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ABSTRACT  

 Various regions of the mammalian brain, including the subventricular zones 

(SVZs) of the hippocampus and the dentate gyrus (DG), contain niches of undifferentiated 

neural stem and progenitor cells (NSPCs) which persist from development, all throughout 

adulthood. These cells can differentiate into the three main cell types found within the 

brain: neurons, oligodendrocytes (OLs), and astrocytes. Adult NSPCs can be driven to 

specific cells of interest which can be used to replace lost myelin in some cases of 

neurodegenerative diseases such as multiple sclerosis (MS) or insults such as spinal cord 

injury.  

  I investigated the requirements to drive immature NSPCs into oligodendrocyte 

precursor cells (OPCs) using various driving factors (PDGFα and NT-3) and the 

neurotransmitter (NT) glutamate. Glutamate is one of the main NTs in the central nervous 

system (CNS) hence, it may have a role in the differentiation of NSPCs into OPCs. My 

results demonstrated that among all the driving factors tested, glutamate treatment yielded 

the highest proportion of OPCs after six days. Flow cytometry was used to verify changes 

in cell lineage and proportions during the driving experiments. Enriched OPC cultures 

were purified using a magnetic bead sorting technique after which the cell lineage was 

confirmed using an immunocytochemistry (ICC) staining technique. Results demonstrated 

that cells differentiated alone with no external stimulation did not produce the myelin basic 

protein (MBP). In contrast, almost all OPCs stimulated with glutamate expressed MBP. 

Purified OPCs grown in a co-culture with DRG neurons for nine days also began 

expressing MBP which was found to be in close association with the neuronal axons. In 

order to verify the effect of glutamate in co-cultures of OPCs with DRG neurons, 



ii 
 

AMPA/kainate inhibitors such as CNQX and DNQX, were tested. Although MBP positive 

cells were still identified in cultures treated with AMPA inhibitors, in the case of CNQX, 

the myelin sheath organization appeared distorted compared to the nontreated samples, 

thus suggesting glutamate does play a key role in oligodendroglial development. 
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Chapter 1: INTRODUCTION 

1.1. CNS: 

The central nervous system (CNS) is comprised of many cell types responsible for 

different specific functions. Located in the sub ventricular zones (SVZ) of the 

hippocampus are populations of stem cells which have the ability to propagate indefinitely 

and to differentiate into the diverse mature cells of the CNS (e.g. neurons and glial cells) 

(Fig.1) (Maki et al 2013). The type B stem cells have astroglial properties and maintain 

their state as neural stem and progenitor cells (NSPCs) throughout embryological 

development into adulthood (Maki et al 2013). These cells divide into type C cells which 

are the intermediate progenitor cells (Maki et al 2013). Eventually, type C cells divide and 

give rise to neuroblasts that either differentiate into type A cells which turn into neurons 

or become oligodendrocyte precursor cells (OPCs) (Maki et al 2013). Although stem cells 

play a key role during embryological development, they also play an important role in the 

adult organism, facilitating the remodelling of the nervous system as is common during 

learning and exposure to various stimuli as well as during certain diseases (Paolicelli et al 

2011). While stem cells have the ability to restore some minor damage to the CNS, more 

traumatic diseases and injuries are harder to repair.  
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Figure 1: Different stem cells of the SVZ of the hippocampus. A) Type B cells are of 

the neural stem and progenitor cell lineage (NSPC) which slowly divide and produce type 

C cells which are more rapidly dividing into neuroblasts (type A cells). NSPCs are capable 

of giving rise to all three cell types: neurons, oligodendrocytes, and astrocytes. B) All three 

SVZ cell types are derived from NSPCs. Cells depicted in red represent a neuron, blues 

cells are oligodendrocytes, and green cells are astrocytes. The oligodendrocyte cells 

produce the myelin sheath which wraps around the neuronal axon and provides a layer of 

insulation to prevent electrical signal from being lost. The proteolipid protein (PLP) 

composing the myelin sheath enables this insulating property of the neuronal axon. 

Diagram adopted with permission from Maki et al 2013.  

  

Oligodendrocyte 
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1.1.1. Neurons: 

 Neurons arise from NSPCs of the hippocampus in the adult brain and are essential 

for signal transduction throughout the CNS in the form of electrical impulses known as 

action potentials (Jhaveri et al 2015; Marinelli et al 2016). In order to maintain proper 

signal transduction, neuronal axons are wrapped in an insulating protein called myelin 

produced by the oligodendrocytes (OLs) (Gonzalez-Perez & Alvarez-Buylla 2011). This 

insulation creates areas with high resistance and low capacitance which leads to fast 

propagation of neuronal electrical impulses (Crawford et al 2013). The axon is not 

completely myelinated as it has sections called Nodes of Ranvier, that lack myelin, and 

where the action potential is created (Crawford et al 2013; Mitew et al 2014). Neuronal 

communication is facilitated by the release of various neurotransmitters (NTs) such as 

glutamate (the main excitatory NT of the CNS), acetylcholine (ACh), nitric oxide (NO), 

and many more (Vernadakis 1996; Bondurand et al 2003; Marinelli et al 2016).  

1.1.2. Oligodendrocytes: 

 OLs are one of the major cells in the CNS which are responsible in producing the 

insulating coat called the myelin sheath (Fig.2) (Maki et al 2013). OLs play a key role in 

learning and neuronal plasticity by supporting neuronal connections (Bercury & Macklin 

2015). Myelin produced by the OLs is capable of providing metabolic support for neuronal 

activity and direct cell-cell interactions during new synaptic formations and existing 

synapse modulations (Bercury & Macklin 2015). Lactate produced by the OL during 

myelin glycolytic cycle is utilized by the neuronal axons for energy (Bercury & Macklin 

2015). Early in development, OPCs that migrate throughout the developing CNS either 

differentiate into mature myelin producing OLs or remain as immature OPCs to provide a 

renewable pool of progenitors throughout the organism’s life (Barateiro & Fernandes 
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2014). 

1.1.3. Myelin sheath:   

 The myelin sheath is composed of lipid rich membrane which surrounds the axon 

in stack form and provides electrical insulation (Fig.2) (Crawford et al 2013). Another 

function of the myelin sheath is to provide trophic factor support to the metabolically 

demanding neuronal axon (Crawford et al 2013; Mitew et al 2014). Myelin producing OLs 

use aerobic glycolysis for energy, which produces lactate and further used by the neurons 

for energy (Funfschilling et al 2013). This suggests that OLs are an essential part in 

maintaining the integrity of the CNS, alongside their ability to produce the myelin sheath. 

Previous studies demonstrated that regions with myelinated axons had greater neuronal 

survival compared to demyelinated axons (Crawford et al 2013; Moyon et al 2015). This 

emphasizes the importance of the myelin sheath and therefore the central role that OLs 

play in maintenance of this system. 
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Figure 2: Structure of myelin sheath surrounding the neuronal axon. A) Schematic 

diagram of the tightly wrapped myelin sheath produced by the OL cell around the central 

neuronal axon. B) Electron micrograph image of neuronal axon (AX) cross section 

around which a dark ring of the myelin sheath is marked by an arrow. Figures adapted 

from Quarles, Macklin, & Morell, 2006 (p.53). 
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1.1.4. Astrocytes: 

 Astrocytes are the supportive cells of the CNS with diverse functions, such as 

providing trophic factors to surrounding cells, maintaining ion balance, and engaging in 

injury response in the CNS (Crawford et al 2013). Astrocytes have extensive processes 

that attach to both neuronal synapses and nodes of Ranvier. Distally, the end feet of 

astrocytes form the blood-brain barrier (BBB) around blood vessels, isolating the CNS 

from the circulatory system and thus providing a layer of protection (Crawford et al 2013). 

Astrocytes are also capable of communicating with neurons and glial cells, providing 

trophic support to both cell types. During demyelination injuries, astrocytes provide a 

favourable environment for OPC proliferation and differentiation by producing several 

neurotrophic factors such as brain derived neurotrophic factor (BDNF), insulin-like 

growth factor 1 (IGF-1), interleukin 1 beta (IL1β), and tumor necrosis factor alpha (TNFα) 

(Fulmer et al 2014). Previous studies have demonstrated that astrocytes are capable of 

responding to glutamate and in turn release growth factors to support the activity of 

neighbouring cells (Jean et al 2009). This was further supported by stimulation of forebrain 

astrocytes with trans-(1S,3R)-1-amino-1,3-cyclopentanedicarboxylic acid (ACPD) 

(glutamate receptor agonist), resulting in increased production of BDNF which in turn 

stimulated increased DNA synthesis in OPCs and enhanced cell proliferation and 

differentiation (Fulmer et al 2014). BDNF binds to tyrosine kinase receptor B (trkB) which 

autophosphorylates and proceeds to activate other intracellular signalling mechanisms 

(Veer et al 2009). This process initiates three other main signalling cascades including 

mitogen activated protein kinase (MAPK), phosphatidylinositol-3 kinase (PI3-K), and 

phospholipase C-γ (PLC-γ) (Veer et al 2009). Consequently, this process leads to OPC 

proliferation and differentiation into mature myelinating OLs (Veer et al 2009). 
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1.1.5. Microglia: 

 The generally accepted role of the microglia in the CNS was thought to be 

mediation of the immune response and inflammation (Salter & Beggs 2014). During 

inflammation, microglia release proinflammatory signals such as tumour necrosis factor-

α (TNF-α), reactive oxygen species (ROS), and nitric oxide (NO); ultimately attracting 

immune cells to affected sites (Carniglia et al 2017). After the inflammatory response, 

other factors are released, such as transforming growth factor-β (TGF-β); initiating local 

tissue regeneration (Carniglia et al 2017). Microglia are capable of responding to 

neurotransmitters, such as NO, released by neurons and therefore aid in controlling 

neuronal precursors and neuron numbers (Salter & Beggs 2014). Microglia participate in 

synaptic pruning, a key process in the CNS which controls the number of neurons and 

synapses forming during development by limiting neuronal proliferation (Katz & Shatz 

1996). Studies demonstrated that in mice lacking the chemokine receptor CX3CR1, which 

is specifically expressed by microglia, there was an increased number of dendritic spines 

forming which hindered proper neuronal communications and signal transduction 

(Paolicelli et al 2011).  

1.2. Stems cells: 

1.2.1. Stem cell niches: 

 Throughout embryological development and throughout adulthood, proper tissue 

organization is facilitated by changes in cell populations in the CNS (Xing et al 2014). 

Thus, there is a requirement for a pool of immature cells to provide the precursors for these 

changes in tissue phenotype. Stem cells provide this ability due to their capacity to 

proliferated and differentiate into required cell types.  It was previously thought that the 

immature progenitor cells located in the CNS mostly disappeared after birth (Reynolds & 



8 
 

Wilkin 1988; Gard & Pfeiffer 1989). Nonetheless, recent research has demonstrated that 

niches of immature progenitors persist in several locations throughout the body e.g. 

peripheral nervous system (PNS), brain and central canal of the spinal cord, long after the 

postnatal period (Jessen & Mirsky 2005; Findlay et al 2014).  Several areas within the 

CNS have been shown to harbour immature progenitors capable of differentiating into 

neurons, oligodendrocytes, and astrocytes (Barateiro & Fernandes 2014). Such areas are 

the ventricular-subventricular zone (V-SVZ) and the subgranular zone (SGZ) in the dentate 

gyrus (DG) of the hippocampus (Maki et al 2013). 

 During embryonic development, OPCs are generated in the medial and lateral 

ganglionic eminences (MGE and LGE) and in anterior entopeduncular area (AEP) which 

contribute to the formation of cells found in the thalamus, hypothalamus, and cerebellum 

(Fig.3) (Peru et al 2008). Later during embryonic development, highly migratory OPCs 

persist in the SVZ and the SGZ of the dentate gyrus (Peru et al 2008). These cells are 

capable of self-renewal and proliferation, serve as regenerative reservoir during injury or 

remodelling of the CNS (Peru et al 2008). As development progresses and OPCs mature 

into myelinating OLs, they take part in many processes including synaptic re-modelling, 

learning, and mediate neuronal communications (Barreset al 1993). 
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Figure 3: Schematic diagram of areas of OPC production in developing 

telencephalon. First generation OPCs in medial and lateral ganglionic eminences (MGE 

and LGE) and anterior entopeduncular area (AEP) in the thalamus, hypothalamus, and 

cerebellum of the ventral diencephalon. Arrows show potential migratory routes. The 

diagram demonstrates cell lineage markers expressed during OPC differentiation upon 

migration. Diagram adopted with permission from Peru et al 2008. 
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1.2.2. NSPC: 

 At the earliest immature stage, NSPCs can be characterized by the expression of 

SRY-Box 2 (SOX2) and Nestin genes (Barateiro & Fernandes 2014; Jhaveri et al 2015). 

NSPCs are identified as being quiescent since they are not highly proliferative and remain 

non-mobile until activation cues have been received from the surrounding environment 

(Jhaveri et al 2015). Under normal conditions, where no injury or disease is present, 

NSPCs differentiate into primarily neurons with a smaller portion differentiating into OL 

cells (Maki et al 2013).  During pathology, overexpression of several genes, including 

SOX2 and Olig2 can induce rapid proliferation and differentiation of NSPCs into OL cells 

or astrocytes which are identified by the glial fibrillary acidic protein (GFAP) genes (Braun 

et al 2015). Neurons are generated from neural progenitor cells (NPCs) which express 

Nestin and neuronal differentiation 1 (NeuroD1) markers (Barateiro & Fernandes 2014). 

As NPCs mature, they begin forming neuroblasts which express NeuroD1 and 

Doublecortin (DCX) cell markers (Barateiro & Fernandes 2014). In turn, the neuroblasts 

will differentiate into mature neurons expressing β-tubulin III and neurofilament (NF) cell 

markers.  

1.2.3. OPC development: 

 OPCs originate from two distinct regions of the embryonic nervous system: the 

ventral neuroepithelium and the dorsal region of the neuroepithelium (Crawford et al 

2013). After the stem cells divide and generate OPCs, they migrate to the white and grey 

matter regions of the developing CNS (Crawford et al 2013). These OPCs are then able to 

differentiate into mature, myelin forming OLs some of which can detect axons via trophic 

factors released from neurons, and differentiate into mature myelin forming OL, while 

others remain in an immature undifferentiated state (Crawford et al 2013; Xing et al 2014). 
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 As OPCs differentiate into mature OL, there is a progression of different cell 

lineage specific markers. If NSPCs progress and differentiate into OL, they undergo four 

distinct stages of development (Fig.4) (Barateiro & Fernandes 2014). First, is the OPC 

stage where cells express Nestin (an intermediate filament protein), chondroitin sulfate 

proteoglycan 4 (NG2), and platelet derived growth factor receptor alpha (PDGFα-R) 

(Barateiro & Fernandes 2014). At this stage, NG2 protein expression is the most prominent 

(Bercury & Macklin 2015). In the next stage of development, OPCs become pre-OLs (or 

late OPC), expressing NG2 and PDGFα-R and lose Nestin production (Barateiro & 

Fernandes 2014). At these first two stages, the cells are highly motile and proliferative. 

During the third stage, OPCs will express 2′,3′-cyclic nucleotide 3′-phosphodiesterase 

(CNPase) and are no longer mobile, with proliferation being slightly reduced (Barateiro & 

Fernandes 2014). Finally, cells mature into OLs that express CNPase and myelin basic 

protein (MBP) markers (Barateiro & Fernandes 2014). At this point, the OLs are no longer 

mobile and begin producing myelin proteins and start to ensheath the neuronal axons 

(Barateiro & Fernandes 2014). 
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Figure 4: Stages and cell lineage markers of oligodendrocyte (OL) development 

toward mature myelinating OLs. Four stages of development are observed. First, 

oligodendrocyte progenitor cells (OPCs), which are highly proliferative and motile cells, 

are most frequently characterized by the NG2 and PDGFα-R markers. Next are pre-OLs, 

still highly proliferative and motile and most often distinguished by the expression of 

PDGFα-R protein. Following pre-OLs are immature OLs which have reduced ability to 

proliferate and are less motile and express the CNPase cellular marker. Finally, mature 

myelinating OLs express MBP and are no longer motile. Diagram adapted with permission 

from Barateiro & Fernandes 2014.  

 
 



13 
 

1.2.4. Multipotency: 

 Previous studies have demonstrated that isolated mouse OPCs have the ability to 

be re-programmed into multipotent stem cells, giving rise to neurospheres, and 

differentiating into all three neuronal cells types in vitro (neurons, astrocytes, and OL) 

(Crawford et al 2013). Despite this ability, most often OPCs in vivo will mature into OL 

cells (Crawford et al 2013). OPCs are multipotent due to their ability to self-renew and 

generate daughter cells that, in turn, can proliferate and differentiate into mature OL cells 

or maintain their multipotency (Crawford et al 2013). This ability to replenish OPC pools 

contributes to processes occurring later during development, such as synaptic 

reorganization which takes place during learning (Bercury & Macklin 2015). During 

learning, newly formed axonal synapses are able to be myelinated by available OPCs and 

maintain the integrity of neuronal activities (Frühbeis et al 2013). 

1.3. NSPC differentiation into OPC: 

 In order to trigger remyelination, proper signals must be present for the 

differentiation of NSPCs into an OPC lineage and further maturation of those OPCs into 

myelin producing OLs. Such signals range from trophic factors, growth factors, and 

neurotransmitters; which together orchestrate CNS development and repair.  

1.3.1. Neurotransmitters: 

 Neurotransmitters (NT) play many key roles in the CNS, including maintaining 

neuronal communications amongst neurons and with other cell types, and may induce 

neurogenesis and gliogenesis. There are many types of NTs such as glutamate, 

acetylcholine (Ach), gamma-Aminobutyric acid (GABA), dopamine, serotonin, and nitric 

oxide (NO); which can activate several receptor types, such as N-methyl-D-

aspartate receptor (NMDA), α-amino-3-hydroxy-5-methyl-4-isoxazole pro- pionic acid 
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(AMPA), and kainate (Traynelis et al 2010; Cardozo et al 2017; Du et al 2017). 

Both OLs and neuronal cells express several GLUT receptors which allows for cell-cell 

communication during demyelination events or synaptic reconstruction (Rydh-Rinder et 

al 2001; Spampinato et al 2015). Glutamate elicits response by activating either ionotropic 

ligand-gated ion channel receptors or metabotropic G-protein coupled glutamate receptors 

(mGluR) (Doze & Perez 2012). The G-protein coupled receptors consist of an extracellular 

ligand binding terminus and an intracellular terminus which, when activated, results in 

intracellular signal cascade leading to initiation of cellular functions such as proliferation 

and differentiation (Doze & Perez 2012). The ionotropic glutamate channel consists of 

four large subunits which are arranged together to form a central pore; a structure that is 

found common to the three receptor subunits: NMDA, AMPA, and kainate (Traynelis et al 

2010). One example of the roles which glutamate receptors play on OPCs is the activation 

of AMPA receptor subunits which results in intracellular Ca²⁺ influx and leads to 

mobilization of these cells towards the signal release site (Tatyana et al 2006).  

1.3.2. Glutamate as a differentiation cue: 

 During development or post injury repair, many cellular signalling molecules play 

crucial roles in cell to cell communication and migration. Glutamate, being the main 

excitatory neurotransmitter within the CNS, plays an important role in neuronal and glial 

cell signalling (Marinelli et al 2016). After primary development, OPCs are primed to 

respond to glutamate released from local neurons, signalling them to start the 

differentiation process (Gautier et al 2015). A similar process occurs during demyelinating 

injuries, where axons release glutamate from synapses and signal OPCs to injured sites for 

remyelination and repair via activation of AMPA receptors (Gautier et al 2015). During 

this process, the GluR2 subunit of the glutamate AMPA receptor is being activated together 
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with the association of αv integrin with myelin proteolipid protein (PLP), which eventually 

leads to initiation of OPC migration (Harlow et al 2015). 

1.3.3. Glutamate receptors and their subtypes: 

  Ionotropic glutamate receptors have several different subunits, such as AMPA, 

kainate, and NMDA; which share similar structures but may control functions of different 

cells (Armstrong et al 2000; Deng et al 2003; Papastefanaki & Matsas 2015; Traynelis et 

al 2010). The structure of the glutamate receptor consists of four large subunits which 

comprise the central ion channel pore (Traynelis et al 2010). The four receptor subunits 

are differentiated depending on their architecture including AMPA receptors GluA1-

GluA4; kainate receptors GluK1-GluK5; and NMDA receptors GluN1, GluN2A–

GluN2D, GluN3A, and GluN3B (Traynelis et al 2010). Although similar in structure, 

NMDA receptor activation requires both glutamate and glycine to be present, whereas 

AMPA and kainate can be activated with glutamate alone (Traynelis et al 2010). Other 

receptor activators apart from glutamate; such as glycine, aspartate, and D-serine; are 

capable of interacting with the ligand binding domain (LBD) of the corresponding 

glutamate receptors (Traynelis et al 2010). Although glutamate mediated cell activation 

initiates repair mechanisms, other outcomes may cause damage. For instance, activation 

of glutamate receptors for long periods of time may lead to elevated levels of intracellular 

Ca²⁺ in OLs which eventually leads to production of ROS and cytochrome c release, and 

finally cell death (Papastefanaki & Matsas 2015).  

1.3.4. Trophic factors involved: 

 In the SVZ, NSPCs rely on trophic factor signalling for differentiation into 

particular cell types, such as NO which changes the NSPC cell fate into the OPC lineage 

(Maki et al 2013). Trophic factors also provide communication and support for OPC and 
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neighbouring cells for myelination (Maki et al 2013; Papastefanaki & Matsas 2015). In 

the adult SVZ, trophic factors such as the epidermal growth factor (EGF), transforming 

growth factor-α (TGF-α), BDNF, and FGF-2 promote neurogenesis (Mudò et al 2009). 

BNDF, secreted from astrocytes, promotes OPC proliferation and differentiation upon 

activation by glutamate signalling (Barres et al 1993; Veer et al 2009). Other factors such 

as bradykinin (BK) act upon DRG neurons to stimulate glutamate release and results in an 

excitatory effect (Rydh-Rinder et al 2001). OPCs were shown to release proteolipid protein 

(PLP) inside vesicles named exosomes, providing support for proper neuronal activities 

(Bretz et al 2007).   

1.3.5. Growth factors involved: 

 Early studies demonstrated that OPCs from the rat optic nerve increased 

proliferation and generated a higher proportion of OPCs when exposed to PDGFα and 

bFGF growth factors (Bögler et al 1990). Furthermore, recent studies observed that grey 

and white matter exhibit different sensitivity to certain growth factors such as FGF and 

PDGFα. A unique population of NG2+ glial cells residing in the grey and white matter of 

postnatal CNS comprises 70 % of the myelinating cells (Hill et al 2013). The addition of 

PDGFα was shown to support cell survival and maintain the proliferative state of OPCs 

(Hill et al 2013). PDGFα activates the α receptor located on NG2 cells, and has been shown 

to have a more profound effect on cells isolated from the white matter compared to cells 

found in the grey matter of the forebrain and hindbrain (Hill et al 2013). 

 Another OPC activator is FGF8, which belongs to a family of protein ligands that 

act on OPCs proliferation and survival (Cruz-Martinez et al 2014). FGF8 appears to act as 

a chemoattractant when released by local neurons to guide OPC migration to demyelinated 

sites for remyelination (Cruz-Martinez et al 2014). Similarly, FGF2 exhibits a similar 
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effect on NSPCs and OPCs by increasing proliferation and enhancing the number of OL 

lineage cells in postnatal cerebellum cell cultures (Naruse et al 2015).  

1.3.6. Cell migration: 

 During embryogenesis, forebrain OPCs migrate from the ventral to the dorsal 

direction, towards the developing cortex (Choe et al 2014). Later in the development, in 

postnatal stages, elevated numbers of pre-OLs are found in cerebral white matter where 

they begin expressing MBP proteins and myelinating axons (Barateiro & Fernandes 2014). 

Trophic factors can also enable migration and allow local regeneration to take place. 

Demyelinated axons in the CNS are able to secrete ATP which can degrade to adenosine, 

initiating OPC proliferation and migration towards the affected site (Fig.5) (Butt et al 

2014). In particular, axonal ATP release activates P2Y1 and P2X7 receptors on OPCs, 

which causes them to migrate (Butt et al 2014).  
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Figure 5: Schematic diagram of cell migration in SVZ regions post demyelination. 

Upon demyelination or cell death, both NSPCs and OPCs will be recruited to damaged 

areas where they will proliferate and migrate. NSPCs will change their cell lineage to 

OPCs in the corpus callosum region (2) in order to repair myelin loss together with local 

OPCs already found in that region. In addition, cell migration will also occur from the 

cortex (1) and the striatum (3) to the SVZ where local NSPCs and OPCs will remyelinate 

damaged areas. Diagram adopted from Maki et al 2013. 
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1.4. Myelination: 

1.4.1 Development: 

 With age, epigenetic changes occurring in the genome eventually leads to a reduced 

ability of OPCs to differentiate into mature OLs (Ruckh et al 2012; Crawford et al 2013).  

The adult CNS contains a large population of OPCs (aOPCs) which are activated in the 

event of demyelination. However, this process becomes less efficient in the adult 

compared to the early stages of development (Moyon et al 2015). The reduction of 

regeneration and differentiation ability might be attributed to the lower number of stem 

cells available, although adult tissue samples show similar numbers of cells present 

compared to neonate samples (Crawford et al 2013). Another possibility for this decrease 

in regenerative ability is due to the decreased ability of cells to migrate with increased age 

(Barateiro & Fernandes 2014). Once again, previous studies showed no great differences 

in cell migration among different mice age groups (Barateiro & Fernandes 2014).  

1.4.2. Disease: 

 During demyelinating disease such as multiple sclerosis (MS), mutations of the 

immune system result in immune cells attacking OL, leading to impaired signal 

transduction between neurons and eventually resulting in neuronal cell death (Kotter et al 

2011). Although the central nervous system (CNS) is less efficient in self-regeneration 

compared to the peripheral nervous system (PNS), cell migration and repair in damaged 

regions still takes place. Undifferentiated immature NSPCs and OPCs residing in SVZ 

regions activate post demyelination and are able to migrate to sites requiring remyelination 

(Figure 2) (Maki et al 2013). Although NSPCs are capable of changing their cellular faith 

into OPC lineage, their other role is to go through neurogenesis and provide a renewable 

neuronal pool (Maki et al 2013; Homem et al 2015). 
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 Several stages of MS may determine the severity of the disease and consequently 

the degree to which regeneration will be possible (Kotter et al 2011; Crawford et al 2013). 

During the acute phase, OPCs in proximity of the lesion will migrate, restore lost myelin 

and allow for uninterrupted neuronal activity with mild to no symptoms experienced by 

the individual (Cruz-Martinez et al 2014). In contrast, during the chronic phase, OPC 

migration is impaired due to various environmental signals; in particular the absence of 

factors such as fibroblast growth factor (FGF) and chondroitin sulfate, which results in 

continuous progression of myelin sheath breakdown and eventually neuronal death (Cruz-

Martinez et al 2014). Post injury, several mechanisms begin to initiate myelination, 

including cytokines such as Interleukin (IL)- 1β and tumour necrosis factor (TNF)-α 

(Crawford et al 2013). Interestingly, even though macrophage function initiates the 

destruction of the OL, macrophage activity is known to actually promote remyelination 

post injury because they aid in the removal of myelin debris by phagocytosis (Crawford et 

al 2013; Takamatsu et al 2014). This is beneficial to remyelination because traces of myelin 

proteins have been shown to inhibit axonal regeneration and interfere with OPC 

differentiation (Crawford et al 2013). 

 As a result of inflammation, local astrocytes and microglial cells begin to secret 

inflammatory mediators and activate local OPCs (Barateiro & Fernandes 2014). Secretion 

of chemoattractant, such as BDNF, by microglia and astrocytes, cause OPC to become 

active and more sensitive to other mitogens such as FGF (Crawford et al 2013). Upon 

activation, OPCs begin to change their morphology in addition to upregulating certain 

genes such as PDGFα-R (Crawford et al 2013; Mitew et al 2014). After activation, OPCs 

start to migrate to demyelinated regions. During this remyelination process, OPCs change 
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into mature myelin producing OL expressing CNPase and MBP genes (Crawford et al 

2013). 

1.5. DRG neurons: 

 Dorsal root ganglia (DRG) neurons communicate sensory inputs from the PNS into 

the CNS since their cell bodies are situated in the PNS, while neurites extend into the 

spinal column and connect to the CNS (Fig.6) (Doran et al 2015). These neuronal 

populations consist of several subtypes ranging from large, medium, and small diameter 

neurons, as well as the presence of myelinated and unmyelinated neurons (Barateiro & 

Fernandes 2014; Du et al 2017). DRG neurons will communicate with CNS neurons by 

NT release, such as glutamate (Rydh-Rinder et al 2001). In turn, glutamate from the CNS 

activates NMDA receptors on DRGs and initiates the release of various substances (e.g. 

substance P) which in turn transmits sensory information into the PNS (Rydh-Rinder et al 

2001). DRGs are able to release and respond to GABA signals, an inhibitory cue, which 

serves to limit neuronal excitability (Du et al 2017). DRGs can be characterized by the 

expression of specific cell lineage markers such as NF and Neuron-specific Class III β-

tubulin (Tuj1) (Bondurand et al 2003). Overall, DRG neurons provide essential 

communication throughout the organisms via NT signalling.  
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Figure 6: Dorsal root ganglion (DRG) attached to the spinal column. DRG nerve 

clusters connect the PNS into CNS by extending neurites into the spinal cord where 

communication with CNS neurons takes place. The DRG bundle contains the DRG neuron 

bodies while the processes extend and attach to the spinal column. Figure adopted from 

Gray, H. (1918).  
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Study objectives: 

Objective 1: To investigate whether NSPCs can be driven to an OPC lineage. 

Objective 2: To test whether driven and purified OPCs conserve physiological properties 

of endogenous OPCs and are able to respond to glutamate stimuli. 

Objective 3: To demonstrate that generated OPCs are able to sense glutamate release from 

DRG neurons and produce myelin sheath around the neuronal axons.   

Hypothesis: 

 If NSPCs express glutamate receptors and have been primed by selective 

differentiating cues, then addition of glutamate (exogenous from DRG) to the cell medium 

should induce differentiation into OL. 
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Chapter 2: MATERIALS AND METHODS 

2.1. Cell Isolation: 

 Adult C57CL/6 mice of either sexes were used for the purpose of the study. Mice 

were euthanized by cervical dislocation and decapitation according to Canadian Council 

on Animal Care (CCAC) guidelines. 

2.1.1. Cell harvest: 

2.1.1.1. NSPCs isolation: 

 After cervical dislocation, the brain was removed and cut into smaller fragments. 

Pieces were placed in 10 % phosphate buffered saline (PBS) (AMRESCO, #J373-4L) and 

1 % penicillin/streptomycin (P/S) solution (Gibco, #15140-122). The fragments were 

enzymatically digested in 25 mg/mL type IV collagenase (Gibco, #17104-019) for a total 

of 1 h in a 37 °C water bath. After 30 min of digestion, tissue pieces were further broken 

up by triturating with a glass pasture pipette approximately 20 times. Tubes containing the 

tissue was spun down at 100 x g for 30 s and the supernatant containing suspended cells 

was collected and transferred into a new 15 mL tube. These cells were centrifuged at 200 

x g for 2 min to remove the supernatant containing 25 mg/ mL collagenase after which 

cells were re-suspended in NSPC stock media and placed in an incubator. Fresh 

collagenase was added to the remaining tissue and the tube was placed back in the water 

bath for an additional 30 min of digestion after which tissue fragments were triturated once 

more with a glass pasture pipette for approximately 20 times (until the tissue appeared 

homogenized with no fragments) and stock media was added to stop digestion. The tube 

was placed in the refrigerator for 10 min in order to separate the larger tissue pieces that 

sank to the bottom, from loose cells which remained in suspension. After 10 min, the cell 

suspension was carefully collected and transferred into the previously separated cells. 
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Cells were pelleted by centrifugation for 4 min at 200 x g. Supernatant was aspirated and 

cells were re-suspended in defined culture media and plated onto a growth factor reduced 

(GFR) Matrigel coated 100 mm culture dish (Corning, #354230). Cells were left to adhere 

overnight, after which the media with the debris was removed, cells were rinsed once with 

stock media and detached using TrypLe (Gibco, #12605028). Detached cells were 

collected into 15 mL tubes and stock media was added to wash cells. The tube was spun 

down at 200 x g for 2 min, supernatant aspirated, and the clean cell suspension re-

suspended in working media and plated into a 25 mL culture flask (Cell Star, #690-190). 

Cells were grown in an incubator at 37 °C with 5 % CO2. 

  NSPCs were cultured in working media containing 20 ng/mL EGF (Gibco, 

#PHG0313), 20 ng/mL FGF2 (Gibco, #PHG0024), 0.5 mg/mL heparin to prevent cell 

attachment to the flask bottom (Sigma, #1001352521), 2 % B27 vitamin supplement 

(Gibco, #12587-010), equal proportion of Dulbecco Modified Eagle Medium (DMEM) 

(Gibco, #) with F-12 HAMS nutrient mixture (Gibco, #), 30 % glucose (CalBiochem, 

#346351), 1 % P/S (Gibco, #15140-122), 2 mM glutamine (Sigma, #G1251-100G), and 

5mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid to buffer the culture medium 

(HEPES) (Sigma, #H4034-100G).  

NSPC stock media contained equal volumes of DMEM and F-12 HAMS 

supplemented with 30 % glucose, 1 % P/S, 2 mM glutamine, and 5mM HEPES.  

2.1.1.2. DRG isolation: 

 In order to isolate dorsal root ganglion (DRG) neurons, the mice spinal column 

was removed and the spinal cord was exposed by removing the vertebral laminae. DRG 

bundles were pulled out and washed in 10 % PBS and 1 % P/S solution. Cells were 

enzymatically digested in 25 mg/mL type IV collagenase for two, 30 min periods, in a 



26 
 

37 °C water bath. After the first digestion, tissue fragments were triturated to loosen up 

cells, and centrifuged at 100 x g for 30 s to pellet larger tissue pieces. Tissue fragments 

were re-suspended in 3 mL of fresh collagenase and placed back into a 37 °C water bath 

for a second 30 min incubation. Supernatant was collected into a new 15 mL tube and cells 

were washed with NSPC stock media and set aside. After the second incubation, the tissue 

was triturated until fragments were homogenized and stock media was added to the tube, 

which was then placed into a refrigerator for 10 min to allow larger tissue fragments to 

settle. Next, the supernatant was carefully collected, avoiding larger visible fragments, and 

combined with the previously separated and washed cell suspension. The tube was 

centrifuged at 200 x g for 4 min and supernatant was aspirated and cell pallet re-suspended 

in DRG media containing NSPC culture media supplemented with 5 % fetal bovine serum 

(FBS) (Gibco, #12483-020) and 2 % B27 vitamin supplement. DRGs were plated on GFR 

Matrigel coated 22 mm coverslips at approximately 10,000 cells per coverslip. Cells were 

left to attach overnight in an incubator at 37 °C with 5 % CO2. On the next day, the 

coverslips were topped up with DRG media and cells were grown for at least two weeks 

prior to experiments, with media changes every 2-3 days. In order to remove 

contaminating cells, such as fibroblasts, cytosine arabinoside (Ara-C) was added to 

coverslips at 5µM concentration (SIGMA). Ara-C incorporates into mitotically active cells 

DNA and prevents cell replication. DRGs were exposed to Ara-C for a 24 h period after 

which media was replaced with defined DRG culture media. This procedure was repeated 

again if contaminating cells continued to replicate. 

2.1.2. Media change: 

 For primary cell cultures, media was changed every 2-3 days. For NSPCs which 

were grown as floating cells, growth media, together with the cells, was removed and the 
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tube centrifuged for 2 min at 200 x g. Media was aspirated and the cell pallet was re-

suspended in fresh growth media containing growth factors, and plated into 25 mL culture 

flasks (CellStar, #690-190). DRG media was changed by aspirating approximately 50 % 

of existing media and adding 2 mL of fresh media.  

2.1.3. Splitting cells: 

 Cells were split approximately every five days, depending on neurosphere growth 

rate and size. Cells together with the culture media were removed and centrifuged for 2 

min at 200 x g. Supernatant was aspirated and 1 mL of TrypLe (Gibco, #12605028), a 

digestive enzyme, and the cell pellet was gently triturated 5 times. Cells were placed in a 

water bath for incubation at 37 °C for 9 min after which cells were triturated 20 times to 

break up large spheres. The tube was placed back into the water bath for an additional 9 

min. Next, 1 mL of stock media was added, cells were gently triturated 50 times, and 

another 3 mL stock media added to the falcon. Cells were centrifuged for 4 min at 200 x g 

after which the media was aspirated and cell pellet was re-suspended in defined culture 

media. Cell pellet was gently triturated and cells were counted using the Trypan blue 

exclusion method (Amresco, #K940-100mL) where 90 µl of Trypan blue was gently 

mixed with 10 µl of single cell suspension solution. Approximately 10 µl of cell solution 

was removed and transferred onto a hemocytometer for cell counting.  Cells from four 

quadrants were counted, averaged, and multiplied by the dilution factor.  This resulted in 

the number of cells per mL of suspension. Roughly 500,000 cells were plated in each 

culture flask.  
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2.1.4. Imaging techniques: 

 2.1.4.1. Cell imaging: 

 In order to visualize cultured cells and to obtain bright field images of sphere 

growth and DRG neurons, the Nikon Eclipse Te-2000-s inverted microscope was used 

with an attached Nikon DS-5M-L1 Digital Imaging Camera System. All images were 

taken at a 20 X magnification and image scale was set to 100 µm. 

 2.1.4.2. Flow Cytometry data acquisition: 

 Flow cytometer MoFlo XDP from Beckman Coulter was used to record changes 

in cell over time according to the various treatments Data was acquired in the Summit 5.4 

program after which it was analyzed using the Kaluza software (Beckman Coulter) with 

which images and cell proportions were evaluated. Threshold was set to 1 %, FSC gain at 

25.0, SSC laser voltage to 550 volts, PE laser at 476 volts, and APC laser at 700 volts. 

Sample pressure was kept around 28.5 psi during every run. Summit software was set up 

to save 5,000 triggered events per run.   

 2.1.4.3 Immunocytochemistry images acquisition: 

 After driving media experiments and verification of different cell lineages using 

the flow cytometer, cells were attached to a coverslip and stained in order to validate 

morphology and protein expression. Cells were stained for immunocytochemistry (ICC) 

using an NF antibody for the neuronal cell lineage and MBP for mature OLs and imaged 

on ZEISS Axio Vert.A1 epifluorescence inverted microscope (Carl Zeiss). Cells were 

observed at 20 X magnification and scale was set to 100 µm. Images were analysed using 

the ZEN 2011 (blue edition) service pack 1 software.  
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2.2. Driving experiments: 

2.2.1. Driving media – set 1: 

 Driving media experiments investigated whether adult NSPCs (aNSPC) can be 

directed into oligodendrocyte precursor cell (OPC) lineages. Driving medium used for the 

experiments contained 20 ng/mL FGF, 20 ng/mL platelet derived growth factor (PDGFα) 

(Gibco), and 20 ng/mL neurotrophin 3 (NT3) (Gibco), which were added to aNSPCs stock 

media (driving conditions were adopted from Neri et al 2010).  

 Several different driving media combinations, denoted DM, were used in order to 

identify optimal driving conditions. Media types were prepared using NSPC stock media 

supplemented with 2 % B27 vitamin supplement, in addition to the growth factors (Table 

1). 

2.2.2. Driving experiment design – set 1: 

 NSPCs were split and plated at a density of 250,000 cells/mL per well in a 6-well 

culture dish (Costar, #3516). Each dish contained the three treatment groups in duplicates. 

Cells were exposed to driving factors for a total of 12 days, and samples were analyzed 

with the flow cytometer on day 6 and day 12. Time of initial plating was denoted as day 

in vitro 0 (DIV0) and cells were stained on this day to establish a reference point. Driving 

media was replaced every two days by removing approximately 50 % of existing media 

and replacing it with fresh 2 mL of media corresponding to each treatment type. At each 

sampling day, cells were detached, neurospheres treated with TrypLe to result in a single 

cell suspension, and cells were labelled for Flow Cytometry using PDGFα-R (OPC 

marker) and β-III tubulin (neuronal marker) antibodies. Optimal driving media and driving 
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time was determined by the highest proportion of PDGFα-R+ cells. (See Appendix 2).  
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Table 1: Summary of driving media treatment groups used for set 1 of experiments. 

Treatment groups Set 1 

Treatment 1 - Control (T1) FGF + EGF 

Treatment 2 (T2) FGF + PDGFα + NT3 

Treatment 3 (T3) FGF + PDGFα + NT3 + glutamate 
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2.2.3. Driving medium – set2: 

  Additional driving media combinations were tested in order to investigate whether 

glutamate stimulation results in NSPCs differentiation into the OL cell lineage. All driving 

medias were supplemented with 2 % B27 supplement (Table 2).  

2.2.4. Driving experiment design – set 2: 

 Experimental design was kept the same as the one described in set 1 above. In 

brief, NSPCs were split and 250,000 cells per well were plated into a six well plate. Media 

change was done every second day. Cells staining was performed on day 0 (at plating), 6, 

and 12. For staining, cells were detached using Tryple and the staining protocol followed 

the procedure described in section 2.3.5. The following antibodies were used: PDGFα-R 

(OPC marker) and β-III tubulin (neuronal marker).  
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Table 2: Summary of driving media treatment groups used for set 2 of experiments. 

Treatment groups Set 2 

Treatment 1 - Control (T1) FGF + EGF 

Treatment 2 (T2) FGF + glutamate 

Treatment 3 (T3) FGF + glutamate + EGF 
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2.3. Flow Cytometry: 

2.3.1. Antibodies: 

 To estimate driving media effectiveness, cells were labelled with lineage specific 

antibodies and analysed using the MoFlo flow cytometer. For OPCs and immature- 

oligodendrocyte cells the following antibodies were used: anti- AN2- PE conjugated 

(Miltenyi biotec, #130-097-458), anti- PDGFα-R- APC conjugated (ThermoFisher, 

#A18382), and anti- CNPase antibody (abcam, #ab6319) conjugated with Alexa Fluor 488 

(ThermoFisher, #A20181). Mature oligodendrocytes were distinguished using anti- MBP 

antibody (MyBioSource, #MBS535991) conjugated with PE/Cy5.5 (abcam, #ab102899). 

NPCs were identified using anti- Nestin antibody (Bioss antibodies, #bs-0008R) 

conjugated to PE/Cy7 fluorescent dye (abcam, #ab102903). Neurons were stained for β-

III tubulin (Novus Biologicals, #NB6001018PE) which was conjugated to PE fluorophore. 

For astrocytes, unconjugated anti- GFAP (Novus Biologicals, #NBP2-34413) antibody 

was conjugated with APC/Cy7 fluorescent dye (abcam, #ab102859).  

(See Appendix 1 for more information about antibody selection). 

2.3.2. Flow Cytometry antibody titration: 

 In order to determine optimal dilution for experimental DM staining, NSPCs were 

split and stained with each corresponding antibody. For antibody titration, the following 

dilutions were used for each antibody: 1:20, 1:50, and 1:100.  

 First, cells were stained with the extracellular antibodies (anti-AN2, anti-PDGFα-

R, and anti-Nestin). Single cell suspension solution was divided according to the 

antibodies used with one tube separated for a negative control. Cells were washed in a 

buffer containing 1 X PBS and 2 % BSA and spun down at 350 x g for 5 min. The 

supernatant was aspirated and cell pallet was re-suspended in 100 µl wash buffer. Next, 
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antibodies were added at 1:20, 1:50 and 1:50 dilutions. Cells were incubated at room 

temperature (RT) in the dark for 15 min. After incubation, cells were washed three times 

with 1 mL wash buffer and centrifuged at 350 x g for 5 min. Finally, cells were re-

suspended in 300 µl of 4 % paraformaldehyde (PFA) and transferred into flow cytometry 

tubes (Fisher, #14-959-10AA). 

 Next, intracellular antibodies were applied (anti-CNPase, anti-MBP, anti-β-III 

tubulin, and anti-GFAP). Antibody dilutions were kept as above with one negative control 

sample. Cells were washed three times in 1 mL wash buffer and centrifuged at 350 x g for 

5 min. Supernatant was removed and 300 µl of 4 % PFA was added to fix cells for 10 min 

and RT.  Next, cells were washed in 1mL permeabilization (Perm) buffer containing wash 

buffer with 1 % Triton X (BioRad, #161-0407) and centrifuged at 400 x g for 5 min. 

Supernatant was aspirated and cells were re-suspended in 500 µl Perm and incubated for 

15 min at RT. After permeabilization, cells were washed with 1 mL Perm buffer and 

centrifuged at 450 x g for 5 min. The supernatant was aspirated and appropriate antibody 

dilutions were added to each sample. Cells incubated at RT in the dark for 15 min, after 

which they were washed three times with Perm buffer and centrifuged at 450 x g for 5 

min. Finally, stained cells were re-suspended in 300 µl 4 % PFA and transferred into flow 

cytometry tubes (Fisher, #14-959-10AA). 

2.3.3. Compensation bead labelling protocol for Flow Cytometry: 

 In order to provide proper compensation for multi-stain flow cytometry data, 

compensation beads were used as a standardized control. Beads were stained according to 

the manufacturer’s instructions. AbC total antibody compensation bead kit was purchased 

from ThermoFisher (A10497). Capture beads (those that bind antibody) and negative 

beads (those that do not bind antibodies) were mixed by vortexing for 10 s before use. One 
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drop of capture bead suspension was added to a tube, after which 1 µl of each 

corresponding antibody was added. Tubes were left to incubate for 15 min at RT in the 

dark. Next, 1.5 mL 1 X PBS was added to wash excess antibody. Tubes were centrifuged 

at 250 x g for 5 min and supernatant was removed. After washing, beads were re-suspended 

in 500 µl 1 X PBS and one drop of negative beads was added. Beads were kept in the dark 

and mixed by vortexing before use. Negative controls were prepared by adding one drop 

of negative beads into 500 µl 1 X.  

2.3.4. Fluorescence minus one (FMO) compensation beads protocol: 

 FMO beads were used as an additional compensation control for DM experiments. 

Beads were labelled as described above but instead of single antibody stains, all antibodies 

were applied to each tube except one in each round. For instance, the anti-Nestin antibody 

control was one tube with a drop of capture beads labelled with anti-AN2, anti- PDGFα-

R, ant-CNPase, anti-MBP, and anti-GFAP, excluding the anti-Nestin antibody. A similar 

scheme was applied to the remaining five antibodies and antibody combinations can be 

found in Table 4. 

2.3.5. Labelling cells for Flow Cytometry: 

Neurospheres were broken up into a single cell suspension using TrypLe treatment 

as described in the cell splitting protocol. Cells were washed in stock media once. Media 

was washed by re-suspending cell pellet in buffer containing 1 X PBS and 2 % BSA. Cells 

were centrifuged at 350 x g for 5 min and the buffer was aspirated. The cell pallet was re-

suspended in 100 µl of buffer and the following extracellular antibodies were added: anti-

Nestin at 1:20, anti-AN2 at 1:20 and anti- PDGFα-R at 1:50. Antibodies were incubated 

at RT in the dark for 15 min. After incubation, cells were washed with 1 mL of buffer and 

centrifuged at 350 x g for 5 min. Supernatant was aspirated and 300 µl of 4 % PFA was 
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added to fix the cells for 10 min at RT in the dark. After fixation, cells were washed as 

described above and re-suspended in 1 mL Perm buffer containing buffer and 1 % Triton 

X and left to permeabilize for 30 min at RT in the dark (BioRad, #161-0407). Cells were 

centrifuged at 450 x g for 5 min and the supernatant was aspirated. Next, intracellular 

antibodies were added to the cell suspension as follows: anti-CNPase at 1:20, anti-MBP at 

1:100, anti-GFAP at 1:50. Cells were incubated for 15 min at RT in the dark, after which 

cells were washed three times in Perm buffer to remove excess antibody. Finally, cells 

were re-suspended in 300 µl 4 % PFA, and transferred into flow cytometry tubes (Fisher, 

#14-959-10AA).  

2.3.6. MoFlo laser alignment: 

 MoFlo laser alignment was checked on a weekly basis prior to analyzing samples. 

The following two types of beads were used: Flow check beads (Beckman Coulter, 

#6605359) and Flow check pro (Beckman Coulter, #A63493). Flow check beads were 

used for alignment of the blue laser. Flow check pro beads were used for the remaining 

two lasers (Red and UV) in addition to the blue laser.  

 Beads were run through the MoFlo Flow cytometer and optimal voltage setting for 

each laser filter was adjusted to result in sharp single peak which indicated that the laser 

excited the maximal number of beads. Flow check bead parameters were as follows: 

threshold set to 1 %, drop delay at 35.0, FSC gain at 25.0, SSC voltage at 520, FITC 

channel voltage at 520, PE channel at 450 volts, PE/Cy5.5 channel at 530 volts, and 

PE/Cy7 channel at 752 volts. Flow check pro beads were run at the same threshold and 

drop delay, but laser voltage parameters were different: FSC gain at 30.0, SSC voltage at 

552, FITC channel voltage at 520, PE channel at 450 volts, PE/Cy5.5 channel at 560 volts, 

and PE/Cy7 channel at 700 volts, APC channel at 590 volts, and APC/Cy7 at 700 volts. 
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Summit software was set to save 5,000 triggered events from each sample ran.  

2.4. Magnetic bead immunoseparation: 

 MACS magnetic bead cell immunoseparation was used to separate PDGFα-R 

positive OPCs after driving media treatments, (Miltenyi, #130-090-312). NSPCs were 

driven for six days using glutamate, after which they were stained with anti-PDGFα-R 

antibody following the flow cytometry cell staining protocol. PDGFα-R stained OPCs 

were re-suspended in MACS buffer (1 X PBS, pH = 7.2, 0.5 % BSA, and 2 mM EDTA) 

and stained with magnetic anti-APC microbeads according to the manufacturer protocol 

(Miltenyi, #130-090-855). Cells were incubated with the microbeads for 15 min at 4 °C, 

after which they were washed with 2 mL MACS buffer and centrifuged at 300 x g for 10 

min. Supernatant was aspirated and cell pallet was re-suspended in 500 µl MACS buffer 

and transferred into MS MACS column placed in a magnetic stand. Unstained cells were 

eluted from the column while cells bound with the magnetic microbeads remained in the 

column. The column was washed 3 times with 500 µl MACS buffer, after which the 

column was removed from the magnetic stand and placed into a new collection tube. 

Finally, positively stained OPCs were eluted out of the column by adding 1 mL MACS 

buffer and flushing the cells out. Cell purity was verified using flow cytometry where the 

following cell fractions were analyzed: positively selected cells, eluted non-stained cells, 

and a negative control of unstained NSPCs.   

2.5. Co-culture experiments: 

 Co culture experiments were performed using OPCs which were driven for 6 days, 

immunoseparated using magnetic bead sorting, and plated directly onto DRG neurons that 

were previously cultured for at least two weeks. Cells were maintained in co-culture media 



39 
 

containing 2 % B27, 10 ng/mL FGF, 20 ng/mL EGF, and 1.5 % FBS with media changes 

done every 2-3 days. Cells were kept in an incubator for nine days at 37 °C and 5 % CO2. 

Co-cultures were visualized using immunocytochemistry staining in order to verify 

whether OPCs differentiated into myelin producing OLs and were able to locate and 

associate with neuronal axons.  

2.6. DRG co-culture with AMPA inhibitors: 

 To test whether DRG neurons release glutamate which stimulates OPCs to 

differentiate into OLs, AMPA receptor inhibitors were added to the co-cultures. The 

following two inhibitors were used: CNQX and DNQX (both purchased from Alomone 

labs, kit # EK355). CNQX was added to co-culture media at 30 µM, whereas DNQX was 

used at 20 µM. After OPCs were immunoseparated, they were plated directly onto DRG 

neurons and cells were left to attach for 24 h after which the media was replaced with 

media containing the corresponding inhibitors. Cells were exposed to blockers 

continuously with media changes every 2-3 days for a total of nine days. Finally, cells 

were fixed with 4 % PFA and stained using the immunocytochemistry protocol with MBP 

(OL marker) and NF (neuronal marker) antibodies.  

2.7. Immunocytochemistry: 

 To visualize protein expression in co-cultures, immunocytochemistry stains were 

used. Cells were washed three times with 1 X PBS and fixed with 4 % PFA for 10 min RT. 

Next, cells were washed once with 1 X PBS and coverslips were incubated with a blocking 

solution containing 1 % Triton X for 30 min at RT. The following primary antibodies were 

used: neurofilament (NF) (Abcame, #ab4680) 1:500 dilution and MBP (Abcam, #40390) 

1:100 dilution. Cells were incubated with the primary antibody for 2 h at RT. After 
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incubation, coverslips were washed three times with blocking solution, 5 min each wash. 

Secondary antibodies used were Alexa Fluor 568 (AF568) (Abcam, #ab175477) and 

AF488 (Abcam, #150061), both at 1:1000 dilution. Finally, cells were washed three times 

with 1 X PBS, 10 min each wash, and fluoroshield (GeneTex, #GTX30920) containing 

DAPI was applied.  

2.8. Statistical analysis:  

Statistical analysis of driving media experiments was done using the generalized 

linear mixed model with likelihood approximation in R software. This model was chosen 

due to the ability to handle several levels of variance which include: the genetic variation 

between animals (black, outbreed mice will have greater variation within the population), 

the various driving media conditions, and the effect of days in driving media for each one 

of the treatments of all biological replicates. Three levels of statistical measurements are 

considered. First, the mouse random effect which took into account the variability between 

the biological replicates. Second, the treatment effect which accounted for the driving 

media treatment groups. Finally, the variability of sampling time points. 

Boxplots of the data were created using the mean values of the proportions of 

positively stained cells for either PDGFα-R or β-III tubulin in each corresponding 

treatment group over the three sampling time periods. Plots were created using ggplot in 

R which uses Tukey style comparison of the means analysis and plots the 25th and 75th 

percentiles with whiskers that represent the inter-quartile range (IQR). Boxplot median 

represented the typical values, while calculated means corresponded to the average value 

of the proportion of positive cells detected in each sample. Mean values were compared 

across the two experimental sets and their corresponding treatment groups to evaluate the 
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optimal driving media for further experimental designs. Values were only compared 

numerically rather then statistically due to the fact that sampling periods for each 

experimental set were different. Attempts to standardize both sets of data for statistical 

analysis might have masked any significance of the data and therefore this approach was 

not attempted.   
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Chapter 3: RESULTS 

3.1.  Driving media study 

3.1.1. NSPC cell culture: 

  In order to investigate whether glutamate or other factors induced immature 

undifferentiated stem cells to change their fate into an OL cell lineage, primary cell 

cultures were first established. Cells were isolated from whole brains of adult mice of 

either sex and dissociated to result in a single cell suspension. After isolation, cells were 

grown in defined culture media where NSPCs spontaneously began forming neurospheres 

in vitro. Cells were passaged several times so a consistently proliferating cell population 

was established (Fig.7). Neurospheres were split every four to five days prior to 

experimentation. Cells that were used for all of the driving media experiments were 

passaged at least five times and were not used beyond passage six. From previous work 

done in our lab, it was noted that cell proliferation rates may decrease as the number of 

passages increase, therefore cells were normally passaged 10 times before terminating any 

experimental work. For my experiments, I chose to work with passages five to six based 

on the consistent cell growth in defined culture media. 
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Figure 7: A representative bright field image of an NSPC neurosphere. NSPCs grew 

in culture as floating cells which form neurospheres as cell proliferation progressed. Image 

scale is 100µm.  
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3.1.2. Flow cytometry antibody optimization: 

Flow cytometry was used to identify specific proteins using fluorescent antibody 

labeling, and morphological changes of cells using light scattering information (Roy et al 

2009). NSPCs have the ability to mature and differentiate into neurons, OLs, and 

astrocytes, therefore antibodies specific for all these cell types were optimized. The 

concentration of each antibody was optimized to the lowest amount of antibody used to 

identify the protein of interest, as well as the best separation between the negative controls 

and the stained samples in the scatter plots. Antibodies used for flow cytometry are 

conjugated with a fluorescent dye which, when is being excited by a laser and emits light, 

allows to measure the number of fluorescing cells in a given sample. Antibodies were 

optimized on cells extracted from a whole brain tissue to capture the different cell types, 

as well as both mature and immature cells which are found within the brain. To ensure a 

sufficient number of immature cells, such as OPCs and NPCs, SVZ and hippocampal 

regions were separated from the whole brain and cells dissociated from these regions were 

used for the optimization. 

 Cells labeled with flow cytometry antibodies were analyzed using MoFlo XDP with 

on average 5,000 triggered events were collected for each antibody. Each event registered 

corresponded to roughly one cell which was labelled with the fluorescent antibody. Results 

of all runs are summarized in Figure 8 in the form of histograms. Plots show cell counts 

that were positive for each corresponding cell lineage marker. PDGFα-R histograms in 

column B show a bimodal distribution with two peaks present in samples containing the 

antibody (Fig. 8B). This distribution was observed due to the autofluorescence present on 

the APC fluorophore which corresponds to the PDGFα-R antibody. In addition, 
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histograms D, E, and G corresponding to antibodies Nestin, β-III tubulin, and GFAP 

respectively, also exhibited two peak distribution (Fig.8). All three antibodies are of 

intracellular stain which often leads to broad peak distribution. Furthermore, the first peak 

closer to the Y-axis shows the negative cells which did not pick up the antibody, whereas 

the second peak next to it is the stained cell sample (Fig.8). Table 3 summarizes the 

antibody dilutions chosen based on results illustrated in antibody titration histograms 

(Fig.8).  
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Figure 8: Histograms of flow cytometry antibody optimizations: A selective gate was 

first created on the negative control samples, which were not labelled with any antibody, 

to excluded the non-stained fluorescence peak while gating on the cells which were 

labelled with each corresponding antibody. Histogram rows represent the dilution factors 

beginning with the negative control, 1:20, 1:50, and 1:100 dilutions. Histogram columns 

represent the antibody tested. A) NG2/PE: early OPC marker, B) PDGFα-R/APC: OPC 

marker, C) CNPase/FITC: immature OL marker, D) Nestin/PE-Cy7: neuronal progenitor 

cell marker, E) β-III tubulin/PE: mature neuronal marker, F) MBP/PE-Cy5.5: mature OL 

marker, G) GFAP/APC-Cy7: astrocyte cell marker. All histograms were plotted using cell 

count value on the Y-axis and fluorescence intensity of each antibody on the X-axis. Each 

sample ran contained on average 5,000 triggered events. Histogram columns (A-G) show 

the plots of each antibody type, and rows represent antibody dilutions tested. For example, 

column A shows histograms of anti-NG2 antibody specific for OPC cell lineage 

identification (Fig.8-A). The first row shows the selected gate which excludes the non-

specific fluorescing cells while gating on the fluorescing cell wavelengths. The following 

rows represent antibody dilutions starting with 1:20, 1:50, and 1:100. 
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Table 3: Summary of antibody dilutions chosen for experimentation according to 

histogram data demonstrated in Figure 8:  

Antibody Working dilution Positive events (%) 

NG2 1:20 5.53 

PDGFα-R 1:50 36.27 

CNPase 1:50 50.75 

MBP 1:100 40.26 

β-III tubulin 1:50 46.88 

Nestin 1:20 38.41 

GFAP 1:20 23.20 
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3.1.3. Driving media – set 1: 

 In order to test the hypothesis that immature NSPCs can be driven into an OPC 

lineage and further differentiated into mature myelin producing OLs using glutamate, a 

series of experimental groups were studied (refer to Table 2). NSPCs were driven for six 

days using several driving factors and glutamate, after which cells were stained with 

antibodies for either PDGFα-R to identify OPCs or with β-III tubulin to identify mature 

neurons. 

 3.1.3.1 Flow cytometry gating strategy: 

 To ensure that accuracy of the detected stained events, a gating strategy was 

applied. The process of gating is the selection of an area on the dot plot which visualizes 

the fluorescent events that were captured, while excluding those which did not match 

wither fluorescent intensity or particle size. In order to select the positive PDGFα-R 

stained cells, two gates were created (Fig.9). First, a gate was established around the entire 

live cell population, excluding the dead cell debris, in the unstained negative control 

sample plotted using SSC (cell granularity measure) vs FSC (cell size measure) settings 

(Fig.9-A). Next, gated cells were re-plotted using the SSC vs the APC-PDGFα-R antibody 

fluorophore and a gate was created around the fluorescing cells while excluding the non-

labelled cells (Fig.9-B). Due to autofluorescence in the APC fluorophore channel, an 

additional gate was created to select only the highly fluorescing stained cells. Previous 

studies demonstrated that many cell types possess the ability to naturally fluoresce if 

excited by the appropriate wavelength, with APC dyes being among the most common 

autofluorescing signals due to their emitting fluorescence on the far red spectrum (Roy et 

al 2009; Yukawa et al 2015). Cells used for this study were found to fluoresce on the APC 

fluorophore channel which corresponded to the PDGFα-R antibody wavelength, even 



52 
 

when cells were not stained with the antibody. Therefore, this innate fluorescence was 

gated separately. As labeled cells were expected to emit a signal at a stronger intensity 

compared to the autofluorescing cells, highly fluorescing cells were gated separately 

(Fig.9-D) and those were considered for data analysis in both sets of driving media 

experiments. To select positive β-III tubulin events, a gate was created in the negative 

control plot to ensure that no fluorescing signal spill over was present in the gate (Fig.9-

C). Next, the same gate was transferred to β-III tubulin antibody stained cells plots and the 

proportion of cells within the gate was used for analysis in both sets of driving media 

experiments (Fig.9-E). 
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Figure 9: Gating strategy for driving media flow cytometry results.  Gate for selecting 

recorded events of interest while excluding others from the analysis. Plots A-C show 

selected gates for negative control samples, where cells that were not probed by any of the 

antibodies were plotted using the SSC (cell granularity measure) against the corresponding 

antibody fluorophores. Plots D-E show gates around the cells which were stained with 

anti-PDGFα-R and anti-β-III tubulin antibody. Plot D illustrates two gates: one (gate D) 

to select the autofluorescing events, while the second (gate B) selects the high-intensity 

fluorescing cells which were used for further data analysis. 
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3.1.3.2. Driving media set 1 flow cytometry results: 

Immature undifferentiated NSPCs were plated into three different treatment groups 

summarized in Table 2 and were grown for a total period of 12 days. Cells were stained 

with PDGFα-R (OPC marker) and β-III tubulin (mature neuronal marker) antibodies to 

monitor changes in cell fate according to each treatment. Cells were sampled on the day 

of experimental plating which was denoted as day zero and was used as a baseline to 

compare data acquired from cells stained on day 6 and day 12 in driving media.  

A difference was noted in the rate of cell proliferation among the three treatment 

groups. Control treatment cells (denoted T1) proliferated at a noticeably higher rate 

compared to cells in treatment 2 (T2) containing driving factors and treatment 3 (T3) with 

driving factors and glutamate. Splitting was required when spheres grew to approximately 

100µm in diameter, which occurred faster in the control group compared to the other two 

treatments. Figure 10 shows a representative time course of sphere growth in defined 

media, whereby day six, the spheres grew enough to require a split. Control cells were 

split after six days in culture due to large sphere formation, whereas the other two treatment 

groups did not require splitting until approximately day 9. As cells grew in each driving 

media and were sampled on day 0, day 6, and day 12, there were significant changes noted 

in the proportion of cells that stained positive for PDGFα-R antibody which indicated 

proliferation of the OPC lineage cells (p < 0.05). In general, over the four biological 

replicates, the proportion of PDGFα-R positive events was the highest at day 6 compared 

to day 0 and day 12 which was statistically significant (p < 0.05). At plating, a portion of 

cells was stained with anti-PDGFα-R and anti-β-III tubulin antibody. This sample was 

denoted as day zero to which data from day 6 and day 12 was compared.  
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Looking at results of PDGFα-R stained cells, summarized in Figure 11-A, day 6 

data shows a significant increase in proportion of PDGFα-R positive cells, from day 0 (M 

= 0.57 ± 0.01), in T2 containing the driving factors (M = 0.75 ± 0.51) and T3 which 

contained glutamate in addition to the driving factors (M = 0.99 ± 0.88), compared to the 

control treatment (M = 0.56 ± 0.35). The statistical model indicated that T3 containing 

glutamate was significantly higher compared to both control and other driving factors (T2) 

on both day 6 and day 12 (p < 0.05). On day 12, a slight decrease in the proportion of 

PDGFα-R stained cells was observed in T2 (M = 0.71 ± 0.40) and T3 (M = 0.84 ± 0.53), 

while control (M = 0.62 ± 0.49) had a slight increase. Even though T2 had higher 

proportion of PDGFα-R positive cells compared to T1 (control) on day 6, the model did 

not indicate a significant relationship between the two. Overall, the data demonstrates that 

the combination of driving factors supplemented with glutamate had the strongest effect 

on the differentiation of NSPCs into the OPC lineage after six days under driving 

conditions.  

When observing the effect of driving media treatment on β-III tubulin expression, 

indicating on the presence of neurons, a different set of effects was observed (Fig.11-B). 

Statistical analysis indicates that there was a significant difference between all three 

treatment groups over the sampling time period (p < 0.05). On sampling day 6, control T1 

(M = 5.4 ± 2.38) showed a nearly 3-fold decrease in the proportion of β-III tubulin 

positively stained cells when compared to the same treatment on day zero (M = 15.19 ± 

23.26). Treatment 2 containing the driving factors (M = 21.5 ± 12.02) and T3 containing 

driving factors with glutamate (M = 22.57 ± 13.72) had an increase in β-III tubulin positive 

cell proportions on day 6 which were very similar to each other. By day 12, control 
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treatment proportions resembled those at day zero of plating (M = 15.92 ± 7.83), while T2 

(M = 20.05 ± 17.02) and T3 (M = 21.39 ± 22.48) had almost no difference in β-III tubulin 

expression. It is important to note that the high standard deviation values arise from large 

variances within some of the biological replicates with few of the outliers indicated on the 

boxplots. Results indicate that driving media conditions resulted in cell differentiation into 

the neuronal lineage when combined with glutamate or on their own (PDGFα and NT3). 

Both T2 containing the driving factors and T3 containing driving factors plus glutamate 

appeared to have a similar proportion of cells positive for the neuronal marker on day 6, 

which by day 12 were comparable across all three treatment groups. These results indicate 

the potential relationship between driving factors and glutamate to the differentiation of 

NSPCs into a neuronal cell lineage.  
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Figure 10: A representative bright image of neurosphere size growth in defined 

culture media. NSPCs are grown as floating spheres in defined growth media. A) Single 

cell suspension of NSPCs on day 1 after splitting, B) small spheres begin to form on day 

2 post splitting, C) larger spheres of approximately 50 µm visible on day 4 post splitting, 

D) larger neurospheres of approximately 100 µm diameter present in culture at 6 days post 

culture at which point splitting was required again. Image scale is 100 µm.  
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Figure 11: Driving media experiment set 1 boxplots of mean percent positive cells 

stained for PDGFα-R and β-III tubulin. Treatment 1 (red) represents control media 

containing defined NSPC culture media. Treatment 2 (green) represents driving media 

containing driving factors PDGFα and NT3 with 10 ng/mL FGF. Treatment 3 (blue) 

represents driving media with PDGFα and NT3, 10 ng/mL FGF, and 50 μM glutamate. 

Three-time periods were sampled, day 0 at plating the experiments, day 6 and day 12 in 

driving media with media changes performed every other day. A) Mean percentage of 

positive PDGFα-R, an OPC lineage marker, events after driving media treatments over 

time. B) Mean percentage of positive β-III tubulin, a neuronal cell lineage marker, events 

after driving media treatments over time. (N = 4). Statistical significance indicated with 

an * at p < 0.05. 
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3.1.4. Driving media – set 2: 

 The second set of driving media experiments was carried out to observe the effects 

of glutamate alone on cell proliferation and shifts in cell lineages. Set 1 of driving media 

results indicated a significantly stronger effect of media containing driving factors 

(PDGFα and NT-3) with glutamate, therefore another treatment with glutamate alone was 

tested in set 2 to evaluate its ability to drive NSPCs to OPCs. Control media (T1) remained 

identical throughout the two sets of experiments (refer to Table 3 for driving media 

combinations).  

 When observing the effect of the three treatment groups on PDGFα-R expressing 

cells (OPCs), the highest increase in positively stained cells occurred with T2 containing 

glutamate (M = 5.50 ± 4.0) on day 6 when compared to day 0 sample (M = 2.63 ± 5.05) 

(Fig.12-A). Both control T1 (M = 1.38 ± 1.14) and T3 containing glutamate plus EGF (M 

= 1.78 ± 2.59) had very similar proportions at day 6 compared to data from the day of 

plating. A similar pattern was observed with T1 (M = 7.47 ± 3.64) and T3 (M = 7.24 ± 

2.57) on day 12, whereas T2 containing glutamate had a decrease in PDGFα-R positive 

proportion (M = 2.13 ± 2.50). Statistical analysis indicated a significant difference between 

T2 (containing glutamate) and T3 (containing glutamate plus EGF) compared to the 

control T1 over the sampling time (p < 0.05). T2 had the highest significance compared to 

the other two treatment groups, which indicates strong glutamate effect on NSPCs 

differentiating into OPCs (p < 0.001).  

 The β-III tubulin boxplot data shown in figure 12-B display almost an opposite 

trend compared to data from experimental set 1. It was noted that control T1 (M = 2.00 ± 

1.08) and T3 containing glutamate and EGF (M = 2.85 ± 2.04) had a decrease in the 
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proportion of β-III tubulin-positive cells on day 6 compared to day 0 data (M = 5.98 ± 

4.08). At the same time, T2 containing glutamate had an increased proportion of β-III 

tubulin-positive cells compared to day 0 (M = 7.05 ± 1.01). On sampling day 12, control 

T1 (M = 25.64 ± 15.89) had a nearly 5-fold increase in positive events compared to day 0. 

On the same sampling day, T2 (M = 33.85 ± 26.21) and T3 (M = 32.32 ± 26.07) 

proportions of positively stained cells were very similar to each other and overall higher 

than T1. Statistical analysis revealed that both T2 (containing glutamate) and T3 

(containing glutamate and EGF) were significantly different from T1 on both day 6 and 

day 12 (p < 0.05). There was also a significant difference within each treatment over the 

sampling days (p < 0.05). Thus, once again, glutamate appeared to have an effect on 

differentiation of the NSPCs into a neuronal cell lineage both on its own and with the 

addition of EGF in the driving media.  
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Figure 12: Driving media experiment set 2 box plots of mean percent positive cells 

stained for PDGFα-R and β-III tubulin. Treatment 1 (red) represents control media 

containing defined NSPC culture media. Treatment 2 (green) represents driving media 

containing 10 ng/mL FGF and 50 μM glutamate. Treatment 3 (blue) represents driving 

media with 20 ng/mL EGF, 10 ng/mL FGF and 50 μM glutamate. Three-time periods were 

sampled: day 0 at plating of the experiments, day 6 and day 12 in driving media with media 

changes done every other day. A) Mean percentage of cells expressing PDGFα-R, an OPC 

lineage marker, over time. B) Mean percentage of cells expressing β-III tubulin, a neuronal 

cell lineage marker, over time. (N = 4). Statistical significance indicated with an * at p < 

0.05.  
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3.2. Glutamate and OPC differentiation study 

3.2.1. Magnetic cell immunoseparation: 

 In order to verify whether driven OPCs conserved their endogenous ability to 

produce myelin, cells were first driven for six days using driving media formulation from 

set 2 experiments containing 50 μM glutamate and 10 ng/mL FGF and later purified using 

a magnetic bead column method. The chosen driving treatment yielded the highest 

proportion of OPCs stained positive for PDGFα-R marker compared to the other three 

treatments from both experimental sets conducted previously. OPCs were identified using 

PDGFα-R antibody conjugated with an APC fluorescent dye. Enriched OPC cultures were 

labeled first with PDGFα-R-APC antibody, after which additional stain was done using 

anti- APC magnetic beads and finally cells were separated using a magnetic column. After 

the separation, the following cell fractions were analysed using the flow cytometer in order 

to determine the purity of positively selected cells: negative control, PDGFα-R-APC 

stained cells, PDGFα-R-APC and magnetic beads stained cells, positively eluted cell, and 

negative unstained eluted cells. 

  Many cells were found to have not survived the process which was reflected in 

flow cytometry analysis in the form of high cell debris content. Cell debris was gated out 

and excluded from the analysis to ensure proper sample quality assessment (Fig.13). In 

addition to high debris content, some of the samples did not contain a sufficient number 

of cells (less than 5,000 cells), which reduced the number of replicates for purity analysis. 

In later driving experiments, the starting cell density for plating was increased from 5 * 10 

^ ⁵ cells/mL to approximately 7 * 10 ^ ⁵cells/mL to increase the number of purified cells. 

When cell numbers were increased, so did sample purity, with the highest quality sample 
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having 54.4 % PDGFα-R-APC positive cells. When autofluorescence was taken into 

account, the high expressers were approximately at 14.01 %. The low sample purity can 

be attributed to the autofluorescence, which reduced the number of cells in the second gate 

around the high fluorescing population. It is plausible to consider that true positively 

stained cells are also contained within gate B in Figure 13-E, but those cells were not 

counted as pure based on the uncertainty of the remaining 7.84 % positive cells in gate B 

figure 13-B. Sample purity was also affected by the large number of dead cells which 

reduced the number of viable cells that were available for analysis.  
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Figure 13: Gating strategy for immunoseparated cell fraction. After driven OPCs were 

stained with PDGFα-R antibody and purified with magnetic beads, samples were analysed 

by flow cytometer with the following cell fractions: A) Negative control of unstained cells, 

B) unstained cells plotted against PDGFα-R-APC fluorophore, C) stained cells with 

PDGFα-R-APC antibody, D) stained cells with PDGFα-R-APC antibody and magnetic 

beads, E) positively eluted OPCs, and F) Unstained negatively eluted unstained cells. Each 

sample contained on average 5,000 triggered events.   

A B

C D

E F
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3.2.2. Immunoseparated OPC differentiation:  

To ensure that the purified samples of driven NSPCs were differentiated into OPCs, 

immunoseparated cells were grown on a glass coverslip, and their morphological changes 

were assessed by ICC microscopy. On day two, after adhering to a coverslip, cells typically 

began to flatten out and small extended processes were observed (Fig.14-A). On day four, 

cells began exhibiting bipolar morphology with two long processes extended from each 

pole of the cell body (Fig.14-B). By day eight, the bipolar processes were branching out 

and elongated further in all direction towards neighboring cells (Fig.14-C). At day 12 (data 

not shown) cells closely resemble those from day eight, with a high level of branching 

observed. 
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Figure 14: A representative bright image of immunoseparated OPCs cultured in vitro 

attached to a coverslip. A) OPCs after 2 days of differentiation. Cells attached and begin 

to extend small processes from each pole of the cell body. B) Cells after 4 days of 

differentiation show bipolar processes elongate further. C) After 8 days of differentiation 

processes begin to branch out and extend further. Arrows indicate cells of interest. Image 

scale is 100 µm.  
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3.2.3. Immunocytochemistry antibody optimization: 

 In order to verify whether driven and immunoseparated cells were in fact of an OL 

cell lineage, ICC stains were performed on purified and differentiated cells. First, MBP 

antibody for mature OLs was optimized using immunoseparated OPCs which were plated 

on coverslips coated with GFR matrigel to encourage attachment. Selected cells were 

plated in differentiation media containing B27 and FGF and were cultured for a total of 9 

days after which cells were fixed with 4 % PFA and stained for MBP antibody with the 

following primary antibody concentrations: 1:500 and 1:100. Secondary antibody 

concentrations tested were 1:2000 and 1:1000 following the manufacturer 

recommendation dilution (Abcam). Staining revealed no positive signal after 9 days in 

culture (data not shown). Cell morphology on day 9 did not resemble mature OL cell, 

which may indicate that there were insufficient stimuli for the cells to reach final stages of 

development where myelin protein is produced and cells expressing MBP. 

Next, NF antibody optimization was performed on mature DRG neurons which 

were previously cultured for at least three weeks. Selected concentration for the primary 

antibody was 1:500 and the secondary antibody was stained at 1:2000 and 1:1000 

dilutions. Optimal results were seen with a secondary antibody concentration of 1:1000. 

In Figure 15, DRG processes are stained in red and cell nuclei in blue (DAPI). 
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Figure 15: Epifluorescence image of DRG neurons stained with NF antibody. Three-

week-old DRG neurons were labelled using NF antibody which is specific for neuronal 

processes (red).  Blue DAPI stain shows the cell nuclei. Images were taken at 20 X 

magnification, scale is 100 µm.  
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3.2.4. Immunoseparated OPC differentiation stimulated with glutamate: 

 Separated OPCs which were plated on coverslips for MBP antibody optimization 

did not express any myelin proteins, although flow cytometry results indicated the 

presence of OPCs. Because glutamate had an effect on OPC proliferation in driving media 

experiments and it is a known NT, glutamate was added to the OPC differentiation 

experiment to test whether this would stimulate myelin protein production. Figure 16 

demonstrates MBP+ cells detected when glutamate was added to the differentiation media 

and cells were left to differentiate for 12 days. The fluorescent signal was faint which 

might indicate a low level of myelin expression, but the signal was significantly higher 

compared to the control excluding primary antibody. Therefore, the addition of glutamate 

stimulated the production of myelin proteins in driven and differentiated OPCs.   
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Figure 16: Epifluorescence image of OPC differentiation with the addition of 

glutamate. Immunoseparated OPCs were plated on matrigel-coated coverslips and grown 

in media containing FGF, B27, and glutamate. Cells were grown adhered to a glass 

coverslip for 12 days, with media changes done every other day. MBP positive cells 

indicated the differentiation of purified OPCs into myelin producing OLs. A) DAPI (blue) 

stain, B) MBP (green) stain, and C) overlay of DAPI (blue) and MBP (green). Images were 

taken at 20 X magnification, scale is 100 µm. 
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3.2.5. DRG culture: 

 To verify functionality of driven and immunoseparated OPCs in vivo, an in vitro 

co-culture experiments were set up. In order to test whether purified OPCs can sense and 

migrate towards neurons, DRGs cultures were established. DRG neurons were isolated 

from mouse spinal cord, dissociated into single cell suspension, and grown attached to 

GFR matrigel for at least three weeks prior to their use in experiments. Since DRG neurons 

are nonproliferating cells, cultures were treated with 5 μM Ara-C in order to eliminate 

mitotically active cells and result in a pure DRG culture. Figure 17 shows a representative 

image of neurons extending neuronal processes when grown attached to a coverslip.  
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Figure 17: A representative bright field image of mature DRG neurons. In vitro, 

neurons typically are grown attached to a GFR matrigel substrate. Cells begin extending 

processes from the large cell bodies. Arrows indicate neuronal cell bodies from which 

processes are extended. Neurons in this image have been cultured for 23 days. Image scale 

is 100 µm.  
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3.2.6. DRG co-culture with immunoseparated OPCs: 

 Purified OPCs differentiated in the presence of glutamate were shown to produce 

myelin protein so cells grown with DRG neurons were tested for a similar response. Since 

DRG neurons are glutamatergic and are able to spontaneously release glutamate in in vitro 

conditions (Rydh-Rinder et al 2001). Co-cultures with driven OPCs and DRGs were 

tested. DRGs were cultured for at least three weeks prior to co-culture experiments. After 

NSPCs were driven and immunoselected using the magnetic column, purified OPCs were 

plated onto coverslips containing DRG neurons. Co-cultures were then allowed to grow 

for a further 9 days after which cells were fixed using 4 % PFA and stained with MBP (OL 

cell marker) and NF (neuronal cell marker) antibodies. 

 ICC results showed MBP positive cells in the OPC and DRG neuron co-cultures, 

supporting the hypothesis that DRG glutamate release induced OPC differentiation into 

OLs. (Fig.18). Even though mature OLs were detected, their morphology did not resemble 

the descriptions of this cell type in the literature (Fig.18-A). Generally, MBP+ cells were 

more flatten and present all along the neuronal axon with a distinct morphology of multiple 

processes. In my experiments, MBP+ cells demonstrated a more flattened morphology and 

the MBP+ markers (green) appeared to colocalize with NF (red) stain. The MBP stain 

appeared to be restricted to a particular cell type which showed staining specificity because 

only few cells out of the total present cells on each coverslip was positively stained for the 

MBP protein. 
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Figure 18: Epifluorescence image of OPC and DRG co-cultures of 

immunocytochemistry stains. Immunoselected OPCs were plated together with three-

week-old DRG neurons and kept in a co-culture for 9 days. MBP positive cells were 

located in close association with DRG neurons labeled in red. A) DAPI (blue), B) DAPI 

(blue) and MBP (green), C) DAPI (blue) and NF (red), D) overlay of DAPI (blue), MBP 

(green), and NF (red). Images were taken using epifluorescence microscope with 20 X 

magnification, scale is 100 µm.  
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3.2.7. DRG co-culture with immunoseparated OPCs with glutamate receptor inhibitors: 

 Immunoseparated OPCs were plated together with mature DRG neurons in a co-

culture set-up as described previously, but here the cultures were exposed to AMPA 

receptor antagonists DNQX and CNQX. Myelin production was detected in co-cultures 

with neurons or when OPCs were stimulated with glutamate. Therefore, to test whether it 

was the glutamate released from DRG neurons that caused the myelin production in the 

co-cultures, glutamate receptor subtype AMPA channel blockers were added. The ICC 

results show that DNQX treated cells were still able to produce myelin protein, which 

resembled the spherical organization of cells in the untreated control groups (Figure 19-B 

and A respectively). Whereas cells exposed to CNQX antagonist still produced the myelin 

protein but the stain appeared less spherical and more disorganized (Figure 19-C). 

Furthermore, CNQX treated coverslips appeared to contain overall fewer cells which may 

suggest more cell death in this treatment group. DNQX antagonist was added in a lower 

concentration (20 µM) which may have resulted in insufficient receptor blockage and 

similarity to the control. Nonetheless, CNQX treatment results supported the hypothesis 

that glutamate released from the DRG neurons was the reason for the myelin protein 

production observed in the co-culture trials.   
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Figure 19: Epifluorescence images of DRG co-culture with immunoseparated OPCs 

with the addition of glutamate AMPA channel inhibitors. A) Control DRG co-culture 

without the presence of inhibitors where co-localized and spherical MBP stain was 

detected. B) Co-culture with [20 µM] DNQX inhibitor which resembled MBP stain from 

the control treatment. C) Co-culture with [30 µM] CNQX in which a more disorganized 

myelin stain was observed compared to the other two treatments. Inhibitors were added 

after 24 h of co-culture. Stain labeling was as follows: I) DAPI, II) DAPI and MBP, III) 

DAPI and NF, IV) overlay of DAPI, MBP and NF. Images taken at 20 X magnification, 

scale is 100 µm.   
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Chapter 4: DISCUSSION AND CONCLUSIONS 

 The aim of this study was to investigate the role glutamate and other differentiation 

cues on the differentiation of NSPCs into OPCs and from OPCs to OLs. Glutamate is a 

common neurotransmitter secreted by neuronal synapses during depolarization events 

(Spampinato et al 2015). My results demonstrate that while treatment with driving factors 

(PDGFα, NT-3) can induce OL differentiation, it also appears that glutamate plays a key 

role. Among the tested driving factors, glutamate showed the highest proportion of OPCs 

which stained positive for PDGFα-R marker by flow cytometry. This was further 

corroborated in an in vitro co-culture and ICC experiments. In this setting, growth with 

DRG neurons induced OPCs differentiation into OLs, whereas the growth of OPCs, in the 

absence of glutamate, did not result in differentiation. When grown on their own, OPCs 

were able to differentiate into mature OLs only in the presence of glutamate where they 

had significantly higher expression of MBP proteins compared to OPCs grown without 

glutamate.  

4.1. Differentiation of NSPCs into OPCs: 

 Stem cells can be used as a potential treatment for neurodegenerative diseases such 

as MS or insults such as spinal cord injuries to replace lost or damaged tissue. However, 

there are significant gaps in our understanding of stem cell biology, especially in the 

context of which factors are required to drive stem cells to a particular fate or to ensure 

sufficient proliferation.  

4.1.1. Glutamate: 

Driving media treatments 2 (containing the driving factors) and 3 (containing 

driving factors plus glutamate) of data set 1, as expected, resulted in increased proportion 



82 
 

of PDGFα-R positive cells on day six. On day 12, there was a gradual decrease in PDGFα-

R, as presumably the proportion of these cells differentiated into more mature OLs. 

Perhaps the combined addition of NT-3 and PDGFα to the driving media did generate 

OPCs to a certain degree after which the process began slowing down and limited the 

number of cells able to respond to mitogen addition. Interestingly, treatments containing 

glutamate had a much higher proportion of PDGFα-R positive cells after six days of 

driving compared to other treatment groups.  

Differences in cell proliferation rates were observed in both experimental sets 

across the sampling periods. Generally, glutamate treated OPCs proliferated more slowly, 

compared to the glutamate plus EGF treatment group (of set 2), as well as treatment groups 

containing the driving factors with glutamate (of set 1). PDGFα-R expression was the 

highest in glutamate-only treatment, meaning that there was sufficient stimulus for cell 

proliferation and driving to a OL cells lineage. This finding is not surprising as OPCs 

express several glutamate receptors, such as GluR1- GluR4, which may play a role in cell 

differentiation since their expression greatly reduces as cells mature into OLs ( Tatyana et 

al 2006; Helene et al 2015; Spampinato et al 2015). The presence of glutamate in the 

driving media in this study may have activated glutamate receptor subunits and lead to the 

proliferation of OPCs, which translated into the elevated PDGFα-R proportions. The 

treatment group in which glutamate was combined with driving factors PDGFα and NT-3 

exhibited higher proportions of OPCs when compared to cells treated with driving factors 

alone. This resembled the trend observed with the treatment group containing glutamate 

alone. The effect of glutamate may have been enhanced through the combination of 

PDGFα and NT-3. Possible activation of glutamate receptors increased the expression of 
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PDGFα-R which may have been coupled with the activation of similar cellular 

mechanisms by exposure to the PDGFα driving factor, causing an increase in proliferation 

of OPCs. Similarly, when only glutamate was used as a driving factor, OPC proliferation 

was nearly 3-fold higher compared to control media and glutamate plus EGF which 

provides evidence that glutamate stimulation caused the change in cell lineage fate. 

Neurogenesis is a continuous process which proceeds into adulthood in regions of 

the SVZ and SGZ of the hippocampus (Bellver-landete et al 2017). During this process, 

glutamate has been shown to affect neuronal precursor cell (NPC) proliferation and 

differentiation through the activation of different receptors including NMDA, AMPA, and 

kainate (Bellver-landete et al 2017). Recent studies demonstrated that activation of 

glutamate receptor transporters, in particular, VGLUT1, caused increased neuronal 

differentiation and elevated β-III tubulin expression (Bellver-landete et al 2017). It is 

known that low levels of neuron-specific cell markers are present in NSPCs, which are 

mixed cell populations as those used in this study (Hachem et al 2015). This evidence 

supports my findings in which media containing glutamate alone produced more β-III 

tubulin expressing cells after six days compared to the other two treatment groups (control 

and glutamate plus EGF). After 12 days, β-III tubulin+ cell proportions were very similar 

in treatments containing glutamate alone and glutamate with EGF added. A possible 

explanation may be that glutamate addition did stimulate NSPCs to differentiate into a 

neuronal cell lineage earlier compared to those exposed to a combination of driving 

factors. The difference in proportions on day six may be attributed to EGF which is 

commonly used as a growth factor to support neuronal cell proliferation (Ciccolini & 

Svendsen 1998). Thus, cells that were committed to a neuronal lineage at the start of 
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experiments were maintained in a more immature state for longer in the presence of EGF. 

In contrast, immature cells exposed to glutamate alone had a more rapid lineage 

progression in early stages of sampling. Even though differentiation happened at different 

rates, by day 12, β-III tubulin expression was similar in both treatments which suggests 

that although neurogenesis took place, there was a limited number of cells which 

differentiated into neurons from my initial mixed NSPC population. 

 Control cells also expressed the mature neuronal marker contrary to expectations. 

These conflicting results may suggest that more NPCs in certain biological replicates of 

cell cultures derived from entire brain tissue, resulting in higher proportions of neurons by 

day 12.  

The first set of experiments gave the opposite results expected in the expression of 

β-III tubulin, especially in treatment groups 2 and 3 in which the addition of driving factors 

(PDGFα and NT3) and glutamate were tested. On the day of that experiment, β-III tubulin 

proportions were higher in comparison to the same sample in the second set of 

experiments. Control treatment cells did follow the expected trend for which initially low 

proportions of β-III tubulin+ cells were observed and eventually increased by day 12, since 

cells which were committed to the neuronal lineage had sufficient time to differentiate into 

tubulin producing neurons. This contradiction was observed in both treatment groups 2 

and 3 which contained the driving factors. Overall, on both day 6 and 12, there was no 

significant differences observed in the proportion of cells expressing β-III tubulin for all 

three treatment groups, which may indicate that the observed neurogenesis resulted from 

an already existing population of NPC in my biological replicates.   
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The difference between PDGFα-R expression on day zero of both datasets can be 

attributed to the MoFlo instrument. The first sets of experiments were collected using a 

constant setting of laser intensities and alignments, whereas the second set was collected 

after the machine was realigned and software reinstalled. Laser alignment beads were used 

prior to every data acquisition and review of these data revealed fluctuations in laser 

intensities during the second set of experiments. These fluctuations may explain the overall 

large difference between PDGFα-R positive cell proportions in the two sets of 

experiments. It is important to note that only the red laser was aligned following instrument 

maintenance, explaining changes in only PDGFα-R stained cells.  Data within each 

experiment, but not between, was statistically analyzed using a generalized linear mixed 

model function in R. Statistical differences in PDGFα-R positive cell proportions between 

treatment 3 (PDGFα, NT-3, and glutamate) compared to the control and treatment 2 

(PDGFα plus NT-3) over time, indicates that the addition of glutamate to the driving media 

resulted in the higher proportion of OPCs. Analysis of PDGFα-R expression in dataset 2 

indicated that all treatments were significantly different when compared to day zero 

proportions. The β-III tubulin expression in the first data set showed that all three 

treatments were statistically different from each other over the two sampling periods when 

compared to day zero data. Similar results were obtained from β-III tubulin data of the 

first experimental data set. This indicates that all treatment groups elicited different effects 

on the proportions of cells driven into either OL or neuronal lineages. 

4.1.2. Hypoxia: 

NPCs are able to respond to changes in oxygen availability by increasing their 

proliferation as oxygen levels decrease (hypoxia) (Lange et al 2016). NPCs experiencing 
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hypoxic environments initiate the process of glycolytic metabolism while inhibiting the 

electron transport chain (ETC), which leads to the increased expression of genes such as 

Glut1 and Glut3 and results in cell proliferation (Bartesaghi et al 2015). Low oxygen levels 

regulate cell differentiation and proliferation both in vivo and in vitro , through the 

activation of β-catenin pathways (Varela-Nallar et al 2014). Furthermore, β-catenin leads 

to activation of Wnt target genes transcription and, in the case of adult NPCs, results in 

neurogenesis (Varela-Nallar et al 2014). Furthermore, production of hypoxia-inducible 

factors (HIFs) also modulate oligodendrogenesis and restricts OPCs from differentiating 

into mature OLs (Tracy et al 2014). HIFs up-regulate Wnt pathways in a similar manner 

as in neuronal cell lineages, which ultimately results in cell proliferation and prevents 

differentiation of OPCs into mature OLs (Chew et al 2011; Tracy et al 2014; Varela-Nallar 

et al 2014). Some of my results can, in part, be explained by this phenomenon.  Control 

treatment groups of both sets of experiments contained cells which were expanding at a 

faster rate compared to other treatments, which was noticeable by the rapid formation of 

larger spheres. Comparable rates of sphere formation were also observed in the second set 

of experiments using glutamate and EGF. When cells proliferate and sphere size increases, 

there is an oxygen gradient forming which is proportional to the radius of the sphere. This 

can lead to the formation of a hypoxic environment in the inner region of the neurospheres 

which may induce cell differentiation and changes of cell lineage fate (Kornblum 2007). 

This may explain the results obtained from control media in which shifts in OPC and 

neuronal cell markers were observed even though no significant change was expected. The 

effect of hypoxia on OPCs comes into play by reducing cell maturation and maintaining a 

more immature cell state where proliferation is the highest (Tracy et al 2014). This may 
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explain the increase in PDGFα-R positive cells grown in control media on day 12, as OPCs 

may have developed in the hypoxic core of the neurosphere. Similarly, an increase in β-

III tubulin expression can also be attributed to the same mechanism in which neuronal cell 

proliferation was increased due to the hypoxic environment within the large spheres. 

The overall trend of findings did support the importance of both driving factors and 

role of glutamate. For example, the addition of glutamate resulted in a significantly larger 

increase in the proportion of PDGFα-R cells. This was expected due to the expression of 

GLUT receptors on these cells and the findings from other research groups as to the role 

of glutamate in cell proliferation. Furthermore, the combination of glutamate with driving 

factors (PDGFα and NT-3) also resulted in higher proportions of OPCs which may suggest 

that these driving factors work in conjunction with glutamate and strengthening the effect 

on OPC differentiation. The combination of several growth factors may have shifted the 

cell populations into neuronal lineage as well as OL lineage cells which may explain the 

unexpected results in some of the driving media treatments. Finally, hypoxic environments 

may also have impacted neurogenesis and oligodendrogenesis in the control treatments 

which explains the shifts in cell populations.   

4.1.3. PDGFα and NT-3 driving factors:  

OPCs enriched cell cultures can be generated from undifferentiated progenitors 

using combinations of trophic (glutamate) and growth factors (PDGFα and NT-3). 

Experimental set 1 showed the combination of PDGFα and NT-3 growth factors increased 

the proportion of cells expressing PDGFα-R cell marker (OPC lineage marker) from M = 

0.57 ± 0.1 on day zero to M = 0.75 ± 0.51 on day 6 of driving. In the healthy adult, OPCs 

are relatively slow proliferating cells, despite the fact that they comprise the majority of 



88 
 

proliferating cell populations outside of the SVZ and the dentate gyrus (Woodruff et al 

2004). Previous work suggested that PDGFα controls endogenous OPC population 

numbers by limiting their growth after it has all been consumed through receptor binding 

and internalization (Heyningen et al 2001). Similarly, growth factors support neuronal and 

glial cell survival in vitro and in vivo and control their growth rates ( Peru et al 2008; 

Crouch et al 2015). In particular, NT-3 and PDGFα promote OPC survival and 

proliferation while maintaining the cells in an undifferentiated state (Barres et al 1993; 

Neri et al 2010; Hill et al 2013). NT-3, secreted by endothelial cells in vivo, acts as an 

inducer of DNA synthesis in OPCs, described to have a similar effect to PDGFα, where 

the activation of Ca²⁺ channels leads to cell proliferation (Barres et al 1993; Crouch et al 

2015). OPCs posses several types of Ca²⁺ channels, among which L-type was 

demonstrated to have the ability to arrest cell maturation and promote further proliferation 

of progenitors (Cheli et al 2016). Similarly, PGDFα released by neurons in vivo was shown 

to activate the PDGFα-R receptor on OPCs which activates the Wnt/β-catenin pathway 

and leads to the increase in proliferation as well as inhibition of cell maturation ( Ortega 

et al 2013; Mitew et al 2014).  

The responsiveness of cells to the addition of PGDFα growth factor varies 

depending on their origin, with cells from the white matter exhibiting a stronger response 

compared to cells from the grey matter (Hill et al 2013). This difference may be attributed 

to the fact that OPCs from the white matter contains a higher density of inwardly rectifying 

potassium channels, which play an essential role in PDGFα-R receptor activation (Hill et 

al 2013). Cells used in these experiments were derived from whole brain isolates rather 

than from a specific region of the brain. To increase NSPC numbers in culture rather than 



89 
 

isolating particular regions and risking cell loss. This may have caused a difference in the 

proportion of white and grey matter cells within my primary cell cultures. Additionally, 

cells in young animals proliferate at a higher rates when compared to cells in adult animals 

(Young et al 2013). The animals utilized were adults, as opposed to younger animals which 

may also account for some of the discrepancies encountered in the results.  

Dataset 1 results revealed a significant increase in the proportion of cells 

expressing β-III tubulin (neuronal cell marker) in treatment groups containing the driving 

factors compared to control. Both driving factors alone (PDGFα and NT-3) or with the 

combination of glutamate yielded similar proportions of β-III tubulin expression, which 

was higher compared to the control treatment group on both day 6 and day 12 of sampling. 

This may be attributed to the effect of PDGFα driving factor on neurogenesis. Previous 

studies demonstrated that even though PDGFα is known to modulate oligodendrogenesis, 

surprisingly it can also impact neurogenesis (Moore et al 2014). Cells expressing the 

PDGFα-R receptor, which was thought to only generate OLs, also have the ability to 

differentiate into neurons (Rivers et al 2008). This may explain the increased β-III tubulin 

expression in cells exposed to driving factors which coincides with increased expression 

of the PDGFα-R cell lineage marker. Similarly, set 2 data also followed this trend with 

treatment groups where β-III tubulin expression increased, PDGFα-R proportions were 

also elevated. Therefore, the effects from both PDGFα-R and β-III tubulin expressing cells 

may overlap to a certain extent, a finding that contradicts the literature because these are 

considered restricted to each corresponding cell type. 
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4.1.4. FGF and EGF growth factors: 

Both sets of driving media experiments showed conflicting results in the control 

group, where no driving factors were added but an increase in both PDGFα-R and β-III 

tubulin were observed. Control media contained only FGF and EGF growth factors which 

should have maintained cells in an undifferentiated state. At the day of plating, β-III 

tubulin positive cells in set 1 comprised 15.19 % while set 2 the proportion was nearly 3-

fold lower at 5.98 %, possibly indicating that there was some differentiation when cells 

were maintained in defined growth medium. Interestingly, there was also a change in cell 

lineage in these groups, with fluctuating proportions of PDGFα-R positive cells. The first 

experiment showed a subtler change in the proportion of PDGFα-R positive cells, with T3 

containing both driving factors plus glutamate having the highest change from day zero 

(M = 0.57 ± 0.10) to day six (M = 0.98 ± 0.90), while the second experiment showed 

higher overall proportions, with T2 containing only the driving factors (PDGFα and NT-

3) having the highest change from day zero (M = 2.63 ± 5.05) to day six (M = 5.5 ± 4.06). 

Aside from maintaining NSPC proliferation, these growth factors may also influence the 

differentiation of stem cells, possibly explaining the fluctuating results. FGF can produce 

the same effect as PDGFα exposure, although FGF acts in a different manner, both results 

in the activation of Wnt pathway which ultimately leads to OPC proliferation, specifically 

in the subependymal zone progenitors (SEZ) (Ortega et al 2013; Mitew et al 2014). A 

similar effect can be observed from the addition of EGF to SVZ cells where increased 

oligodendrogenesis was reported (Ortega et al 2013; Maki et al 2013). Some conflicting 

evidence also suggests that EGF promotes neuronal progenitor proliferation and the 

formation of neurospheres in vitro which could correlate with the changes in β-III tubulin 

expression observed (Ciccolini & Svendsen 1998). FGF activates FGFR1 receptor 
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subtypes and directs OPC migration during myelination in both development and post-

injury (Mitew et al 2014). Even though FGF can act as a mitogen in the CNS, its effects 

may be hindered by other molecules such as glycoprotein anosmin-1 of the extracellular 

matrix which can also bind to the FGFR1 receptor and block its activity (Mitew et al 2014). 

Moreover, CNS progenitors have different affinities to growth factor effects depending on 

the animal’s age. For instance, embryonic progenitors do not respond to EGF due to the 

absence of EGFR receptors which are acquired later in the development (Kornblum 2007).  

Potentially the changes in PDGFα-R positive cells in both sets of experiments can be 

explained by the addition of the above growth factors. While the combination of FGF and 

EGF was expected to maintain cells in the proliferative stage, some cell differentiation 

may have occurred.  

Contradictory results in both experimental sets were also observed with cells 

expressing β-III tubulin marker. Previous studies demonstrated that NPCs and cells 

committed to neuronal cell lineage can respond to the addition of growth factors such as 

FGF and EGF and result in proliferation and differentiation (Ciccolini & Svendsen 1998). 

This mechanism follows the activation of tyrosine kinase receptors following growth 

factors addition, which then activate Ras/extracellular signal-regulated kinase (ERK) 

pathways that ultimately lead to the phosphorylation of the transcription factor cAMP 

response element-binding protein (CREB) and result in neuronal cell proliferation 

(Ciccolini & Svendsen 1998). This may explain why the cell proportion differences in 

control media treatment of both sets where relatively high in β-III tubulin expression. 

Furthermore, primary cell cultures were maintained in control media prior to experimental 

setup. Although this may explain results from experiment 1, data from experiment 2 has a 



92 
 

significantly lower mean proportion of positive cells on day zero even though cells were 

maintained in the same growth conditions. Identical cell passages were thawed for each of 

the replicates, but variations in cell populations may have influenced the overall results of 

the driving media experiments.  

4.2. Glutamate released from DRG neurons in co-cultures stimulated OPC 

differentiation into OLs: 

To verify whether manipulated immature cells driven into OPC lineage conserved 

their endogenous functions and the ability to produce myelin sheath, especially in the 

presence of glutamate, co-cultures of OPC with DRG neurons were tested. ICC results 

demonstrated that OPCs exposed to glutamate did mature into OLs and myelin basic 

protein (MBP) was detected in close association with the neuronal axons in contrast to 

controls. This suggests that differentiation media containing only FGF was not sufficient 

to initiate myelin production whereas OPCs cultured with DRGs were able to produce the 

myelin sheath protein.  

DRG neurons are known to be glutamatergic, where under normal in vivo 

conditions they communicate via glutamate signaling (Rydh-Rinder et al 2001). Such 

glutamate release was also observed in cultures of DRG neurons in vitro (Rydh-Rinder et 

al 2001). OPCs express glutamate receptors, such as AMPA, which upon activation induce 

the cells to mature into OLs and begin producing myelin proteins (Sakry et al 2011). 

Therefore, co-cultured OPCs may have detected glutamate release from neurons which 

initiated the production of myelin proteins that were detected using ICC staining, whereas 

OPCs cultured on their own lacked those activation stimuli and did not produce MBP. 
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Morphologically, OLs in DRG co-cultures did not resemble those classically 

described in the literature but rather appeared as a more spherical cells which were 

associated with the neuronal filaments (Bercury & Macklin 2015). This may be explained 

by the presence of FGF in the co-culture medium. FGF plays a neuroprotective role during 

nerve injuries by limiting glutamate release from DRG neurons which ultimately prevents 

excitotoxic events ( Rydh-Rinder et al 2001; Barabas et al 2014). Perhaps the presence of 

FGF in the culture limited the amount of glutamate released by the neurons which 

prevented the OLs from producing larger amounts of the myelin sheath and instead had a 

more spherical appearance. 

To verify that glutamate played a role in the differentiation, glutamate was added 

to purified OPC differentiation cultures. Under these conditions, there were low levels of 

MBP detected. This finding demonstrates that stimulation of OPCs with glutamate did 

play a role in driving the production of myelin protein. These cultures appeared to have 

cells with long extended processes which resembled mature OLs. Although FGF was 

present in the culture medium, cells were morphologically different when compared to the 

DRG co-cultures, possibly because artificially added glutamate was not limited by the 

presence of FGF whereas in co-cultures with FGF it may have limited glutamate release.   

4.3. Glutamate AMPA/kainate receptor subtype inhibitors interfere with myelin 

production in DRG co-cultures: 

 To further investigate whether glutamate released from DRG neurons stimulated 

the OPC differentiation and the production of a myelin sheath, glutamate receptor 

antagonists were added to the co-culture media. OLs express various receptor subtypes 

which can be activated by glutamate, among which are AMPA/kainate receptors are the 
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most prominent (Sakry et al 2011). For this reason, two AMPA receptor antagonists were 

chosen: 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and 6,7-dinitroquinoxaline-2,3-

dione (DNQX) (Traynelis et al 2010). Previous studies used CNQX as a NMDA receptors 

blocker of DRG neurons, which ultimately influenced the responsiveness of these cells to 

stimuli and impacted the release of NT such as glutamate (Long et al 1990; Traynelis et al 

2010). AMPA/kainate activation plays an important role in OPCs and neuronal 

communications in order to initiate migration and myelination in the CNS (Vernadakis 

1996; Kukley et al 2010). Therefore, inhibition of this communication using AMPA 

receptor antagonists will indicate that this cell cross communication was the main reason 

behind the myelin sheath production in co-culture experiments. CNQX and DNQX are 

considered to be partial antagonists, whereas 2,3-dihydroxy-6-nitro-7-sulfamoyl 

benzo(f)quinoxaline (NBQX) associates more strongly with AMPA receptors and results 

in a more complete receptor blockage (Traynelis et al 2010). Because NBQX was not 

available for my experiments, CNQX and DNQX were used.  

 DNQX treated cells expressed myelin sheath proteins in the same way as the 

control co-cultures which were not exposed to any inhibitors. In contrast, CNQX addition 

resulted in less myelin protein production, which appeared to have a more distorted 

organization compared to the control co-cultures. Similar results obtained from DNQX 

treatment and the control may be attributed to the lower inhibitor concentration used when 

compared to the added CNQX compound (20 µm and 30 µm respectively). Therefore, the 

effectiveness of the inhibitor may have been reduced due to an insufficient amount added 

to the culture medium. Additionally, DNQX as a partial receptor inhibitor could also cause 

a more limited receptor closure and less interference between cell communication. CNQX 
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treated cells seemed to have been affected more by the treatment which was validated by 

the more disorganized myelin protein stain. Although this inhibitor also belongs to the 

partial channel blocker class, the higher concentration used may have resulted in a more 

disorganized stain. ICC showed an overlap of both NF and MBP stain in the cell body 

which was detected to be in close association with the neuronal axon. This result was 

unexpected since these two stains correspond to proteins produced by two very different 

cell types. The validity of the MBP stain arises from the fact that only a few cells within 

the samples were picking up the stain which points to the fact that the antibody used is 

specific for a particular cell type only. Secondly, the overlay of both markers is only 

confined to the cell body and the green MBP stain was not detected on the neuronal 

processes which may point to the fact that yet again, the antibody was specific for one cell 

type only. Lastly, additional antibody control revealed that the antibodies used were 

specific for each of their corresponding target proteins. DRG neurons were stained with 

single antibodies, MBP and NF, results of which confirmed that no MBP stain was visible 

on DRG cell body. Additionally, secondary antibodies for MBP and NF were switched to 

ensure their specificity, with results showing no positive stains.  Therefore, the co-stain of 

MBP and NF observed from my results cannot be fully explained at this point. (Refer to 

Appendix 6 for additional antibody controls information).  

 In short, production of the myelin sheath by driven and purified OPCs can partly 

be attributed to the glutamate release from DRG neurons which was shown by the results 

of CNQX addition to the co-cultures. Although the results remain in part inconclusive, the 

combination of previous experiments can support the idea that it is glutamate which drove 

OPCs into mature OL stage where myelin sheath proteins were produced.     
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4.4. Conclusion: 

 My study demonstrated that immature undifferentiated progenitors can be driven, 

by using glutamate, to OPC lineage and maintain their endogenous ability to produce the 

myelin sheath. Although driving media results showed some conflicting and inconclusive 

evidence, DRG co-culture experiments confirmed the presence of OPCs after driving 

media treatment and immunoseparation. Furthermore, I have demonstrated that adult 

mouse-derived OPCs were responsive to glutamate released from neurons, suggesting an 

important role of glutamate in OL differentiation. The ability of OPCs to detect glutamate 

and differentiate into OLs further support the successful driving protocol and gives hope 

for a future implication of these procedures for regenerative therapy purposes. 

4.4.1. Significance: 

 In the context of demyelination disorders, genetic abnormalities or injury result in 

inflammation of OLs which leads to their death and ultimately demyelination (Crawford 

et al 2013). For instance, in MS, macrophage phagocytosis begins destroying the myelin 

sheath and leads to the formation of multiple diffused loci of unmyelinated regions ( Kotter 

et al 2011; Crawford et al 2013). Endogenous immature OPCs become activated as a result 

of injury and become susceptible to chemoattractant which trigger their migration, 

proliferation, and differentiation at the damaged sites, but this activation may be hindered 

by inflammatory factors in the environment (Crawford et al 2013). If myelination does not 

occur, demyelinated axon then becomes susceptible to degradation and subsequently 

leading to symptoms characterizing MS such as motor control lost, paralysis, and in severe 

cases, death (Bercury & Macklin 2015). To provide treatment for such neurodegenerative 

disorders, NSPCs can be used to generate enriched OPC pools which can be transplanted 
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into the patient and aid in remyelination and amelioration of symptoms.  

This research project provided the evidence that such procedures can, in fact, 

generate OPCs which conserve their endogenous ability to generate myelin sheath and 

associate with neuronal axons which can restore the damaged myelin sheath and re-

establish neuronal cell communication.  

4.4.2. Future directions: 

         The validity of the current study can be further strengthened by investigating the 

glutamate effect in the context of DRG and OPC co-culture. Due to time constraints, only 

one trial of glutamate receptor inhibitors was performed. Increasing the sample size can 

provide a clearer picture of the glutamate effect on OL differentiation and myelin 

production. In my experiments, addition of DNQX did not result in the expected effect. It 

is possible that increasing the DNQX concentration may result in an effect similar to 

CNQX treatment. Furthermore, NBQX inhibitor can be tested and results compared to 

CNQX and DNQX to validate the role glutamate has on OPC differentiation. NBQX is a 

complete AMPA/kainate channel blocker, in contrast to CNQX and DNQX which are 

partial blockers. Thus, NBQX should theoretically inhibit MBP formation. This result can 

provide stronger evidence for the hypothesis that glutamate released from DRG neurons 

stimulates OPC differentiation into OLs and the production of the myelin sheath. 

Another modification to the existing co-culture experiments can be to distinguish 

between the different diameters of DRG neurons. Spinal cord DRG neurons are 

characterized by three different sizes: large (45 - 51µm), medium (33 - 38 µm), and small 

(20 - 27µm) (Scroggs & Fox 1992). Their sensitivity to external stimuli and consequently 

ability to release glutamate may vary depending on each corresponding cell diameter class. 
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My experiments were done using a mixture of these neuronal sizes and the results I 

observed may have been clearer if the neurons were distinguished.  

Finally, hypoxic conditions can be assessed within large neurospheres to validate 

the argument that this state may have caused the differentiation of NSPCs into OPCs or 

the neuronal cell lineage. The presence of HIFs can be measured by western blot analysis 

or mass spectrometry. Neurospheres of 100 µm diameter or larger can be used for protein 

isolations where the presence of HIFs can be tested. Additionally, NSPCs can be cultured 

in hypoxic environments, after which the expression of either PDGFα-R (OPC marker) or 

β-III tubulin (neuronal marker) genes can be assessed. If either of those approaches 

indicate hypoxia and its effects in driving NSPCs into either one of the two cell lineages, 

my observations can be further supported.  
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Appendix 1 

Flow cytometry antibodies: 

A) Flow cytometry antibody selection: 

 Several antibodies were tested prior to the final antibodies selected for the 

experiments. Anti-Nestin antibody was initially purchased from Bioss-Antibodies and was 

already conjugated with Alexa Fluor 350 (#bs-0008R-A350). Due to MoFlo UV laser 

malfunctions, the antibody was replaced with the unconjugated version of the same Nestin 

antibody clone (Bioss-Antibodies, #bs-0008R). A conjugation kit was purchased in order 

to fit the antibody within the blue wavelength panel, which conjugated the antibody to 

PE/Cy7 fluorophore (Abcam, # ab102903). Anti-CNPase antibody was also replaced with 

a different antibody clone due to inability to optimize it (Abcam, # ab44289). Optimization 

were done on cells isolated from the whole brain which would contained CNPase+ cells, 

but due to inability to identify this protein, the antibody was replaced. Lastly, the anti-

GFAP antibody was also replaced with another clone version due to the difficulty to 

optimize it on whole brain cells isolates (Miltenye biotech, # 130-105-140). The newly 

purchased antibodies were optimized on brain cells and histograms of each corresponding 

antibody can be found in Figure 8. 

B) Flow cytometry antibody desalting procedure:  

 Purchased antibodies contained preservatives and salts such as sodium azide which 

needed to be removed in order for them to be used for live cell staining. In short, centrifuge 

filter (Millipore sigma, #MRCF0R030) was incubated with 70 % ethanol for 2 min in order 

to ensure its sterility. The filter was centrifuged at 14,000 x g for 10 min to remove the 

ethanol. Next, 50 mM HEPES buffer added to filter and centrifuged as above. The 
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antibody was then added to the filter and centrifuged once more as indicated above. 

Finally, the filter was removed from collection tube and placed, inverted, into a new tube 

and centrifuged at 1,000 x g for 3 min to elute the purified antibody. In this process, the 

antibody was not only desalted but also concentrated. In order to achieve initial antibody 

concentration, the eluted aliquot was re-suspended in 50 mM HEPES buffer to the initial 

antibody volume.  

 This procedure was initially done with all purchased antibodies, but on the second 

round of antibody orders, only PDGFα-R antibody was desalted. The reasoning behind 

this is the further application of this antibody for live cell sorting as opposed to other 

antibody types which were used for flow cytometry experiments only where cells were 

fixed using 4 % PFA and were not required to be kept viable.  

C) Flow cytometry antibody conjugation: 

 All conjugation protocols followed kit instructions. The following antibodies were 

conjugated: Nestin to PE/Cy7 (Abcam, #ab102903), GFAP to APC/Cy7 (Abcam, 

#ab102859), CNPase to AF488 (Thermo Fisher, #A20181), and MBP to PE/Cy5.5 

(Abcam, #ab102899). The unconjugated antibody was combined with the dye powder and 

left to conjugate for either 15 min or 3 h (depending on the kit). The conjugated antibody 

was then ready to be used after 30 min of conjugation. Newly conjugated antibodies were 

tested on cells isolated from a whole brain and later compensation beads were used as an 

indication of the conjugation quality.  
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Appendix 2 

Attempted driving media protocols: 

First attempt:  

Prior to deciding on final driving media procedure layout, several different 

protocols had been attempted. Initially, cells were kept in driving media (DM) containing 

NSPC stock media, 2 % B27 supplement, 10 ng/mL FGF, 20 ng/mL PDGFα, and 20 

ng/mL NT3, for 48 h, after which, 2 % FBS was added to differentiate cells. DM changes 

were done in every two to three days, for six days in total. Confirmation of cell lineage 

was to be done using RT-qPCR from RNA samples of the driven cells. This protocol was 

originally passed on from former lab member, but after consulting literature sources, FBS 

was removed from the recipe (Neri et al 2010). FBS is known to support astrocyte lineage 

cell differentiation, which was not the focus of the driving media study (Ehret et al 2015). 

After the first trial of this procedure, cell rapidly adhered to the bottom of the dish after 

the addition of FBS and eventually differentiated to stellate looking cells which indicated 

the presence of astrocytes. Therefore, another approach to setting up driving media 

experiment was taken. Flow cytometry was chosen to validate shifts in cell lineages due 

to its ability to both distinguish between multiple protein expressions at once, but also due 

ability to quantify cells labeled with antibodies of interest. 

Second attempt: 

 Another protocol for driving experiments included NSPCs which were plated on 

coverslips at 10,000 cells/coverslip in DM described above but without FBS addition. 

Cells received media changes every two days and maintained in culture for a total of six 

days. This procedure was performed to confirm cell lineage changes using 

immunocytochemistry (ICC) rather than using RT-qPCR. Cells were stained with NF 
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antibody specific for neuronal cells and with MBP antibody for myelin protein. ICC 

staining did not provide any conclusive results due to the insufficient number of cells on 

the coverslip. This protocol was later modified in order to achieve a more in-depth 

analysis. Flow cytometry technique was chosen to obtain DM data because it provided 

numerical data which was analyzed statistically rather than a presence/absence data which 

was generated using ICC stains.  

Third attempt:  

            Driving media experiments were set up using media which contained 20 ng/mL 

FGF2, 20 ng/mL platelet-derived growth factor (PDGFα), and 20 ng/mL neurotrophin 3 

(NT3), which were added to NSPCs stock medium (adopted from Neri et al 2010). Several 

driving media combinations were used to identify optimal driving conditions (Table 4). 

Driving media types were made up in defined NSPC media with 2 % B27 supplement and 

driving factors according to each treatment group.  

          NSPCs were split into a single cell suspension and plated at a density of 250,000 

cells/mL per well in a 6-well culture dish (Costar, #3516). One 6-well dish contained all 

six DM variation, one well per each treatment. Cells were sampled at the following time 

periods of being in driving media: 4 d, 6 d, 8 d, 10 d, and 12 days. Culture media was 

changed every two days by removing approximately 70 % of existing media and adding 2 

mL of a fresh media according to each treatment. At the end of each driving period, cells 

were detached, neurospheres treated with TrypLe to result in single cells suspension, and 

cells were labelled for Flow Cytometry using the following antibodies: Nestin (PE/Cy7), 

NG2 (PE), PDGFα-R (APC), CNPase (AF488), MBP (PE/Cy5.5), and GFAP (APC/Cy7). 

Optimal driving medium and driving time was determined by the highest percentage 
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PDGFα-R+ cells. 

 In order to validate true positive stains in the multi-stained samples, compensation 

beads were used (ThermoFisher, #A10497). Several types of stains were set up: 

fluorescence minus one (FMO), single stains with each antibody, and one stain including 

all antibodies together. FMO stains were set using antibody combinations summarized in 

Table 5. Compensation beads were tested on a weakly basis to ensure machine settings 

and antibody staining were consistent between the sampling days of each biological 

replicate. Cells from each treatment group on each sampling day were dissociated into a 

single cell suspension and media was washed off by re-suspending cells in wash buffer 

containing 1 X PBS with 5 % BSA and centrifuging them. This procedure was repeated 

three times to ensure all media was washed off after which the extracellular antibodies 

were added (NG2/PE, PDGFα-R/APC, and CNPase/AF488). Cells were incubated in the 

dark for 15 min after which they were washed 3 X with wash buffer as described above. 

Next, cells were fixed, in the dark, for 10 min in 4 % PFA and washed with 

permeabilization (Perm) buffer. Perm buffer consisted of wash buffer and 1 % Triton-X. 

Cells were permeabilized, in the dark, for 15 min after which the intracellular antibodies 

were added (Nestin/PE-Cy7, MBP/PE-Cy5.5, and GFAP/APC-Cy7). Samples were left to 

incubate in the dark for 15 min, after which cells were washed 3 X in Perm buffer and re-

suspended in 4 % PFA. One negative control sample contained cells combined from each 

one of the six treatment groups before they were stained.  

 Compensation beads were stained according to the manufacturer protocol. In brief, 

capture beads were stained with each one of the antibodies separately, using FMO 

combinations, and one sample which contained all antibodies together. Beads were 
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incubated at room temperature for 15 min in the dark and washed with 1 X PBS by 

centrifugation. Lastly, beads were re-suspended in 1 X PBS and one drop of negative 

beads, which cannot bind antibodies, were added. 

 Analysis of the resulting flow cytometry runs was discarded due to the insufficient 

separation between the different cell markers. From looking at the compensation data, it 

was noted that there was a significant bleed through between the different channels and 

resulting cell proportions were inconclusive. Kaluza software which was used to analyze 

data plots was unable to generate automated compensation matrix due to a low signal from 

GFAP stained beads, and therefore manual compensation matrix was worked out.   
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Table 4: Driving media groups and driving factors. Driving media treatments denoted 

as DM.  

Treatment Driving factors 

DM 1 10 ng/mL FGF and 20 ng/mL EGF 

DM2 10 ng/mL FGF 

DM3 10 ng/mL FGF, 20 ng/mL NT3, and20 

ng/mL PDGFα 

DM4 10 ng/mL FGF, 20 ng/mL NT3, 20 ng/mL 

PDGFα, and 50 µM glutamate 

DM5 10 ng/mL FGF, 20 ng/mL EGF, 20 ng/mL 

NT3, 20 ng/mL PDGFα, and 50 µM 

glutamate 

DM6 10 ng/mL FGF, 20 ng/mL EGF, 20 ng/mL 

NT3, and 20 ng/mL PDGFα 
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Table 5: Summary of fluorescence minus one (FMO) antibody combinations for 

compensation beads stains.  

Fluorescence minus one (FMO) Antibodies 

FMO – NG2 PDGFα-R + CNPase + MBP + Nestin + 

GFAP 

FMO – PDGFα-R NG2 + CNPase + MBP + Nestin + GFAP 

FMO - CNPase PDGFα-R + NG2 + MBP + Nestin + 

GFAP 

FMO – MBP  NG2 + PDGFα-R + CNPase + Nestin + 

GFAP 

FMO - Nestin NG2 + PDGFα-R + CNPase + MBP + 

GFAP 

FMO - GFAP NG2 + PDGFα-R + CNPase + MBP + 

Nestin 

 

 

 

 

 

 

 

 



114 
 

Appendix 3 

 OPC migration assay: 

 In order to evaluate the functionality of driven OPCs and their ability to respond 

to stimuli, cell migration assays were attempted. NSPCs were driven and 

immunoseparated according to protocols included in the materials and methods section. 

Separated purified OPCs were then plated onto one half of GFR Matrigel covered dish and 

on the opposite side of cells, an agar bead soaked in either glutamate was placed. Cells 

were left in the dish for one week, after which immunocytochemistry staining was to be 

performed to determine whether cell migration towards the glutamate bead occurred. 

Several issues were encountered when trying to conduct these experiments. First, due to a 

required low density of cells to be plated onto the coverslip, cell survival was very poor 

and often the majority of the cells did not adhere onto the bottom of the coverslip. 

Additionally, the agar bead often detached from the glass coverslip. A few attempts were 

made to attach the bead onto a Matrigel-coated surface, but that did not seem to increase 

the attachment of the bead. Finally, another attempt was done to glue the bead with crazy 

glue to the bottom of the coverslip. This also did not seem to solve the issue but even 

worsen it because it appears that the glue had an effect on the cells which did not survive 

the overnight incubation. After several failed attempts to set up the migration assay, it was 

discontinued and co-cultured proceeded instead. 
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Appendix 4 

Immunocytochemistry antibody optimization attempts: 

To select the appropriate concentration of antibody for immunocytochemistry 

experiments, several attempts of optimization were done. Initially, both MBP (for mature 

OLs) and NF (for neurons) were optimized on NSPCs which were attached to a coverslip 

using GFR Matrigel. Primary antibody concentrations that were tested were: 1:500 for 

MBP and 1:600 for NF. Secondary antibody concentrations were: 1:1000 for MBP and 

1:600 for NF. These concentrations were adapted from previous protocol worked out in 

our lab. Cells were incubated with primary antibody for one hour at room temperature and 

for another hour with secondary antibody. Stain results did not show any positive signal 

and it was thought that perhaps the cells on which the antibodies were tested were not 

expressing those proteins in order for them to be detected.  

 Next, brain slices were used for staining due to the presence of the cell of interest within 

those samples. Antibody concentrations attempted were as followed. Primary antibody: 

1:500 for MBP and 1:300 for NF. Secondary antibody: 1:1000 for MBP and 1:500 for NF. 

This time primary antibody was left overnight at 4 ºC and secondary antibody was 

incubated for one hour at room temperature. These stains also did not produce optimal 

results with only background stain being detectable but no cell structure could be identified 

from the images.  

 The third attempt was made using cells isolated from a whole mouse brain and grown 

attached to a coverslip. The rationale was that these samples will contain the cells of 

interest and because here will have a single cell suspension, cell morphology will also give 

a clue to whether the proper cell type was stained with the antibody of interest. Antibody 
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concentrations were kept like those from the second attempt and same incubation periods 

were followed. This time MBP stain appeared as a faint haze around cell nuclei, while no 

NF was detected.   

 Lastly, NF antibody was optimized on DRG neurons rather than other NSPC cultures as 

previously. The rationale behind this decision was that those cells will be the ones used in 

co-culture experiments and therefore the antibody should be optimized for them. The 

antibody was tested at few concentrations for both the primary and the secondary antibody. 

Primary antibody concentrations tested were: 1:500 and 1:1000. The lower concentration 

was attempted because one of the papers referenced in the antibody data sheath used it at 

1:1000 and so I decided to try it as well. Secondary antibody concentrations were 1:600 

and 1:1000. Incubation time was also changed for the primary antibody from overnight at 

4 ºC to two hours at room temperature. Results of this round of staining indicated that the 

optimal concentration for NF was 1:500 for primary antibody and 1:1000 for secondary. 

There was no background present and the signal appeared to be strong and clean.  

 

 

 

 

 

 

 



117 
 

Appendix 5 

MoFlo instrument malfunctions: 

 Throughout my project, the MoFlo flow cytometer experienced several setbacks 

where the machine was down and non - functional. On two occasions the software had to 

be re-installed which resulted in the need to re-align the laser positions before proceeding 

with experimental runs. To ensure that the settings of ran samples resembled those of 

previously collected data, flow check beads were used to evaluate laser positions. At the 

time of evaluations, the alignment seemed acceptable in order to proceed with 

experimental runs, but when plots of flow check beads were created at the end of driving 

media experiments, it was noted that the laser position fluctuated slightly during the 

second set of samples. This fluctuation was attributed to the most recent software re-

installment and the somewhat longer period where the machine was not used. Between my 

driving media datasets, there were approximately two months of a break where the 

machine was not being used and had several malfunctions. Laser alignment is a very 

delicate procedure which requires great accuracy and if left standing, the alignment can 

change. When technical issues were resolved, the red laser alignment was completely re-

done. PDGFα-R antibody is conjugated to a fluorophore which is excited by the red laser 

(APC), and therefore it was important to correct its position. Although the flow check bead 

plots seemed acceptable, when they were compared to those created during set one of 

experiments, there were differences in the position of the red signal. Therefore, the 

statistical data from both experimental sets were non-comparable and the analysis was 

carried out on the individual set separately and the relative proportions of positively 

stained cells were numerically compared between the datasets. 
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Appendix 6 

DRG co-culture stain troubleshooting: 

 From my DRG co-culture experiments with driven and immunoseparated OPCs, it 

was noted that the ICC stains of NF and MBP co-localized, which would suggest that 

neurons express both NF and MBP or the OLs expressed both proteins. Few controls 

performed during antibody optimizations, such as the no primary antibody control, pointed 

to the fact that the antibodies were properly optimized and specific to their corresponding 

target proteins. After reviewing ICC results it was decided to perform several additional 

controls to demonstrate antibodies specificity. The rational for those controls was to 

demonstrate that there were non-specific interactions between the antibodies and/or 

proteins. DRG neurons were used for ICC staining with the following antibody 

combination: MBP (primary and secondary) + NF (primary and secondary), NF (primary 

and secondary) alone, MBP (primary and secondary) alone, MBP primary antibody with 

NF secondary antibody, and NF primary antibody with MBP secondary antibody. Primary 

and secondary antibodies remained identical to those used for ICC experimental staining.  

 ICC stain results validate the specificity of each antibody. Figure 20 shows that NF 

stains were present in neuronal axons and body, while no MBP positive stain was observed 

(A, B). MBP individual stain did appear to have weak positive signal in certain places on 

the coverslip, but it resembled the background stain of a no primary control (Fig.20: E, F). 

Additionally, results of stains for reversed primary and secondary antibodies for either 

MBP and NF showed no signal on either antibody channel (Fig.20: G, H). Therefore, 

results observed from DRG – OPC co-cultures perhaps have other mechanism which may 

explain the co stain seen, but it is not antibody specificity issue.  
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Figure 20 -  Epifluorescence images of ICC of antibody validation controls. Additional 

controls were performed to validate ICC antibody specificity. Stains were done on DRG 

neurons which were cultured for approximately two weeks prior. Images A and B 

correspond to MBP + NF co stain with primary and secondary antibodies used for each 

appropriate antibody. A) DAPI (blue), B) NF (red) and DAPI (blue). Images C and D 

demonstrate NF stain with both primary and secondary antibodies. C) DAPI (blue), D) NF 

(red) and DAPI (blue). Images E and F show MBP stained DRGs with both primary and 

secondary antibodies. E) DAPI (blue); arrow points to the cell which also stained positive 

for MBP, F) MBP (green) stained cell indicated by the arrow. G) DRGs stained with MBP 

primary antibody and NF secondary antibody. DAPI (blue). H) DRGs stained with NF 

primary antibody and MBP secondary antibody. DAPI (blue). Both G and H did not appear 

to have any of the antibody stains. Images were taken using epifluorescence microscope 

at 20 X magnification. Image scale is 100 µm.  


