for HIF1α’s role in proliferation was found in E13.5 

NSPCs isolated from the rat mesencephalon, where proliferation was promoted under 

reduced levels of O2 and this corresponded to HIF1α protein levels (Zhao et al., 2008). 

Overexpression of HIF1α at 20% O2 resulted in a similar proliferative effect as seen at 

reduced O2, and when HIF1α was knocked down in NSPCs cultured at lowered O2, this 

effect was inhibited. Moreover, enhanced dopaminergic differentiation seen under 

lowered O2 is inhibited in ESC-derived NSPCs when HIF1α levels are reduced via the 

application of antisense oligodeoxynucleotides, indicating that HIF1α is a primary 

mediator of NSPC differentiation to dopaminergic neurons (Kim et al., 2008).  

In general, in addition to directing the potential differentiation outcomes of 

NSPCs, it has been found that conditions of lowered O2 also help to maintain an 

immature phenotype and prevent differentiation of various stem cell populations. Ezashi 

et al. (2005) found that human ESCs cultured under 3% and 5% O2  proliferated just as 

well as cells cultured at 21% O2, albeit growth was slightly reduced at 1% O2, and saw 

that spontaneous differentiation was reduced under lowered oxygen (3-5% O2). 

Examination of the transcriptional profiles of human ESCs cultured under low and 

atmospheric O2 levels at least partially supports the finding of reduced differentiation 
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under low O2 culture, and the expression of certain pluripotency genes is affected by the 

length of exposure to low O2 conditions (Westfall et al., 2008; Prasad et al., 2009). In a 

study of mouse ESCs under 1% O2, the authors come to the same conclusion that reduced 

O2 may prime cells toward a particular phenotype upon differentiation, while maintaining 

them in an undifferentiated state (Felfly et al., 2011). When cultured long-term at 3% O2, 

mesencephalic NSPCs isolated from E16 mice were similarly found to maintain an 

immature phenotype with significant proliferative capacity, whereas these effects were 

inhibited when cultured at 21% O2 (Milosevic et al., 2005), and it has been demonstrated 

that 20% O2 promotes the differentiation of human CNS precursors (Pistollato et al., 

2007).  

Although Westfall et al. (2008) and Roitbak et al. (2011) describe long-term 

stabilization of HIF1α in human ESCs and embryonic and postnatal NSPCs from mouse, 

respectively, Forristal et al. (2010) and Stacpoole et al. (2011) found only transient 

expression of HIF1α protein in human ESCs and human ESC-derived NSPCs at 

physioxia, respectively. Although the reason for this discrepancy is unknown, it could be 

due to differences in methods or the source and type of cells used. Forristal et al. (2010) 

and Stacpoole et al. (2011) suggest that due to the transient nature of its protein levels, 

HIF1α may be involved only in an initial response to physioxic conditions, whereas the 

response is maintained by HIF2α, which might play a more long-term physiological role 

in the maintenance of pluripotency.  

1.5.5 Signaling Pathways Mediated by HIFs 

Although HIFs have been demonstrated as essential for the varied responses seen 

in different stem cell types of various origin, the molecular mechanisms and signaling 
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pathways they mediate are still an area of active research. To date, HIFs have been shown 

to regulate a variety of signaling pathways, such as the Wnt and Nanog signaling 

pathway, and transcription factors, such as Nanog, Sox2 and Oct-4, that have been shown 

to play important roles in embryonic development and stem cell function. 

In both ESCs and adult NSPCs from mice, HIF1α appears to modulate the Wnt/β-

catenin signaling pathway (Mazumdar et al., 2010; Roitbak et al., 2011) and this pathway 

specifically stimulates proliferation in E14 mouse NSCs, whereas cell survival and 

maintenance of stemness is regulated by other physioxia-induced pathways 

(Braunschweig et al., 2015). However, Braunschweig et al. (2015) found that physioxia-

induced Wnt/β-catenin expression is actually independent of HIF1α and suggest that this 

response may instead be mediated by HIF2α. HIF1α has also been implicated as an 

important mediator of pluripotency under reduced O2 in embryonic rat and mouse NSPCs 

via activation of the Notch signaling pathway (Gustafsson et al., 2005; Roitbak et al., 

2011), which is involved in maintaining a proliferative and undifferentiated state in 

certain types of stem cells (Dahlqvist et al., 2003). HIF1α interaction with the Notch 

signaling pathway regulates the differentiation fate of mouse midgestational NPCs 

epigenetically by altering the methylation status of certain genes during development 

(Mutoh et al., 2012).  

In human ESCs, pluripotency and cell proliferation are also regulated via HIF2α 

modulation of Sox2, Nanog and Oct-4 transcription factors under reduced O2 (Forristal et 

al., 2010). Covello et al. (2006) found similar results, suggesting that HIF2α plays a role 

in regulating pluripotency in ESCs via upregulation of Oct-4. Sox2 has also been shown 

to modulate pluripotency via regulation of Oct-4 expression in mouse ESCs (Masui et al., 
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2007). Coincidently, the use of FM19G11, a specific inhibitor of HIFα proteins, also 

resulted in decreased expression of Sox2, Nanog, and Oct-4, as well as Tgf-α, in human 

ESCs (Moreno-Manzano et al., 2010). 

While the molecular mechanisms mediated by HIF are not well understood, a 

better understanding of the signaling pathways involved in stem cell maintenance at 

physiological O2 may be useful for developing therapeutic approaches to ensure the 

integrity of the stem cell niche and to potentially stimulate endogenous NSPCs for 

regenerative purposes under pathological conditions. Moreover, in order to understand 

and study the response of NSPCs under pathological conditions, such as hypoxia found in 

cerebral ischemia, we must first characterize the expression pattern of key genes involved 

in the normal regulation of adult NSPCs under physiological conditions. 

1.6 NSPC Regulation via Cellular Metabolism 

 In addition to the study of molecular pathways that underlie NSPC fate and 

neurogenesis, a relatively new avenue exploring how cellular metabolic state may 

regulate NSPC activity and proliferation has become an emerging area of investigation. 

Indeed, many of the transcriptional changes that occur in a stem cell as it matures to a 

more differentiated cell fate include genes and pathways involved in regulating 

metabolism or energy sensing (reviewed by Rafalski and Brunet, 2011). Also, since 

NSPC activities such as proliferation are energy demanding processes, it is intuitive that 

these behaviours would be linked to a cell’s energy status as determined by its cellular 

metabolism. As such, it would follow that NSPCs at various stages of development 

would have distinct metabolic states and that cellular metabolism may govern NSPC 

activity. One strong piece of evidence that would support this opinion is that during the 
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nuclear reprogramming of somatic fibroblast cells into dedifferentiated iPSCs, an 

increase in glycolytic metabolism and a decrease in oxidative phosphorylation occurs 

before pluripotent markers are expressed (Folmes et al., 2011). This indicates that 

changes in metabolic status may fuel NSPC activity and cell fate determination, rather 

than being a consequence of it (Knobloch and Jessberger, 2015). 

One of the first groups to illustrate distinct metabolic states between NSPCs at 

different stages of development were Candelario et al. (2013a), who established that 

proliferating mouse NSPCs do not rely heavily on oxidative phosphorylation for survival, 

but rather glycolysis, even under aerobic conditions. It was also demonstrated that 

differentiated neurons were more resistant to glycolytic impairment compared to 

undifferentiated NSPCs, and that providing NSPCs with substrates for oxidative 

phosphorylation, such as pyruvate, did not ameliorate their susceptibility to glycolytic 

inhibition (Candelario et al., 2013a). This elevated glucose consumption and increase in 

glycolysis, coupled with the incomplete breakdown of glucose even in the presence of O2 

and functioning mitochondria, has been previously described as the ‘Warburg effect’ 

(Liberti and Locasale, 2016). This reliance on glycolysis by proliferating NSPCs could 

indicate that metabolic intermediates of glycolysis are being used as anabolic precursors 

for the biosynthesis of other molecules required in a highly proliferative state, resulting in 

reduced substrate oxidation via the tricarboxylic acid (TCA) cycle (Knobloch and 

Jessberger, 2015). It has also been suggested that reliance on glycolysis under aerobic 

conditions may be to avoid the production of reactive oxygen species (ROS) via oxidative 

phosphorylation, which helps to keep NSPCs in a rapidly proliferating state, as it has 

been shown that ROS production may signal neuronal differentiation and that immature 
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neurons display relatively high levels of ROS generation (Tsatmali et al., 2006). Indeed, 

differentiated neural cell types display a metabolic phenotype that relies on oxidative 

phosphorylation, rather than glycolysis, to meet the energy demands of their specialized 

functions (Kim et al., 2014). It is also suggested that a reduction in the amount of 

biosynthetic intermediates produced for cell growth and proliferation as a result of this 

increase in oxidative phosphorylation may coincide with, or even initiate, cellular 

differentiation and a cessation of proliferation, although this remains to be seen 

(Knobloch and Jessberger, 2015). 

Due to the high level of glucose consumption by the mammalian brain and the 

reliance of differentiated neural cells on glucose for energy production, it is possible that 

the influence of other metabolic pathways on NSPC state has been overlooked (Knobloch 

et al., 2017). However, when Knobloch et al. (2013) investigated the metabolic control of 

NSPC activity, they found that fatty acid synthase (FASN) was highly expressed in 

proliferating NSPCs in adult mice, but not in differentiated neural cells, and that FASN-

dependent lipogenesis was required for the maintenance of proliferating NSPCs. This 

reliance on de novo lipogenesis by proliferating NSPCs may be for the purposes of 

anabolic synthesis of fatty acids required for generation of biomass and maintenance of 

lipid membranes, two fundamental requirements needed to sustain a rapidly proliferative 

cell type (Folmes et al., 2013). Palmitic acid, a product of fatty acid production, is also 

used for palmitoylation of certain proteins involved in the regulation of NSPCs, such as 

Wnt, illustrating another potential mechanism by which metabolic state could influence 

NSPC activity (Knobloch and Jessberger, 2015). Interestingly, Knobloch et al. (2013) 

also show that relatively quiescent NSPCs express SPOT14, a protein that acts to 
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decrease lipogenesis by reducing levels of malonyl-CoA, a substrate required for fatty 

acid synthesis and an inhibitor of mitochondrial fatty acid uptake for b-oxidation. Indeed, 

quiescent NSPCs appear to display a metabolic state where de novo lipogenesis is 

limited, but fatty acid oxidation (FAO) is used for energy production and required to 

maintain a quiescent phenotype (Knobloch et al., 2017). By increasing levels of malonyl-

CoA, and essentially shifting the cellular metabolic balance from FAO to lipogenesis, 

quiescent NSPCs begin to proliferate in vitro, supporting the idea that metabolic status 

acts as a cue for changing NSPC behavior independent of other signaling pathways. 

Somewhat contrastingly, Stoll et al. (2015) found that highly proliferating NSPCs rely on 

FAO for energy production; however, these levels of FAO are much lower than in 

quiescent cells and the disruption of FAO in proliferating NSPCs only mildly affected 

their survival (Knobloch et al., 2017). Overall, quiescent NSPCs appear to undergo 

aerobic glycolysis and FAO for energy production, while relying very little on oxidative 

phosphorylation. Similarly, proliferating NSPCs do not use oxidative phosphorylation for 

energy production, but instead rely on glycolysis and perhaps a small amount of FAO 

while performing de novo lipogenesis to maintain their metabolic state. In contrast, 

differentiated NSPCs rely heavily on oxidative phosphorylation for energy production 

and also see a relative increase in ROS generation that is not evident in quiescent and 

proliferating NSPCs (Figure 3). 
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Figure 3. Schematic representation of the shifts in metabolic state between cell types 

along the neural lineage. Both quiescent and proliferating NSPCs rely on glycolysis over 

oxidative phosphorylation, while quiescent NSPCs perform fatty acid oxidation (FAO) 

and proliferating NSPCs perform lipogenesis. Differentiated NSPCs rely mainly on 

oxidative phosphorylation and are also characterized by increased levels of reactive 

oxygen species (ROS). Figure adapted from Knobloch and Jessberger (2017) using 

artwork provided by Somersault1824 (http://www.somersault1824.com), licensed under a 

Creative Commons License. (Original in colour). 
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While there is strong evidence that cellular metabolism regulates NSPC activity, it 

is still not entirely clear what mechanisms determine metabolic state or how metabolic 

shifts lead to changes in NSPC activity. One suggestion is that a cell’s metabolic state 

may serve as a molecular hub that integrates a variety of different signaling pathways into 

a particular metabolic response (Knobloch and Jessberger, 2017). A few energy-sensing 

mechanisms implicated in neural stem cell fate include the insulin/insulin-like growth 

factor 1 (IGF-1) pathway, AMP-activated protein kinase (AMPK), and sirtuins (reviewed 

by Rafalski and Brunet, 2011). Additionally, it is thought that certain metabolic 

intermediates may be used for post-translational modification of proteins involved in 

stem cell regulation or for biomass production for activities such as proliferation. It has 

also been proposed that metabolic intermediates may influence NSPC activity by acting 

as co-enzymes for histone modifying enzymes that change the epigenetic identity of a cell 

(Teperino et al., 2010). 

It is also not yet clear how O2 levels might influence NSPC metabolic phenotype. 

However, as previously discussed, it is known that NSPCs in neurogenic niches 

experience relatively low levels of O2, and that these levels help to maintain NSPCs in a 

proliferative and undifferentiated state in vivo and in vitro. There is also evidence that 

HIF1α stabilization is maintained in NSPCs experiencing these physiologic levels of O2 

(Cunningham et al., 2012), which may result in HIF-mediated regulation of pathways that 

ultimately influence cellular metabolic state. Indeed, it is known that HIF1α upregulates 

many genes that promote glycolytic metabolism and also diverts carbon metabolites away 

from the TCA cycle and oxidative phosphorylation via increased pyruvate dehydrogenase 

kinase 1 (PDK-1) expression, which is in line with the glycolytic phenotype displayed by 
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NSCs in the low O2 neurogenic niche (Majmundar et al., 2010). Interestingly, Lange et al. 

(2016) found that NSPC differentiation coincided with hypoxia relief via the 

vascularization of the developing mouse cerebral cortex and that perturbation of this 

angiogenesis and the resulting hypoxia resulted in maintenance of expanding NSCs rather 

than a switch to differentiation. It was also found that HIF1α acts as a regulator of this 

NSPC activity at least in part by upregulating glycolytic proteins, indicating that NSPC 

activity and metabolic state is likely influenced by small changes in O2 concentrations 

within the neurogenic niche in vivo (Lange et al., 2016). Ultimately, more investigation is 

needed to better understand the interplay between metabolic state and NSPC activity, as 

well as the associated molecular underpinnings; however, current research in the area 

indicates that modulation of NSPC metabolism in order to influence NSPC activity may 

be a promising avenue for regenerative medicine. 

1.7 Protein Analysis via Shotgun Proteomics 

 1.7.1 Coarse-Grained Proteome Partitioning 

 Rather than investigating elaborate molecular mechanisms to help explain cell 

behaviour, one contrasting approach is to study whole cell physiology via coarse-grained 

proteome partitioning. This approach involves the reduction of large protein expression 

data sets by partitioning the proteome into separate categories that are each comprised of 

functional sets of proteins.  One advantage of this method is that by reducing large data 

sets into more manageable fragments, it makes the derivation of biologically meaningful 

information more amenable and potentially allows for an understanding of cellular 

behaviour without the need to focus on individual molecular mechanisms or molecules. 

Scott et al. (2010) used this approach in bacteria to explore how cell composition affects 
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growth rate by partitioning the proteome into three components: a fraction that remains 

fixed independent of growth rate, a fraction of ribosomal-affiliated proteins, and a 

fraction that contains the remaining proteins including metabolic proteins (Scott and 

Hwa, 2011). It was determined that the balance between the fraction of ribosome-

affiliated proteins and other metabolic/nutrient processing proteins determines the growth 

rate of the cell and introduces a natural constraint where increased growth rate 

corresponds to an increase in the ribosomal protein fraction and a corresponding decrease 

in the metabolic fraction (Scott et al., 2014). Hui et al. (2015) further this concept by 

describing coarse-grained partitioning as a way to view cellular response to an 

environmental perturbation by observing quantitative changes between proteome 

segments, providing a simpler approach than investigating the details of complex 

molecular reactions. As such, they used quantitative mass spectrometry (MS) to measure 

protein concentrations in response to growth-limiting conditions and discovered six 

unique segments of proteins that had a coordinated response as a function of growth 

conditions (Hui et al., 2015). It was also found that there was shared biological function, 

such as translation and catabolism, within each sector as determined by an enrichment 

analysis using gene ontology (GO) terms. The discovery that these growth-responsive 

sectors contained proteins of functional similarity supports the idea that cellular response 

to environmental treatments can appropriately be summarized by using a number of 

coarse-grained functional components to describe changes in the total proteome. While 

this idea may be sound for bacterial systems, eukaryotic cells are more complex and key 

differences exist as they are typically not trying to optimize growth, have different 

control regulations, and different subcellular compartmentalization. However, there is 
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evidence that similar growth laws apply in yeast, and this may even extend to other 

eukaryotic cells such as proliferating cancer cells, which share many similarities with 

stem cells (Scott and Hwa, 2011). Regardless, the ability to reduce a large data set into 

smaller components, each containing functionally similar proteins, should make the data 

more accessible for deriving biological information that can describe cellular behavior. 

Indeed, many papers use this approach to represent the distribution of proteins from 

proteomics data in eukaryotic cells, but often in a relative rather than quantitative manner. 

Also, many studies use 2D gel electrophoresis (2DGE), which is more limited in its 

ability to resolve large numbers of proteins and still requires mass spectrometric 

techniques for protein identification, as well as having a higher potential for poor 

reproducibility (Ahmad et al., 2015). 

1.7.2 Protein Quantification via Mass Spectrometry 

 In order to identify the proteins present in a complex sample, as well as to 

measure quantitative changes between proteins subjected to different treatment 

conditions, mass spectrometry has become an important and powerful method for high-

throughput data generation. One popular MS-based proteomics workflow known as 

shotgun proteomics involves the chemical digestion of proteins in complex samples by 

proteolytic enzymes to produce peptides that are used to generate diagnostic fragment ion 

spectrums which identify the protein from which they came (Gillet et al., 2016). In 

shotgun proteomics, after proteins are chemically digested into peptides, often by the 

proteolytic enzyme trypsin, they are typically subjected to liquid chromatography (LC) 

and separated based on their hydrophobicity before they are introduced to the mass 

spectrometer. LC separation is analogous to 2DGE separation, but allows for a wider 
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dynamic range and coverage of proteins. As the peptides are eluted from the LC column 

they are ionized, which can be accomplished by various means, although electrospray 

ionization (ESI) is a common method. The ionized peptides then enter the mass 

spectrometer where they are measured and later analyzed bioinformatically. The most 

common acquisition strategy used to date is data-dependent acquisition (DDA); however, 

a second method called data-independent acquisition (DIA) has gained in popularity in 

recent years. DIA methods involve the acquisition of MS spectra for all possible 

precursor masses above the detection limit of the instrument and are capable of 

identifying more peptide precursors than DDA methods, whereas DDA methods select 

for the fragmentation of individual precursors, which can result in a bias towards 

selection of high abundance peaks (Aebersold and Mann, 2016). Generally, DIA methods 

result in deeper coverage of proteome data and are also well suited for label-free protein 

quantification (Silva et al., 2006; Muntel et al., 2014) As such, for the purposes of this 

thesis, DIA methods were employed for MS data acquisition in order to generate an 

accurate quantitative representation of the global proteome composition of NSPCs in 

order to try and gain insight into how protein composition might determine biological 

processes and phenotype. 

1.8 Research Objectives 

  The effect of O2 levels on the regulation of stem cell behavior, in particular of 

ESC and ESC-derived NSCs, is an area of active research. It has become evident that 

culture of various stem cell types at levels of O2 that correspond to conditions they 

experience physiologically confers various benefits to the cells, including increased 

proliferation in vitro and improved survival post-transplantation. However, there have 
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been few studies investigating the effects of physiologically relevant O2 concentrations 

on adult NSCs, even though these cells may provide an attractive target for treating a 

variety of neurological illnesses through their endogenous recruitment. As such, this 

thesis attempts to investigate how varying levels of O2 affect adult NSPCs in vitro. 

Specifically, the research objectives of my thesis were to: 

 1) generate a quantitative proteome profile of identified proteins in adult NSPCs 

using a quantitative, data-independent mass spectrometry approach 

 2) characterize changes in protein levels between adult NSPCs following 

exposure to varying O2 concentrations through direct protein comparison, as well as 

between functional groupings using a coarse-grained categorization approach 

In order to find the appropriate targets to modulate in attempts to treat 

neurological illness, a thorough characterization of adult NSPCs and an understanding of 

how O2 levels influence adult NSPC behavior and molecular composition is required. 

This thesis will help to contribute to this understanding as it is one of the few studies to 

investigate the effects of physiologically relevant levels of O2 specifically on adult 

NSPCs, as well as the only study known to us that has attempted to characterize adult 

NSPCs at the protein level using a quantitative, data-independent mass spectrometry 

approach. This thesis will also provide a framework for future studies of NSPCs that use 

large amounts of quantitative proteome data by suggesting the use of coarse-grained 

proteome partitioning, which can reduce large data sets into a format that may be more 

amenable to deriving meaningful biological information about cellular behaviour. 
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2. MATERIALS AND METHODS 

2.1 Culture Conditions and Splitting Protocol for NSPCs 

To establish stock cultures of neurospheres, vials of frozen NSPCs stored in liquid 

N2 were thawed quickly in a 37 °C water bath and then diluted with 10 ml warm NSPC 

stock media, which consisted of a 1:1 ratio of high glucose Dulbecco's Modified Eagle 

Medium (DMEM) containing pyruvate (Gibco #11995) and Ham’s F-12 nutrient mix 

(Gibco #11765), 5 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 

(Sigma #H4034) and 1X penicillin-streptomycin (Gibco #15140). The NSPCs were 

collected as a pellet via centrifugation at 300 ´ g for 5 minutes and then resuspended in 

fresh NSPC working media which consists of NSPC stock media with addition of the 

following components at the indicated final concentrations: 1X B27 without vitamin A 

(Gibco #125870), 20 ng/mL basic fibroblast growth factor (bFGF) (Gibco #PHG0024), 

20 ng/mL epidermal growth factor (EGF) (Gibco #PHG0313), and 10 ug/mL heparin 

(Sigma #H3149). The resulting cell solution was then plated onto a 100 mm dish 

(Cellstar #664160) that had been previously coated using a solution of 0.5 mg/mL growth 

factor reduced Matrigel (Corning #256231) to encourage cell attachment. Live cells were 

allowed to attach overnight and the next day the media and floating debris was removed 

and the cells were washed once with NSPC stock media. The stock media was removed 

and enough TrypLE Express (Gibco #12605) was added to completely cover the dish. 

The dish was then incubated at 37 °C for 5 min and the cells were inspected under a light 

microscope to ensure they were sufficiently detached. The cell solution was collected, 

diluted with NSPC stock media, and centrifuged at 300 ´ g for 5 minutes. The resulting 

pellet was resuspended in 5 ml of NSPC working media and plated into a T25 low 
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attachment flask (Cellstar #690190). The flask was then placed in an incubator under 

conditions of 37 °C and 5% CO2 to allow for neurosphere formation. Cell growth was 

observed daily under a light microscope to check for neurosphere formation.  

When the majority of neurospheres were approximately 100-150 um in diameter, 

NSPCs suspended in growth media were removed from the flask for passaging. The flask 

was rinsed once with NSPC stock media to collect any remaining neurospheres, while 

trying not to dislodge any strongly attached cells. The neurospheres were collected by 

centrifugation at 200 ´ g for 1 min and the media was aspirated. The pellet was then 

resuspended in 1 ml of TryplE Express and incubated in a 37 °C water bath for 15 

minutes. Roughly halfway through the total incubation time, the cell solution was 

triturated 10 times using a P1000 pipette set to 900 µL in order to help dissociate the 

neurospheres. After incubation, the cell solution was again triturated about 10-20 times 

using a P1000 pipette, being careful not to introduce air bubbles. The cell solution was 

then diluted to 5 ml with NSPC stock media and centrifuged at 200 ´ g for 4 minutes to 

collect the dissociated cells. The supernatant was aspirated and the cells were 

resuspended in NSPC working media and counted using the trypan blue (Lonza #17-

942E) exclusion method. Five ml’s of cells at a concentration of 500,000 cells/ml were 

then plated in a T25 low attachment flask to give a density of 100,000 cells/cm2 for stock 

cultures. Cells were left to grow in an incubator set at 37 °C and 5% CO2 for 5-7 days, or 

until the majority of neurospheres were 100-150 um in diameter, before passaging. 

2.2 Protocol for Coating Tissue Culture Dishes with Poly-D-Lysine/Laminin 

Cell culture dishes were coated by dispensing the appropriate volume of 100 

ug/mL poly-D-lysine (PDL) (Alfa Aesar #J65578) in 1X phosphate-buffered saline (PBS) 
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(3 mL per 100 mm dish and 0.5 mL per 35 mm dish). The dishes were then incubated at 

room temperature (RT) for 30 minutes and washed with sterile PBS 2 times (10 mL for 

100 mm dishes and 1-2 mL for 35 mm dishes), removing as much PDL as possible after 

the last wash. After washing, 10 ug/mL laminin (Corning #354232) in DMEM was 

applied (6 mL per 100 mm dish and 1 mL per 35 mm dish) and allowed to incubate for 2 

h at 37 °C. The dishes were then washed twice with PBS and used the same day or stored 

overnight at 4 °C with PBS. 

2.3 NSPC Incubations at Varying Oxygen Concentrations 

 NSPCs were incubated under oxygen levels of 21% O2 (atmospheric), 5% O2 

(physioxia), or 1% O2 (hypoxia) for the purposes of protein extraction for mass 

spectrometric analysis. Sister dishes were also plated and incubated again at either 21%, 

5%, or 1% O2 for the purposes of cell counts. Both 100 mm and 35 mm dishes were 

coated with PDL/laminin as previously described in preparation for NSPC plating. 

NSPCs were plated in triplicate at 1,200,000 cells per 100 mm dish in 10 ml of working 

media and 200,000 cells per 35 mm dish in 2 ml of working media to give approximately 

the same number of cells per cm2.  Cells were allowed to attach overnight and the next 

day a media change was performed. For dishes that would undergo incubation at either 

5% O2 or 1% O2, the media was pre-gassed with N2 before performing the media change 

to remove dissolved oxygen from the media. This was done in order to try and minimize 

the amount of time it would take the culture media to equilibrate with the O2 levels of the 

hypoxia incubation chamber (Coy Laboratory Products). NSPCs to be incubated at 5% O2 

or 1% O2 were then placed inside the sealed hypoxia incubation chamber which was set 

to a CO2 level of 5% and O2 levels of either 5% or 1%, respectively, while sitting inside a 
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heated incubator at 37 °C. Cells to be incubated at 21% O2 were placed in the heated 

incubator under conditions of atmospheric O2 (~21%), 5% CO2 and 37 °C. NSPCs were 

then allowed to incubate for 72 h, at which point they were removed from the incubator 

and protein was extracted from NSPCs in the 100 mm dishes as quickly as possible as 

previously described. Protein lysate was then frozen at -80 °C until bead beating could be 

performed and the samples could be prepared for mass spectrometric analysis via FASP 

as previously described. NSPCs in 35 mm dishes were used for cell counts using the 

trypan blue exclusion method as previously described. 

2.4 Protein Isolation 

Following O2 incubations, NSPCs were removed from the heated incubator and 

placed on ice for protein isolation. Growth medium was aspirated and the attached cells 

were washed 2X with ice cold PBS. Then, 500 µL of 0.1 M Tris-hydrochloride (Tris-

HCl) pH 8.0 (Invitrogen #15568025) was added to the dish and cells were scraped using 

a cell scraper. The cell solution was then added to 500 µL of lysis buffer (8% sodium 

dodecyl sulfate (SDS) and 2 mM dithiothreitol (DTT) (Calbiochem #3860-OP) in 0.1 M 

Tris-HCl pH 8.0) in a bead beating tube (MP Biomedicals #116913050) to give a final 

concentration of 4% SDS and 1 mM DTT in 0.1 M Tris-HCl pH 8.0. Washing and 

scraping were done on ice as quickly as possible. Lysis occurred within 5 minutes of 

removing the cells from the hypoxia chamber. Bead beating was then performed using 

the FastPrep-24 (MP Biomedicals #116004500) benchtop homogenizer 5X at 6 m/s for 

30 s each with intermediate cooling on ice. The samples were then centrifuged at 14,000 

´ g at 15 °C for 15 min to collect the beads and any debris. The sample supernatant was 

collected and a small aliquot was taken for protein determination using the Pierce 
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bicinchoninic acid (BCA) protein assay kit (Thermo Scientific #23225) as per the 

manufacturers instructions. Samples were stored at -80 °C until processing. 

2.5 Sample Preparation for Mass Spectrometry via Filter Aided Sample Preparation 

(FASP) 

Sample washing, reduction, and alkylation was performed using Microcon-30kDa 

centrifugal filter units (Millipore #MRCF0R030). In order to achieve a concentration of 

SDS compatible with the filter units, samples were mixed with 4 volumes of chilled 

100% acetone and incubated at -20 °C overnight. Protein precipitate was then pelleted via 

centrifugation at 14,000 ´ g for 20 minutes at 4 °C. The supernatant was removed and the 

pellets were washed by adding 200ul of chilled 70% acetone and incubating at 4 °C for 

30 min. The samples were then centrifuged at 14,000 ´ g for 5 min at 4 °C and the 

supernatant was removed. Next, the pellets were incubated in 200 µL of 100% acetone 

for 5 min at room temperature, at which point the acetone was removed and the pellets 

were allowed to air dry in a biosafety cabinet at RT. The pellets were then resuspended in 

100 µL of 0.1 M Tris-HCl pH 8.0 containing 1% SDS and were incubated at 55 °C for 5-

10 min to help solubilize the protein pellets if necessary. Finally, the samples were 

diluted with 50 mM ammonium bicarbonate (ABC) (Sigma #A6141) to a concentration 

compatible with the filter units of 0.2% SDS.  

Prior to loading sample onto the filter unit, the filters were rinsed once with 400 

µL of 50 mM ABC and centrifuged at 14,000 ´ g for 10 minutes at 20 °C. All subsequent 

centrifugation steps were performed using the same conditions, with centrifugation times 

taking 10 min each. Sample was then added to the filter units, followed by centrifugation. 

The protein sample was then reduced by adding 200 µL of 5 mM DTT in 50 mM ABC to 
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the filter and incubating at RT for 30 min, followed by centrifugation. Protein alkylation 

was then performed by adding 200 µL of 15 mM iodoacetamide (IAA) (GE Healthcare 

#RPN6302) in 50 mM ABC and incubating at RT in the dark for 30 min, followed by 

centrifugation. The sample was then washed three times with 200 µL of 50 mM ABC, 

with centrifugation after each addition of buffer. After the last wash, the sample was 

recovered by inverting the filter unit and placing it into a clean collection tube and 

centrifuging at 1,000 ´ g for 3 min. 

Following sample recovery from the filter unit, a small portion (5 µL) was taken 

for protein determination using the Pierce BCA assay kit as previously described. In 

order to solubilize the trypsin for digestion, 1 µL of 1 mM hydrochloric acid (HCl) was 

added to a Trypsin Singles (Sigma #T7575) vial. The vial was then vortexed and the 

contents were collected using a mini centrifuge. Next, up to 50 ug of reduced and 

alkylated protein sample was added to the vial, which was again vortexed and collected 

with a mini centrifuge. The sample was then brought to 100 µL total with 50 mM ABC 

buffer and acetonitrile at a final concentration of 4.5%. The sample was vortexed and 

centrifuged once more and then incubated in a water bath set to 37 °C for 10 h. Following 

digestion, 1 µL of trifluoroacetic acid (TFA) was added to the sample, and it was then 

dried using a miVac centrifugal vacuum concentrator (Genevac) and stored at -80 °C 

until the sample was run. 

2.6 Mass Spectrometry Analysis 

 Each sample was analyzed on a Waters NanoAcquity system coupled to a Waters 

Synapt G2 HDMS. 0.5 µg spiked digests were loaded onto a Waters NanoAcquity UPLC 

Symmetry C18 trap column (180 µm × 20 mm, dp: 5 µm) to desalt and 



 41 

chromatographically focus peptides for 3 min (5 µL/min flow rate) prior to elution onto 

the Waters Acquity UPLC M-class HSS T3 analytical column (75 µm × 200 mm, dp: 1.8 

µm). The separation was conducted with a 120 min gradient from 3% acetonitrile/0.1% 

formic acid to 45% acetonitrile/0.1% formic acid at a flow rate of 0.35 µL/min. Eluting 

peptides were analyzed in a Waters Synapt G2 HDMS QTof in positive MSE resolution 

mode with 1 s scan time. In low-energy MS mode data were collected at constant 

collision energy of 4 eV. High-energy collision energy was ramped between 18 and 42 V. 

Leucine enkephaline was measured as lock mass every 30 s to maintain mass accuracy 

throughout the run. The resulting raw spectral data were processed with the ProteinLynx 

Global Server (PLGS) v. 3.02 with Identity (Waters). Data were extracted and searched 

against a protein sequence database built with the UniProt human reference proteome 

(downloaded January 2016), appended with the sequences of the Waters Hi3 Ecoli 

standard for quantification. As search parameters, the following settings were used: mass 

tolerance of 8 ppm, trypsin specificity, 1 missed cleavage, stable modification 

carbamidomethyl (C), variable modification methionine oxidation, false discovery rate: 

4%. The details of the built-in ion accounting algorithm and subsequent quantification are 

described elsewhere. In short, quantitation is based on the peak area of the peptide 

precursor signal (MS1). The averaged signal of the three most abundant peptides is then 

compared with the three most abundant signals from the Waters Hi3 Ecoli standard. It is 

relevant to note that the algorithm employs a depletion strategy that avoids peptides to be 

reused for protein identification (as described by Hansmeier et al., 2017). 
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2.7 Statistical and Bioinformatic Analyses 

Differentially expressed proteins across treatment groups were tested for 

significance using Student’s t test and the False Discovery Rate (FDR) approach for 

multiple testing correction of Benjamini, Krieger, & Yekutieli (2006) was used. 

Subcellular localization was assigned to proteins using selected terms derived from the 

Gene Ontology (GO) project via UniProtKB as well as the LOCATE database (Fink et 

al., 2006; Sprenger et al., 2008; The UniProt Consortium, 2017). Proteins identified by 

MS analysis were annotated with Clusters of Orthologous Groups (COG) functional 

classifications using the online eggNOG-mapper tool (Huerta-Cepas et al., 2016). 

Normalized nanogram values per protein were summed to give abundance information 

for each functional category per run and then an average relative abundance was 

calculated for each functional COG category within a treatment. Protein identifications 

and protein abundance for each functional COG category were compared between the 5% 

and 21% O2 treatment groups using Student’s t test and the False Discovery Rate (FDR) 

approach for multiple testing correction of Benjamini, Krieger, & Yekutieli (2006) was 

used. 

  



 43 

3. RESULTS 

3.1 NSPC Growth Under Experimental Conditions 

 Prior to running experiments, the amount of time for oxygen levels in the hypoxia 

incubator chamber to reach the desired set point was tested using an oxygen probe (data 

not shown). It took approximately 16 hours for the oxygen level in the chamber to adjust 

to within 1% O2 of the desired set point, and up to approximately 24 hours for the oxygen 

levels to maintain a stable reading. Based on these experiments, all incubations were 

performed for 72 h, which was enough time for O2 levels to maintain a stable reading at 

the desired set point and allowed an adequate amount of growth without the cells 

reaching confluence. 

Depicted in Figure 4 are representative images of the NSPCs at various time 

points after plating on a PDL/laminin coated plate. These images illustrate the role of 

PDL/laminin in inducing attachment and allowing the growth of NSPCs as an adherent 

culture. NSPCs were grown as adherent cultures for all oxygen experiments as cells 

grown in a monolayer are expected to be exposed to a relatively consistent O2 

concentration, whereas individual NSPCs in a neurosphere may be exposed to a gradient 

of O2 tensions depending on the depth of the neurosphere within the culture media as well 

as the location of an individual cell within the nuerosphere. Depicted in Figure 4E are 

NSPCs grown as floating neurospheres, which is the typical culture method used for 

NSPC expansion.  

Following the 72 h incubations of NSPCs under various levels of O2, there were 

significantly more NSPCs present in the 5% treatment group compared to both the 21% 
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(p < 0.001) and 1% (p < 0.001) treatments, while there was no statistically significant 

difference in total cells between the 21% and 1% treatment groups (Figure 5).  
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Figure 4. Representative image of NSPCs in culture on PDL/laminin coated plates 24 

hours after plating (A), 48 hours after plating (B), 72 hours after plating (C), and 96 hours 

after plating (D). Panel E depicts NSPCs as floating neurospheres. Images taken on a 

Nikon Diaphot-TMD in DIC mode at 200X magnification using the Nikon DS-5M-L1 

Digital Imaging Camera System. 
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Figure 5. Mean total cell counts (+ 95% confidence interval) of NSPCs following 72 h 

incubations at varying oxygen concentrations (one-way ANOVA followed by Tukey’s 

multiple comparison test; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001; ns, not significant). n = 6 

for 5% O2, n = 11 for 21% O2, n = 4 for 1% O2 
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3.2 Overview of Proteomic Data 

 To better understand the cellular response of NSPCs to hypoxic conditions, 

changes induced by varying O2 levels were investigated at the protein level by applying a 

proteomics approach via mass spectrometric analysis. In order to get an indication of the 

quality of the data produced by the mass spectrometry protocol, certain technical aspects 

such as number of proteins identified, peptide coverage, and various properties of the 

identified proteins were investigated. 

Across all replicates, a total of 2661 proteins were identified. Among these, there 

were 878 unique proteins identified (Figure 6A). When comparing the unique proteins 

identified in the 5% O2 treatment group to the unique proteins identified in the 21% O2 

treatment group, roughly 50% were identified at least once in both treatment groups. The 

5% O2 group accounted for 36% of unique proteins and the 21% O2 group accounted for 

the remaining 14% of unique proteins identified. This difference was likely due to the 5% 

O2 group having one more replicate than the 21% O2 group (Figure 6A). Among a total of 

1593 proteins (including replicate proteins) identified across the four 5% O2 treatment 

group replicates, roughly half, or 757, were unique proteins (Figure 6B). Of these unique 

proteins, 21% were identified in all 4 replicates, while roughly 47% were identified in 

only a single replicate. The remaining 33% of proteins were detected in 2 or more 

replicates (Figure 6B). From 1068 total protein identifications (including replicate 

proteins) across the 3 replicates for the 21% O2 treatment group, slightly more than 50%, 

or 564, were unique proteins (Figure 6C). Of these unique proteins, about 35% of 

proteins were identified in all 3 replicates, about 19% in 2 replicates, and 46% in only a 

single replicate (Figure 6C).  
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Figure 6. Venn diagrams showing the overlap in the number of identified proteins 

between replicates for the 5% O2 treatment group (A) and 21% O2 treatment groups (B). 

A total of 2661 proteins were identified across all replicates. In panel C, the overlap 

between unique proteins identified in the 5% O2 treatment group and the unique proteins 

identified in the 21% O2 treatment group is displayed. 
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This indicates that while there are 157 and 198 proteins that are reliably identified in all 

cases for the 5% and 21% treatment groups, respectively, there was some variation 

outside of these core proteins. 

Using an in silico depiction of a two-dimensional (2D) protein gel to estimate the 

migration behaviour of the proteins identified via mass spectrometry across all replicates, 

there appears to be two potential populations of proteins situated between a pI of roughly 

4-7.4 and 7.6-10 (Figure 7A). Identified proteins had a molecular weight range from 6.3 

kDa to 243 kDa and isoelectric points (pI) ranging from a pH of 3.6 to 12.3. The majority 

of proteins are below 100 kDa in size, with few proteins larger than this (Figure 7A). This 

general pattern is also observed when the predicted migration patterns of all proteins 

belonging to the Mus musculus proteome are plotted (Figure 7B). Again, the majority of 

proteins fall below 100 kDa in size and it also appears that there are relatively fewer 

proteins with a pI between 7 and 8 compared to surrounding pH ranges. This bimodal 

distribution of proteins, where relatively fewer proteins have a pI value near a 

physiological pH, is expected and seen in all eukaryote proteomes (Wu et al., 2006; 

Kozlowski, 2017). In Figure 7C, although the 878 unique proteins identified across our 

replicates only accounts for roughly 5% of the 16,997 of the reviewed proteins belonging 

to the Mus musculus proteome, the general distribution pattern of the expected protein 

migration behaviours is similar. Also of note, is that only a subset of the Mus musculus 

proteome would be expressed in NSPCs at any one time. These observed patterns are 

supported by the data presented in Figure 8, where most proteins identified across our 

replicates fall between 20 and 30 kDa and roughly 92% of all proteins fall below 100 

kDa.
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Figure 7. A depiction of the identified proteins plotted according to their predicted isolectric 

point (pH) and theoretical molecular weight (kDa) in all 5% and 21% O2 treatment groups (A) 

and all proteins belonging to the Mus musculus proteome using predicted isoelectric points and 

molecular weights obtained from the Proteome-pI database (Kozlowski, 2017) (B). Panel 4C 

depicts the proteins from panel A as red circles overlaid over the Mus musculus proteome. 

(Original in colour). 
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Figure 8. A histogram depicting the molecular weights of all unique proteins identified via mass 

spectrometry. 
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This is similar to the Mus musculus proteome, where roughly 88% of the proteins are below 100 

kDa in size; however, the largest percentage of proteins in this case fall between 10 and 20 kDa 

(data not shown). 

 In general, peptide coverage can be useful as an indicator of digestion efficiency, where 

an efficient protein digest would theoretically result in a relatively high peptide coverage for 

proteins. In terms of peptide identification, most proteins have a percent peptide coverage of 

between 10 and 30% (about 65% of proteins), while only about 5% of proteins have coverage  

below 10% (Figure 9A). The average peptide coverage for all proteins was 25%. The most 

common number of peptide identifications for a protein was 5, while less than 2% of proteins 

were identified with only a single peptide, and roughly 5% with 2 peptides. While protein 

identification with 2 or less peptides is not very reliable, about 71% of proteins were identified 

with a more reliable 3 to 10 peptides, and about 20% of proteins were identified with more than 

10 peptides. On average, proteins were identified with 8 peptides. The protein identified with the 

largest number of peptides was myosin-9, with 48 peptides (Figure 9B). We can also see that as 

the molecular weight of a protein increases, we typically see a larger number of peptides 

identified for that protein (Figure 10A). Similarly, as a protein is more abundant in terms of 

relative amount, we generally see an increase in the number of peptides identified (Figure 10B). 

Logically, this may indicate that larger molecular weight proteins produce more peptides for 

identification, and proteins that are present in larger abundances have a greater chance of their 

peptides being detected via mass spectrometric analysis. 
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Figure 9. Histograms depicting (A) the percent peptide coverage (number of peptides identified 

via mass spectrometry out of the total number of theoretical peptides for a protein) for all 

proteins identified via mass spectrometry and (B) the total number of peptides detected for each 

protein identified via mass spectrometry.  
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Figure 10. Histograms depicting (A) the number of peptides identified by mass spectrometry and 

the mean molecular weight of the corresponding proteins in each peptide category and (B) the 

number of peptides identified by mass spectrometry and the mean nanogram amount of the 

corresponding proteins in each peptide category. 
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3.3 Functional Categorization of Proteins Identified via Mass Spectrometry 

Subcellular localization was assigned to proteins using selected terms derived from the 

Gene Ontology (GO) project via UniProtKB as well as the LOCATE database. Two different  

databases were used for protein classification to determine if there is general agreement between 

the databases in terms of their annotation. It was found that most proteins are located in the 

cytoplasm, with the second largest category being the nucleus (Figure 11). This is true across 

both databases used for annotating subcellular location. In general, about 1.2-1.5 times as many 

proteins are located in the cytoplasm as the nucleus. The third largest category is the 

mitochondrion, accounting for roughly 10-14% of proteins, while the rest of the categories 

combined account for roughly 17-25% of proteins. While the percentages for each category are 

relatively congruent between the GO and LOCATE databases, of 879 unique proteins, about 

78% were annotated using the UniProtKB list of terms derived from the GO database, while only 

37% were annotated using the LOCATE database. 

Following identification of proteins via mass spectrometry, the COG database was used 

to classify each protein into functional COG categories, as described in Table 1. COG 

categorization provides a broad, but rational way of classifying proteins into functional groups to 

reduce a large and complex dataset into a more manageable size in order to help derive 

meaningful biological information. Figure 12 depicts the amount that each COG category 

contributes to the overall proteome in terms of protein identifications. While there are no 

statistical differences observed between the 5% and 21% treatment groups within any one 

functional category, there are differences between categories in terms of how much each 

category contributes to the overall proteome.  
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Figure 11. Pie charts depicting the relative number of unique proteins belonging to different 

subcellular locations in NSPCs. Proteins used for subcellular classification were derived from 

both 5% and 21% O2 treatment groups and were annotated using the UniProt Knowledgebase 

(UniProtKB) selected terms derived from the Gene Ontology (GO) project (A) and the LOCATE 

database (B). Note that because some proteins are annotated with more than one subcellular 

location and are present in multiple categories, the sum of the proteins assigned to each category 

has been normalized relative to the total number of assignments. (Original in colour). 
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Table 1. COG functional categories and their associated description. Each COG category can 
also be classified under a reduced number of more general functional categories. 

COG 
Category 

Functional Description General Category 

D Cell cycle control and mitosis Cellular Processes and Signaling 
M Cell wall/membrane/envelope biogenesis  

N Cell motility  

O Post-translational modification, protein 
turnover, chaperone functions 

 

T Signal transduction  
U Intracellular trafficking, secretion, and 

vesicular transport 
 

V Defense mechanisms  

W Extracellular structures  

Y Nuclear structure  

Z Cytoskeleton  
A RNA processing and modification Information Storage and Processing 

B Chromatin structure and dynamics  

J Translation, ribosomal structure and 
biogenesis 

 

K Transcription  
L Replication and repair  

C Energy production and conversion Metabolism 

E Amino acid metabolism and transport  

F Nucleotide metabolism and transport  
G Carbohydrate metabolism and transport  

H Coenzyme transport and metabolism  

I Lipid transport and metabolism  
P Inorganic ion transport and metabolism  

Q Secondary metabolites biosynthesis, 
transport, catabolism 

 

R General function prediction only Poorly Characterized 

S Function unknown  
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Figure 12. Mean percent amount (+ 95% confidence interval) each functional (COG) category 

contributes to total protein content in terms of individual protein identifications. Mean percent 

amount is compared between 5% O2 and 21% O2 treatment groups within each functional 

category. There is no statistical difference between treatments within any functional category 

after using the False Discovery Rate (FDR) approach for multiple testing correction of 

Benjamini, Krieger, & Yekutieli (2006). 
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The functional category of post-translational modification, protein turnover, and chaperone 

functions consists of the largest number of identified proteins, accounting for about 16.5 and 

18% of proteins for the 5% and 21% treatment groups, respectively. The next largest category is 

translation, which accounts for roughly 15% of the total proteins for both the 5% and 21% 

treatment groups.  No other functional category accounts for greater than 10% of all proteins, 

while cell motility accounts for the fewest number of proteins at roughly 0.1% for both 5% and 

21% treatments (Figure 12). 

Although it may be typical to compare functional categories based on number of protein 

identifications, this may not be entirely representative of the functional importance or activity of 

a protein. As such, it is possible, and perhaps more biologically relevant, to determine how much 

each COG category contributes to the overall proteome in terms of relative protein abundance 

(Figure 13). Normalized nanogram values per protein were summed to give abundance 

information for each functional category per run and then an average relative abundance was 

calculated for each functional COG category within a treatment. Again, there are no significant 

differences within any one functional category between the 5% and 21% treatment groups, but 

there are distribution shifts seen in terms of how much each category contributes to the overall 

amount of protein. While post-translational modification, protein turnover, and chaperone 

functions is again the largest category, accounting for roughly 21% of the overall protein 

abundance, cytoskeleton is the second largest category, accounting for roughly 20 and 18% for 

the 5% and 21% treatment groups, respectively. Translation, as well as energy production and 

conversion, account for roughly 12-14% of protein abundance. No other category contributes 

more than about 8%, while most categories contribute less than 3% to the total protein amount 

(Figure 13).  
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Figure 13. Mean relative abundance (+ 95% confidence interval) of each functional (COG) 

category contributes to total protein content in terms of nanogram amount. Mean percent amount 

is compared between 5% O2 and 21% O2 treatment groups within each functional category. 

There is no statistical difference between treatments within any functional category after using 

the False Discovery Rate (FDR) approach for multiple testing correction of Benjamini, Krieger, 

& Yekutieli (2006). 
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Figure 14. Comparison between the relative abundance and mean percent protein identifications 

for each functional (COG) category for the 5% O2 treatment group. 
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Figure 15. Comparison between the relative abundance and mean percent protein 

identifications for each functional (COG) category for the 21% O2 treatment group. 
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When directly comparing the protein abundance with the number of proteins 

identified for the 5% and 21% treatments, differences within functional categories can be 

seen and the overall trend is the same between the two treatment groups (Figures 14 & 

15). While post-translational modification, protein turnover, and chaperone functions is 

the largest COG category in terms of both protein abundance and proteins identified, it 

accounts for only slightly more protein abundance, at about 21%, compared to protein 

identifications, at about 17%. The difference is greater for the cytoskeleton category, 

where it accounts for roughly 20% of total protein abundance, but only accounts for 10% 

of total number of protein identifications. Proteins involved in translation account for a 

large proportion of protein irrespective of where they were examined in terms of total 

protein abundance and total number of protein identifications. Overall, most categories 

contribute more to protein identifications than they do protein abundance. However, for 

about 20% of categories; including energy production and conversion, carbohydrate 

metabolism, post-translational modification/protein turnover/chaperone functions, 

nuclear structure, and cytoskeleton; the opposite is true (Figures 14 & 15). Overall, the 

largest categories are those related to cell structure, protein modification and turnover, 

translation, and energy production and conversion. Taken together, this may be 

indicative of cells that are actively growing and replicating (Figures 14 & 15). 

Statistically significant differences between treatment groups when the 

abundance of individual proteins was compared were only detected when using less 

stringent statistical conditions; in this case, a significance level cut-off of alpha = 0.1 and 

no correction for multiple comparisons (Table 2). Under these conditions, 13 proteins 

showed differences in terms of abundance between treatments. Two of these proteins, 
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isocitrate dehydrogenase subunit alpha and fibrillarin, have calculated p values below the 

conventionally used cut-off of 0.05. However, when using an FDR approach for multiple 

testing correction, these differences are no longer considered statistically significant, as 

evidenced by the calculated q value (Table 2). *Note that no significant differences exist 

after using the False Discovery Rate (FDR) approach for multiple testing correction of 

Benjamini, Krieger, & Yekutieli (2006)



 73 

Table 2. List of proteins identified as significantly different in terms of nanogram amount between 5% and 21% O2 treatment groups 
using an alpha value of 0.1 and before correcting for multiple comparisons.  
UniProt 
Accession 

Gene 
Name 

Description Cog Category P 
value 

Q 
value* 

Q9D6R2 IDH3A Isocitrate dehydrogenase [NAD] subunit alpha, 
mitochondrial 

Energy production and 
conversion 

0.014 0.998 

P35550 FBRL rRNA 2'-O-methyltransferase fibrillarin RNA processing and 
modification 

0.049 0.998 

Q8BFR5 EFTU Elongation factor Tu, mitochondrial Translation, ribosomal structure 
and biogenesis 

0.051 0.998 

P68254 1433T 14-3-3 protein theta; Tyrosine 3-monooxygenase 
tryptophan 5-monooxygenase activation protein 

Post-translational modification, 
protein turnover, chaperone 
functions 

0.055 0.998 

Q61171 PRDX2 Peroxiredoxin-2 Post-translational modification, 
protein turnover, chaperone 
functions 

0.067 0.998 

P16045 LEG1 Galectin-1 Extracellular structures 0.068 0.998 
P62908 RS3 40S ribosomal protein S3 Translation, ribosomal structure 

and biogenesis 
0.073 0.998 

P26369 U2AF2 Splicing factor U2AF 65 kDa subunit RNA processing and 
modification 

0.078 0.998 

Q60931 VDAC3 Voltage-dependent anion-selective channel protein 
3 

Inorganic ion transport and 
metabolism 

0.084 0.998 

Q91YQ5 RPN1 Dolichyl-diphosphooligosaccharide--protein 
glycosyltransferase subunit 1; ribophorin I 

Post-translational modification, 
protein turnover, chaperone 
functions 

0.085 0.998 

Q9QYB1 CLIC4 Chloride intracellular channel protein 4 Inorganic ion transport and 
metabolism 

0.086 0.998 

P97351 RS3A 40S ribosomal protein S3a Translation, ribosomal structure 
and biogenesis 

0.093 0.998 

P08553 NFM Neurofilament medium polypeptide Cytoskeleton 0.094 0.998 



 74 

4. DISCUSSION 

4.1 Effects of O2 Levels on NSPC Growth 

NSPC activity is tightly regulated by the microenvironment in which they reside 

as well as its associated microvasculature, which acts as a critical component of the stem 

cell niche by providing both spatial cues and regulatory signals to NSPCs in close 

proximity to blood vessels (Tavazoie et al., 2008). Another important regulator of NSPC 

dynamics in the stem cell niche is local oxygen tension, and evidence shows that changes 

in O2 levels alter NSPC behaviour both in vitro and in vivo by affecting their survival, 

proliferation, self-renewal and differentiation (Studer et al., 2000; Pistollato et al., 2007; 

Panchision, 2009). Additionally, oxygen tension has been shown to regulate NSPC 

activity by altering the expression of certain genes associated with stem cell function, at 

least in part via the HIF oxygen-sensing pathway (Gustafsson et al., 2005; Mazumdar et 

al., 2010; Roitbak et al., 2011). Innate NSPC response has also been observed in 

neurological injuries where oxygen availability is disrupted, such as during stroke 

(Panchision, 2009). As such, the understanding of how oxygen response precisely 

controls NSPC dynamics and activity will be important for the treatment of neurological 

disorders in which O2 manipulation is used to stimulate neurogenesis or for NSPC 

replacement strategies.  

Indeed, my experiments indicate that by varying O2 levels, NSPC growth in vitro 

is affected; however, expected corresponding changes in individual protein levels were 

not observed between treatments. Specifically, the results of cell counts indicate that a 

greater number of NSPCs were present after cells were cultured under conditions that 

approximate physiological levels of oxygen that NSPCs experience in situ i.e. 5% O2 
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(Figure 2). While there were significantly more cells present in the 5% O2 treatment 

group compared to the other treatments, there was no significant difference in total cell 

number between the 1% and 21% O2 groups. Intuitively, this may indicate that growing 

conditions for NSPCs are optimal when oxygen is at physiologic levels; however, simple 

cell counts do not necessarily indicate much about actual cellular behaviour. It is not 

known from these experiments the levels of apoptotic cell death, rates of cellular 

proliferation, or amounts of cellular differentiation, which will all have an effect on total 

cell count following culturing. My results also correspond to previous studies 

investigating NSPC growth at physiological vs atmospheric levels of O2, some of which 

provide insight into the molecular processes resulting in improved growth under 

physiologic O2 conditions. 

An early study by Studer et al. (2000) found that E12 rat mesencephalic precursor 

cells expanded under O2 levels of roughly 3 ± 2% had an increased cellular yield due to 

increased proliferation, as indicated by bromodeoxyuridine (BrdU) labelling, as well as 

reduced levels of apoptosis when compared to cells expanded under atmospheric O2 

conditions. Subsequently, this result of increased cellular yield following culture at 

reduced oxygen levels was demonstrated in a number of studies using a variety of cell 

types, including both human and mouse fetal NSPCs of various origin, human neonatal 

NSPCs from the SVZ, and an immortalized human NSC line (Storch et al., 2001; 

Milosevic et al., 2005; Pistollato et al., 2007; Horie et al., 2008; Santilli et al., 2010; 

Braunschweig et al., 2015). While this response of increased cellular yield at physiologic 

oxygen levels is conserved among a variety of neural cell types of various origin, there is 

inconsistency across studies as to whether this is a result of increased proliferation rates, 



 76 

decreased cell death, a reduction in spontaneous differentiation, or some combination of 

the aforementioned.  

While increased yield of NSPCs is a reliable result of culture at physiologic 

oxygen levels, there are fewer studies that investigate NSPC growth at levels that 

approximate pathophysiologic conditions, such as £ 1% O2, and those that do 

demonstrate a variety of cellular responses. For example, Ingraham et al. (2011) found 

that E15 rat NSCs had larger cell numbers due to increased proliferation rates at both 

0.1% and 1% O2, relative to atmospheric conditions, while there was no change in cell 

viability between treatments. In contrast, Santilli et al. (2010) found that human fetal 

NSCs generated the fewest cell numbers when cultured at 1% O2, compared to both 

physiologic and atmospheric conditions, and eventually cellular arrest and death resulted. 

Horie et al. (2008) cultured fetal mouse NSCs at various O2 concentrations and found 

that after 24 h both proliferation rates and cell death increased for cells cultured at 1% O2 

relative to atmospheric conditions, while cells cultured under anoxia had similar levels of 

proliferation, but the highest levels of cell death relative to cells cultured at atmospheric 

levels. Unfortunately, cellular yields were not reported for this study (Horie et al., 2008). 

My results indicate that growth at 1% O2 is less permissible for the generation of greater 

NSPC numbers compared to 5% O2, but is similar in terms of total cell numbers to 

atmospheric conditions (Figure 2). Also, it may be interesting to investigate the growth 

kinetics of NSPCs at different time points, as one study by Bürgers et al. (2008) found 

that adult rat SVZ NSC numbers even increased under anoxic conditions relative to cells 

grown at atmospheric levels, although this phenomenon was not apparent when culture 

lengths were extended. Since it is the goal of many transplantation therapies for brain 
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injury to generate a large number of cells in a relatively short period of time, it is 

important to have a thorough understanding of what growth conditions are most suitable 

for in vitro culturing, as well as what conditions provide the best chance for cellular 

survival post-transplantation.  

While, to my knowledge, this is the only study that has investigated how oxygen 

levels affect cellular yield of NSPCs harvested specifically from the adult mouse SVZ, 

there are a few limitations that need to be considered for this experiment. First, small 

deviations in the number of cells initially seeded prior to growth experiments may result 

in large differences in the final total cell number due to the logarithmic nature of cell 

growth. As such, more trials should be conducted in order to confirm these results. Also, 

this experiment does not indicate anything about the specific cellular behaviour resulting 

in changes to cell growth. Assays measuring proliferation and cell viability, as well as 

immunocytochemical staining and/or cell sorting should be performed in order to 

determine the contribution of changes in proliferation rates, cell death, and 

differentiation to cellular growth. While these types of assays have been performed for 

NSPC types of various origin in other studies, there are still marked differences found in 

terms of what cellular behaviour drives changes in cellular growth. It is possible that 

these disparities are partly a result of differences in the type and origin of different 

NSPCs, as well as differences in the length of culture times; however, another critical 

factor that is often overlooked and may result in inconsistencies between studies is the 

implementation and monitoring of oxygen conditions during cell culture. 

Currently, studies often consider atmospheric oxygen levels to be normoxic and 

the lowered O2 levels found in the brain to be hypoxic. However, these reduced levels of 
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O2 are physiologically normoxic for the cells that reside in the NSC niches within the 

brain. As such, atmospheric levels of O2 should not be considered normoxic and lower 

levels of O2 better approximate in situ normoxia, or physioxia (Ivanovic, 2009). Due to 

this discrepancy in protocols and naming convention, comparisons of in vitro 

experiments performed at atmospheric vs. physioxic O2 levels can be difficult or 

misleading (Carreau et al., 2011). Another factor that is often overlooked and can make 

interpretation of the literature difficult is that O2 levels in the gas phase are not always 

the same as O2 levels experienced by cells in culture. Factors such as plating density, 

medium height and cellular oxygen consumption rate can all affect the concentration of 

O2 experienced by the cell, and variations in these factors between experiments could 

explain discrepancies in results, even when the levels of O2 in the gas phase are equal 

(Millman et al., 2009). As such, along with the use of appropriate naming conventions, 

these factors should be reported in studies and efforts need to be made to tightly control 

the levels of O2 actually experienced by cells in culture as much as possible. 

In terms of my own experiments, efforts were taken to try and mitigate the 

possible confounding effects that could arise from the lack of precise control of O2 levels 

that the cells experience in culture; however, this was somewhat limited by the 

experimental set-up and equipment available. It has been shown that it can take an 

extended period of time for O2 tension in the cell culture medium to equilibrate with the 

O2 concentration of the gas phase (Allen et al., 2001; Newby et al., 2005). This inability 

to achieve rapid changes in the O2 concentration of the culture medium is mainly limited 

by the low solubility of O2 in liquid, as well as the slow diffusion of oxygen molecules 

through the gas phase by convective mixing, which is further inhibited by the need for 
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oxygen molecules to either pass through the plastic lid of the cell culture dish by 

diffusion or through the venting feature of the dish before they reach the gas-liquid 

interface at the top of the cell culture medium. At this point, oxygen diffusion through 

the culture medium is also limited by the height of the medium and distance the O2 

molecules need to travel before reaching the monolayer cell culture on the bottom of the 

culture dish (Metzen et al., 1995). Depending on the height of the culture medium, it has 

been shown that medium saturated with atmospheric levels of O2 can take on the order of 

a few hours all the way up to 24 hours to equilibrate with a gas phase that contains lower 

O2 concentrations, such as 5% or 1% O2 (Allen et al., 2001; Newby et al., 2005). This 

corresponds to preliminary experiments I performed where it took culture medium 

containing 20% O2 up to approximately 24 hours for the oxygen levels to maintain a 

stable reading when the gas phase was set to either 5% or 1% O2. In order to try and 

reduce the equilibration time, culture media was bubbled with pure nitrogen to reduce 

the oxygen saturation to 0% before adding it to culture dishes at the start of experiments. 

However, it has been shown that manipulation of anoxic culture medium in atmosphere 

causes mixing of the medium with air and can drastically increase the oxygen saturation 

of the medium, which makes this technique have limited usefulness (Newby et al., 

2005). We also attempted to reduce equilibration time by limiting the volume of culture 

medium used in order to decrease the distance needed for oxygen to diffuse and reach 

cells; however, the consequence of this method is that it is possible for growth factors 

and nutrients in the culture medium to be depleted more quickly, and salt stress may 

occur due to the evaporation of medium over the course of experiments. Another 

possible way to decrease the time it takes for the diffusion of oxygen molecules into the 
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culture medium may be to gently rock or mix cell cultures; however, this may have the 

unintended side effect of causing monolayer cell cultures to become unattached from 

their culture dish or to introduce unintended cellular effects from sheer stress forces 

(Newby et al., 2005). 

Perhaps the most important consideration for cell cultures where oxygen tension 

of the gas phase is a manipulated variable is the oxygen consumption of cells via cellular 

respiration that lowers the local oxygen tension close to the cells in the pericellular 

region. An early study by Metzen et al. (1995) showed that there can be a marked 

discrepancy between the oxygen tension of the gas phase and the oxygen concentrations 

actually experienced by cells in culture and it has also been shown that these effects are 

even more pronounced when the gas phase is set to lower levels of oxygen tension, 

particularly when cells reach confluence (Pettersen et al., 2005; Bambrick et al., 2011). 

As such, it is important to at the very least try and monitor oxygen tension in the 

pericellular area and report it in studies. Unfortunately, the means to do this were not 

available for my experiments and it is possible, and even likely, that the set gas phase 

oxygen tensions for my treatments of 1%, 5%, and 21% O2 was not what was actually 

experienced by the NSPCs in culture. It is reasonable to assume that the pericellular 

oxygen concentrations were lower than intended due to cellular respiration, and that 

these tensions decreased as cultures reached confluency, which is another reason for 

constant monitoring of the oxygen tension near cells, as it may fluctuate over time 

(Bambrick et al., 2011). It is possible that pericellular oxygen tension may have even 

approached anoxia in some cases, particular during the 1% treatment group, and that the 

5% treatment group may have actually been simulating conditions closer to pathologic 
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conditions such as stroke, rather than physiological conditions (Powers et al., 2008). 

Although there were likely large differences in oxygen concentration between the gas 

phase and pericellular space of the NSPCs, we tried to ensure that all of the cells would 

experience roughly the same oxygen tension and were subjected to the same conditions 

by applying a PDL/laminin substrate and growing the NSPCs as an attached monolayer 

culture. Typically, NSPCs are grown as free-floating spheres, where cells on the outer 

part of neurospheres consume more cellular oxygen and it is more difficult for oxygen to 

diffuse to cells of the inner sphere. Spheres located in different depths of the culture 

media may also experience differences in oxygen tension, making it difficult to provide a 

uniform oxygen environment for all the cells in a single culture (Wion et al., 2009). All 

of these aspects that may introduce difficulties in controlling and monitoring oxygen 

tension should be kept in mind for any culture experiment involving oxygen 

manipulation, as the inability to monitor or precisely control the oxygen concentration 

that monolayer cells experience in culture will limit the ability to compare results 

between studies or to relate the results of experiments to specific oxygen tensions.  

4.2 Assessment of Sample Quality for Mass Spectrometry 

 To determine whether the observed changes in cellular numbers after O2 

treatments were accordant with changes in protein levels, a shotgun LC-MS-based 

proteomics approach was applied. However, mass spectrometric results are highly 

dependent on sample quality, and as such, the technical results of mass spectrometric 

experiments should be considered. Regardless of the analytical approach, proper sample 

preparation strategies are critical to guarantee that sample loss and the introduction of 

contaminants is minimized to ensure a high-quality sample for analysis. 
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 When compared to a study of atherosclerotic plaque tissues that used similar 

sample preparation methods and the same DIA-MS-based quantitative techniques, the 

distribution of identified proteins according to their molecular weight and pH is similar 

(Hansmeier et al., 2017). While we had a molecular weight range from 6.3 to 243 kDa 

and a pI range of pH 3.6 to 12.3 (Figure 7), Hansmeier et al. (2017) had ranges of 2.9 to 

247 kDa and pH 3.5 to 12 for molecular weight and pI, respectively. The lower end of 

the molecular weight range is slightly higher than that seen in the atherosclerotic plaque 

study, but not drastically so, and may be attributable to their use of 10 kDa molecular 

weight cut-off filters (MWCO) for sample preparation, while 30 kDa MWCO filter units 

were used in my study. Overall, the general distribution pattern of proteins according to 

their molecular weight and pI (Figure 7) is comparable, including the observed bimodal 

distribution, where fewer proteins with a pI value near physiological pH of ~7.4 are 

detected (Wu et al., 2006). This suggests there is little bias in this study in terms of 

unintended enrichment of proteins with particular characteristics during extraction and 

sample preparation stages. 

 In terms of unique proteins identified, there are few relevant comparable studies. 

Most MS-based proteomic analysis of stem cells to date has focused on ESCs or NSCs 

from origins other than the adult mouse SVZ, such as NSCs from the adult rat brain or a 

human-derived NSC line (Maurer et al., 2003, 2004, 2008; Hoffrogge et al., 2006; Kim 

et al., 2012). Also, the majority of these studies employ 2DGE, which has a more limited 

ability to resolve proteins for subsequent MS-based proteomic analysis, leading to a 

smaller number of identified proteins compared to more modern separation methods. 

Indeed, Maurer et al. (2003, 2004) identified 109 and 172 unique proteins in two studies 
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of NSPCs from the adult rat hippocampus and identified only 55 unique proteins in a 

later study of NSPCs derived from the SVZ of adult rats (2008). Hoffrogge et al. (2006) 

were able to identify 318 unique proteins from a human NSC line; however, this is still 

less than half the 878 unique proteins identified in the present study. This can likely be 

attributed to improvements in protein separation methods and mass spectrometry 

instrumentation, allowing for increases in the number of proteins that can be observed 

and reliably identified in a single study (Shoemaker and Kornblum, 2016). However, 

when compared to the Hansmeier et al. (2017) proteomic study of atherosclerotic 

plaques, they identified almost twice the number of total proteins, with 4181 proteins 

identified across all their samples, compared to the 2661 proteins identified in this study, 

despite using the same label-free DIA-MS approach for analysis. One potential 

explanation for this disparity in identified protein number is that arterial plaque tissue is 

quite heterogeneous in nature, meaning its structure can be composed of a number of 

different cell types that express a wider range of proteins than that of one specific cell 

type cultured in vitro. However, in addition to having a fewer number of identified 

proteins, the average peptide sequence coverage is only 25% and proteins were identified 

with an average of 8 peptides (Figure 9), compared to 45% sequence coverage and 14 

peptides in the Hansmeier et al. (2017) study. This suggests that there is an additional 

reason for the comparatively low number of identified proteins, which may be attributed 

to poor sample quality, as the results obtained from mass spectrometric experiments are 

largely dependent on the sample. 

One means of assessing sample quality is the peptide sequence coverage, which 

is often used as a measure of the protein digestion efficiency, where a low percentage 
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sequence coverage indicates an incomplete or poor digestion (Kolsrud et al., 2012). This 

measure is important as an efficient and complete digest is necessary to maximize the 

number of peptides available for detection per protein in order to distinguish unique 

proteins from one another (León et al., 2013). As previously noted, my % sequence 

coverage was roughly half that achieved by Hansmeier et al. (2017), despite using the 

same instrumentation and label-free DIA-MS methods, indicating the possibility of an 

incomplete digest.  

One common reason trypsin digestion can have reduced efficiency is due to the 

presence of contaminating detergents, such as SDS, in the protein sample. While a 

commonly used detergent for protein solubilization, SDS can not only interfere with 

protein digestion by proteases, but can also be a persistent sample contaminant that is 

difficult to remove. If present in the sample upon MS analysis it can also hinder 

chromatographic separation of peptides and since SDS is readily ionizable, it can also 

reduce the ability to resolve peaks in mass spectra, ultimately reducing the number of 

identifiable proteins (Ni et al., 2017). While the majority of SDS should have been 

eliminated from my samples during the FASP process, the initially high concentration of 

detergent (4% SDS), combined with centrifugation times that were potentially too short 

to allow sufficient buffer to pass through the filter columns, may have allowed a 

contaminating amount of SDS to persist in our samples during protein digestion. There 

are indeed some reports of cases where FASP has failed to deplete all the SDS in 

samples (Feist and Hummon, 2015). Also, since the concentration of 4% SDS exceeded 

the compatible concentration of SDS allowed by the 30 kDa MWCO filter units, acetone 

precipitation was performed in order to try and reduce the concentration of SDS in my 
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protein samples. Following precipitation, the protein was also resuspended and vortexed 

in a buffer that contained a final concentration of 0.2% SDS to help increase protein 

solubility. As a consequence of acetone precipitation and the additional handling steps 

introduced to the protein sample, it is possible that a significant portion of sample was 

lost due to the precipitation procedure and potentially also adsorption to the walls of the 

plastic tubes during vortexing (Feist and Hummon, 2015). Indeed, protein loss due to 

acetone precipitation has been shown to vary greatly depending on sample composition 

(Crowell et al., 2013), and this was also observed to varying extents with my own 

samples (data not shown). Ultimately, some sample loss occurs at each step of 

processing. The protein lost from acetone precipitation combined with successive protein 

loss at each handling step may have resulted in low-abundance proteins that were either 

lost from my samples or fell below detection limits. Combined with the potential for the 

presence of interfering SDS during protein digestion, this could explain why we had a 

fewer number of identified proteins as well as smaller % sequence coverage than 

Hansmeier et al. (2017).  

One approach to improving digestion efficiency and increasing proteome 

sequence coverage may be the use of alternative proteases to trypsin, or by using a multi-

protease digestion approach. Alternative proteases used instead of or in conjunction with 

trypsin can provide advantages over digestions using trypsin alone due to their distinct 

specificities that allow complementary parts of the proteome sequence space to be 

covered, allowing for improved protein identification (Tsiatsiani and Heck, 2015; 

Giansanti et al., 2016). Additionally, the use of alternative detergents to SDS that can be 

present in higher concentrations than SDS without inhibiting proteolytic enzymes are an 
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option to improve digestion efficiencies. Some alternative detergents that may be more 

MS-compatible include sodium deoxycholate (SDC), sodium laurate, as well as 

commercially available compatible surfactants such as RapiGest or invitrosol (Chen et 

al., 2007a; Lin et al., 2013). In the future, the use of complementary proteases to trypsin 

for digestion, reducing the concentration of SDS used for cell lysis, removal of 

detergents via alternative methods such as detergent removal spin columns, or the use of 

alternative detergents or surfactants that are more compatible with MS-based techniques 

represent some approaches that may be viable for improving sample quality (Feist and 

Hummon, 2015; Ni et al., 2017). 

4.3 Biological Relevance of Quantitative Proteome Data 

Despite the relatively low % sequence coverage and number of identified 

proteins, due to the label-free quantification technique afforded by DIA-MS-based 

methods we were still able to obtain quantitative, rather than semi-quantitative, 

information on the proteins that were identified in my study (Silva et al., 2006). To my 

knowledge, this is the only proteomics study to date that has provided compositional 

quantitative information of NSPCs. As such, my study provides a unique proteomic data 

set for NSPCs and may be an excellent map to refer to for future studies. However, 

despite the overlap of 443 unique proteins in both the 5% O2 and 21% O2 treatment 

groups (Figure 6A), we were unable to find any statistically significant differential 

regulation of proteins across groups. This was not expected, and is inconsistent with 

previous findings in studies subjecting NSPCs to reduced O2 levels corresponding to 

levels used in my study (Gustafsson et al., 2005; Mazumdar et al., 2010; Roitbak et al., 

2011). Since we were unable to measure pericellular O2 concentration during incubation 
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of NSPCs, it is possible the cells were not experiencing the intended O2 levels, and were 

actually experiencing similar conditions across treatments, despite differences in the 

atmospheric O2 levels. This unintended result could have led to a lack of differential 

protein regulation across treatments. For example,  NSPCs grown at 21% O2 may have 

been experiencing pericellular O2 levels much closer to that which the NSPCs at 5% O2 

were experiencing due to cellular respiration and consumption of O2 at the cell surface in 

the pericellular region, as previously discussed (Pettersen et al., 2005; Bambrick et al., 

2011). However, it is unlikely that cellular respiration alone would decrease the 

pericellular O2 concentration to that extent, and this is also not supported by the changes 

in cell numbers we observed between NSPCs cultured at different O2 levels. Other 

studies that have observed cellular responses to reduced O2 levels, such as changes in 

proliferation rate, have also observed concomitant changes in gene expression (Studer et 

al., 2000; Pistollato et al., 2007; Panchision, 2009). As seen in Figures 6B and 6C, 

outside core proteins reliably identified in all replicates, there is a large amount of 

variation in terms of identified proteins across replicates. There also appeared to be a 

large amount of variation in abundance values for individual proteins that were identified 

across multiple replicate samples within a treatment (data not shown). It is more likely 

that these sources of variation account for the lack of differential protein levels between 

treatment groups, as opposed to deficiencies in the experimental conditions, due to the 

observed differences in cellular response of the NSPCs across O2 conditions. In the 

future, increasing the sample size for MS-based analysis may help to address this issue 

by reducing the variance in protein abundance seen. 
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Since the results obtained from MS-based analysis are limited by sample quality, 

it is important to consider what aspects of the experimental design and sample 

preparation could introduce variability into the final proteomic analysis. As previously 

discussed, the relatively poor sequence coverage indicated an incomplete digestion that 

may have been the result of contaminating detergent. In this case, when digestion is 

incomplete and hampered by contaminants, it is difficult to produce reproducible and 

efficient digests that go to completion. If the generation of peptides during a digest is not 

reproducible, this might lead to inaccuracies in terms of protein abundance for a 

particular protein across replicate samples in a data set, which is a possible source of 

variability in my study (León et al., 2013). 

 The inherent heterogeneity of NSPC cultures may also serve as an additional 

source of variability in the present study. As previously discussed, while the NSA is the 

primary method of isolating and studying NSPCs in vitro and the method of culturing 

used in the current study, it is not without limitations that need to be considered (De 

Filippis and Binda, 2012). For example, many researchers use the NSA as a proxy to 

determine the proportion of true NSCs present in culture; however, the number of 

neurospheres present is not a one-to-one relationship with the number of NSCs. 

Neurospheres can be generated both by self-renewing stem cells and multipotent 

progenitor cells, thus the NSA is not the best indicator of the number of true stem cells, 

and some estimates suggest that less than 10% of neurospheres are derived from true 

NSCs (Marshall et al., 2007). These considerations illustrate the heterogenous nature of 

neurosphere cultures, and the varying mixtures of stem, progenitor, and differentiating 

cells between cultures could lead to variability in results as different cell types will be 
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expressing different proteins different times. The proportion of neurospheres derived 

from NSCs vs transit amplifying progenitor cells may also be influenced by factors such 

as passage number, seeding density, and other growth conditions that may support the 

expansion of certain cell types over others (Ahmed, 2009; Gil-Perotín et al., 2013). 

Indeed, samples used for MS analysis in my study were derived from a range of passage 

numbers, with up to 13 passages between different samples, which could have resulted in 

a significant rearrangement of the proportions of cell types in the NSPC cultures. As 

passage number increases, cells may also lose differentiation ability or accumulate 

genetic mutations that can add variability to results, so ideally low passage number 

NSPCs would be used for experiments (Salim et al., 2007; Gundry et al., 2011). As such, 

the NSA may have limited relevance in terms of its application to true NSC biology in 

vivo and it must be understood that NSPC cultures represent a mixed proportion of 

varying NSC types.  

In an attempt to generate a more uniform population, some groups have grown 

certain stem cell types as a monolayer using adherent substrates. It has been suggested 

that monolayer growth may result in less differentiation and a more homogenous 

population of cells when compared to non-adherent cultures, possibly due to the 

exposure of all cells to the same continuous growth conditions, which is the reasoning 

for using monolayer cultures during the O2 culture experiments in the present study 

(Conti et al., 2005). However, certain types of substrate molecules used for monolayer 

culture may also be present in the neurogenic niche, which could influence the 

proliferation, differentiation, or other cellular processes of specific cell types, such as 

progenitor cells, that may be more reactive to these molecules (De Filippis and Binda, 
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2012). While there are alternative methods of culturing NSPCs that try to overcome the 

limitations of the NSA, it is still an excellent method of isolating and expanding NSPC 

populations and is a useful starting point for studies investigating neurogenesis and its 

associated processes. When carefully considering and addressing the difficulties 

associated with the NSA, it can still be useful to study how the normal physiological 

processes of a heterogeneous population of NSPCs are affected by experimental 

manipulation, despite the inherent variability of the technique (Marshall et al., 2007). 

Despite the failure to discover statistically significant changes in protein levels 

between experimental treatments, my study still provides a characterization of NSPCs 

that can be compared to other studies and serve as an accounting of cellular proteins at a 

quantitative level. One important aspect of this characterization is the ability to assign 

subcellular localization information to individual proteins, which may help to elucidate 

potential roles in cell function for proteins of interest. In comparison to another 

proteomics study of adult mouse NSPCs from the SVZ, we found strong correspondence 

between the percentage of identified proteins contributing to different subcellular 

locations (Salim et al., 2007). In my study, averages of 39%, 28.5% and 12% of proteins 

belonged to the cytoplasm, nucleus, and mitochondrion, respectively (Figure 7), while 

the study by Salim et al. (2007) showed that 51%, 28%, and 8% of identified proteins 

from a whole cell extract belonged to the cytoplasm, nucleus, and mitochondrion, 

respectively. The accordance between studies indicates that this type of protein 

distribution in terms of cellular localization may be typical of NSPCs, and it could be 

used as a reference for future proteomic studies of NSPCs investigating subcellular 

localization. 
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Biological relevance may also be derived from the data set by using a course-

grained proteome partitioning approach. By reducing the data set to a limited number of 

functional categories, biologically meaningful observations can be made without the 

need to investigate individual proteins or specific molecular mechanisms. This approach 

works nicely for NSPCs as metabolic functional categories such as carbohydrate 

metabolism and lipid metabolism are represented by the COG functional categories and 

there is evidence NSPCs may have distinct metabolic states at various stages of 

development that regulates their cellular activity. As such, the composition of functional 

groupings in terms of protein identifications and abundance may provide insight into 

what developmental stage and cellular processes are governing NSPC activity under a 

particular condition. Also, while functional categorization represented by the number of 

protein identifications per category is standard for proteome studies, the addition of 

quantitative information may provide a better idea of the functional relevance of 

different categories, as protein number alone does not necessarily indicate that a class 

plays an important role in cellular activity. In Figure 12, we see that in terms of protein 

identifications, the two largest categories are involved with protein production and 

processing, and they are again among the largest categories in terms of protein 

abundance (Figure 13). This may be indicative of actively proliferating cells that require 

the production of new proteins for cell division, which is consistent with the observation 

of increases in cell numbers during my experiments (Polymenis and Aramayo, 2015; 

Kafri et al., 2016). Although protein production and processing categories do not differ 

much in terms of protein identifications and protein abundance, it is noteworthy that the 

cytoskeleton category shows a large shift, accounting for 20% of total protein 
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abundance, but only 10% of total number of protein identifications. Since differentiation 

processes require extensive cytoskeletal rearrangements, such as in axon and dendrite 

development, it is possible that this is indicative of differentiation occurring among the 

NSPCs (Compagnucci et al., 2016). In terms of other categories, both energy production 

and conversion as well as the carbohydrate metabolism categories are well represented 

when it comes to protein abundance, and also contribute more to protein abundance than 

they do to protein identifications. Intuitively, this might again indicate the presence of 

actively proliferating cells that require energy for growth and replication. Since 

glycolysis is also associated with the metabolic phenotype of proliferating NSPCs, this 

too may support the presence of actively proliferating NSPCs (Candelario et al., 2013b). 

However, it has also been suggested that oxidative phosphorylation, which would be 

associated with the energy production category, is representative of differentiated NSPCs 

(Kim et al., 2014). It is possible that differentiation did occur during my O2 experiments. 

Two of the requirements for neural differentiation in vitro are a substrate for attachment, 

in this case PDL/laminin, and mitogen withdrawal, which may have been a possibility as 

growth factors became depleted during the course of the experiment (Ostenfeld and 

Svendsen, 2004). Ultimately, immunocytochemical analysis of NSPC cultures following 

O2 incubations would provide a means to accurately enumerate the proportions of NSPC 

types present before and after incubations at varying levels of O2 that could help 

determine what cellular processes are occurring. It is likely that due to inherent 

heterogeneity of NSPC cultures, there are multiple cell types present that are undergoing 

various cellular processes. As such, it is important to consider that the quantitative data 

obtained can be thought of as an average of the entire cell culture, and processes inherent 
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to a specific cell type may be diluted (Gundry et al., 2011). While this type of proteome 

partitioning strategy is useful in its ability to reduce large complex data sets, it would be 

especially powerful when combined with techniques that can help determine the 

composition of NSPC cultures, such as immunocytochemical analysis or cell sorting 

techniques, to help correlate quantitative data with specific functional relevance. 

4.4 Future Directions and Conclusion 

Although the discovery of statistically significant changes in protein levels 

between O2 treatments was not observed, my study was still able to provide an 

accounting of NSPC proteins and a characterization of NSPC functional categories in 

terms of protein abundance and identification. Additionally, increasing the sample size in 

future experiments may help to alleviate this issue. Since the lack of observable 

differences between the treatment groups was likely in part due to limitation of 

experimental conditions, there are also a number of changes that could be implemented 

to improve the samples acquired for MS-based analysis. Future studies involving 

atmospheric O2 manipulation should incorporate probes or microsensors that can monitor 

the pericellular O2 concentration of cell cultures so that levels can be adjusted in order 

for NSPCs to experience the intended experimental concentration of O2 (Pettersen et al., 

2005). Also, the use of a hypoxic workstation would be beneficial so that manipulation 

of cell cultures under atmospheric conditions does not introduce rapid changes in O2 

concentration and shock the cells (Esteban and Maxwell, 2005). The use of a hypoxic 

workstation would also have the added benefit of allowing cell cultures to remain in the 

same reduced O2 environment during passaging or medium changes, allowing the 

NSPCs to undergo longer term experiments. In my study, incubation times were intended 
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to allow the NSPCs to achieve a baseline acclimation to the reduced O2 environment, but 

we were limited to three days as cells would reach confluence at this point. However, it 

is possible my cultures never reached a baseline level of protein expression during this 

time, as there is evidence that some proteins, such as HIF, have transient expression that 

changes on the order of days (Zhang et al., 2007; Stacpoole et al., 2011). By 

implementing these changes, it would allow a clearer comparison of results to other 

studies that incorporate O2 experiments and better approximate physiological conditions 

experienced by NSPCs in vivo. Additionally, techniques to determine the proportion of 

cell types in NSPC cultures via immunocytochemistry or cell sorting would provide 

additional information that would be helpful in lessening some of the ambiguity that is 

inherent in studies of heterogenous cell populations. 

Since endogenous NSPCs are a promising avenue for the autologous replacement 

of lost or damaged cells in the human brain for treatment of a variety of neurological 

diseases, an understanding of their underlying composition under conditions that 

approximate physiologically relevant conditions will allow for the discovery of the most 

appropriate in vivo manipulations to stimulate their recruitment for repair. In the future, 

by subjecting NSPCs to treatments that are physiologically relevant, and deriving 

proteomic information via DIA-MS-based proteomic analysis, a wealth of quantitative 

proteomic knowledge can be obtained. These types of data sets could reveal novel 

factors and molecular pathways involved in NSPC self-renewal and differentiation, 

processes that need to be well understood in order to treat neurological disease via 

endogenous stem cells. Additionally, there can be a lack of common features between 

NSPCs of different origins, which illustrates the importance of generating proteomic 
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data, since characteristics of a particular cell type is not always congruent and cannot 

always be compared across species (Hoffrogge et al., 2006). The present study, to the 

extent of my knowledge, provides the first quantitative accounting of the proteome of 

adult NSPCs from mice using DIA-MS-based techniques. My methodology also 

provides a framework for future studies, and describes an approach to reduce large and 

complicated data-sets to more amenable fragments that can potentially make it easier to 

derive biologically meaningful information. Overall, this study provides a unique 

quantitative data set that should be useful as a reference point for future studies of 

NSPCs.  
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