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ABSTRACT 

Neural stem and progenitor cells (NSPCs) from the adult subventricular zone hold 

therapeutic potential for regenerative medicine. Specifically, differentiated 

oligodendrocytes can aid in remyelinating denuded axons in demyelinative disorders or 

spinal cord injury. The excitatory neurotransmitter, glutamate, has disputed roles in this 

multi-step process. The goal of my project was to determine if glutamate has an effect on 

myelination, with the primary focus on the differentiation aspect of NSPCs to 

oligodendrocytes.  

Changes to the gene expression profile of NSPC culture in response to 

oligodendrocyte driving media, glutamate, differentiation and attachment was 

investigated using reverse transcriptase quantitative polymerase chain reaction (RT-

QPCR) with cell marker gene targets.  The combination of growth factors (FGF2, PDGF, 

NT3) used to drive, or increase the propensity of the NSPC to differentiate towards 

oligodendrocytes, had no effect on the proportions of cell types present in differentiated 

cultures. Therefore, data from driven or non-driven cultures could be combined for the 

rest of the treatments. Glutamic acid (200μM -1 mM) did not affect the survival of NSPC 

cultures when growing as floating neurospheres or attached to the extracellular matrix 

substrate, Matrigel. In addition, glutamate (200μM) did not have a significant effect on 

the gene expression profile of differentiated cultures. The differentiation media, 

containing fetal bovine serum (FBS) and no growth factors, significantly affected gene 

expression and promoted the development of neuronal lineage cells from preceding 

precursors, while decreasing the proportions of glial cells over time. It is suggested that 

the decrease in the majority of cell markers could also be the result of a large cell die off 
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from proliferation and subsequent confluency issues during the differentiation period. 

Cultures in regular media, but also attached to Matrigel-coated dishes, saw significant 

increases in NSC and glial markers, with possible inhibition of the neuronal 

differentiation favoured by spontaneous attachment. The cause of spontaneous 

attachment was undetermined and promoted the differentiation of NSPCs towards 

neuronal and oligodendrocyte lineage cells. Necessary improvements to the current 

experimental design, such as an optimal driving, and ideally, cell sorting protocol, would 

allow for more conclusive evidence to be presented for glutamate’s role on NSPC 

differentiation.  

Attempts were made to investigate glutamate’s role on myelination by observing 

migration of oligodendrocyte precursor cells (OPCs) using co-cultures of differentiated 

NSPCs with dorsal root ganglion neurons and visualization by immunocytochemistry. 

There were antibody specificity and technique issues, most of which have been 

optimized, but these experiments did not produce substantive results. An apparent lack of 

mature oligodendrocytes in these co-cultures prompted the need for differentiation 

experiments, which demonstrated the presence of mature oligodendrocytes over the 

differentiation period required for co-culture experiments. Conversely, the lack of effect 

observed for the driving media may have also contributed to the apparent insufficient 

oligodendrocytes present for immunocytochemistry analysis. Therefore, improvements 

are suggested for the differentiation protocols, which would increase the ability to 

specifically investigate glutamate’s effect on myelination and migration.  

  



 

 

iii 

 

ACKNOWLEDGMENTS 

I would first like to thank my supervisor, Josef Buttigieg, for sharing his passion 

for science and providing me with support, resources and guidance throughout my 

degree. I also greatly appreciate the support and insight of my committee members, 

Richard Manzon and Tanya Dahms, on my research and thesis. I also thank Richard for 

frequently lending lab equipment and resources, as well as technical advice. I thank 

Gavin Simpson for going above and beyond to help me with my statistical analyses. I am 

grateful to the members of the Buttigieg lab over the past three years for making the lab a 

joy to work in each day, and to those who assisted in my data collection: D. Meyer, M. 

Karnitsky, D. Teece. I would like to especially thank Adam Lanigan who has been an 

irreplaceable source of stimulating discussions, reliable assistance, encouragement, 

laughter, and friendship, for many years extending through our graduate degrees.  

I am grateful for my brilliant cohort of graduate students in the department who 

made the past three years fun and exciting, while also being a trusted support system for 

each other. I look forward to continued friendships stemming from this chapter in my life. 

This research opportunity would not have been possible without personal funding 

from CIHR: Master's Award: Frederick Banting and Charles Best Canada Graduate 

Scholarship, the Faculty of Graduate Studies and Research (Graduate Scholarship, 

Teaching Assistantship, CIHR Enhancement), Saskatchewan Innovation and Opportunity 

Graduate Award, and lab funding from NSERC, CFI and the University of Regina, 

Department of Biology.   



 

 

iv 

 

DEDICATION 

I dedicate this thesis to my family and friends whose unwavering support enabled 

and motivated me to complete my Master degree. I am forever indebted to my wonderful 

parents, Richard and Maureen Ludlow, who have continually provided for and believed 

in me throughout my life. I am thankful for the many sacrifices they have made to allow 

me to pursue any goal with love and support, while exemplifying strong work and moral 

ethics.   I also thank my sisters, Sarah, Rachel and Jill, who have always been there for 

me to offer advice, understanding, laughter, and friendship. A special thank you to Sarah 

as well for her never failing guidance and assistance throughout my university career, and 

her shared love for animals and biology since we were young. I am also greatly 

appreciative to all of my friends, especially Katelyn, Kaylee, Renee, and Adam, who 

have been some of the greatest sources of encouragement, motivation, and friendship 

throughout my life, and especially during stressful points these last few years. I value all 

of the patient listening, advice, and interest in my research, it has been an asset 

throughout each step of this process.  

 

  



 

 

v 

 

TABLE OF CONTENTS 

ABSTRACT ......................................................................................................................... i 

ACKNOWLEDGMENTS ................................................................................................. iii 

DEDICATION ................................................................................................................... iv 

TABLE OF CONTENTS .................................................................................................... v 

LIST OF TABLES ........................................................................................................... viii 

LIST OF FIGURES ........................................................................................................... ix 

LIST OF APPENDICES .................................................................................................... xi 

LIST OF ABBREVIATIONS ........................................................................................... xii 

1. INTRODUCTION .......................................................................................................... 1 

1.1 Background ............................................................................................................ 1 

1.1.1 Adult CNS regeneration ................................................................................. 2 

1.2 Cell development and markers .............................................................................. 3 

1.3 Culturing NSPCs in vitro ....................................................................................... 8 

1.4 Factors affecting NSPCs to oligodendrocyte myelination ..................................... 8 

1.4.1 Growth factors .............................................................................................. 10 

1.4.2 Neurotransmitters – emphasis on glutamate ................................................ 11 

1.5 Extra-synaptic release of glutamate as a signal for OPC ..................................... 16 

1.6 Research objectives.............................................................................................. 17 

2. MATERIALS AND METHODS .................................................................................. 18 



 

 

vi 

 

2.1 Isolation and culture of primary cell cultures ...................................................... 18 

2.2 Glutamate kill curve/effect on pH ....................................................................... 20 

2.3 Spontaneous attachment experiment ................................................................... 21 

2.3.1 Spontaneous attachment experiment: RNA to cDNA with quality control . 21 

2.3.2 Spontaneous attachment experiment: QPCR ............................................... 22 

2.3.3 Spontaneous attachment experiment: Data analysis .................................... 23 

2.4 Differentiation experiment – effects of glutamate ............................................... 24 

2.4.1 Differentiation experiment: RNA to cDNA with preamplification ............. 24 

2.4.2 Differentiation experiment: Reference gene selection ................................. 25 

2.4.3 Differentiation experiment: QPCR .............................................................. 26 

2.4.4 Differentiation experiment: Data analysis ................................................... 26 

2.5 Primer design and optimization ........................................................................... 29 

3. RESULTS ..................................................................................................................... 32 

3.1 NSPC development in the presence of FPN, FBS and or glutamate ................... 32 

3.2 Effect of attachment on NSPC expression profile ............................................... 33 

4. DISCUSSION ............................................................................................................... 46 

4.1 Driving NSPCs with FPN media ......................................................................... 46 

4.2 Effect of glutamate on NSPCs during differentiation .......................................... 47 

4.3 Differentiation of NSPCs via growth factor withdrawal and addition of FBS .... 50 

4.3 Effect of substrate versus spontaneous attachment on NSPC differentiation ...... 52 



 

 

vii 

 

4.4 Reference genes, Tfrc and Nono, affected by differentiation protocol ............... 55 

5. FUTURE CONSIDERATIONS AND CONCLUSIONS ............................................. 56 

5.1 Improvements for differentiation experimental design ....................................... 56 

5.2 Flow cytometry: alternative technique for differentiation experiment ................ 59 

5.3 Conclusions .......................................................................................................... 59 

6. LITERATURE CITED ................................................................................................. 61 

7. APPENDIX A – Additional Methods and Attempted Experiments ............................. 72 

A.1 Migration experiment attempts ........................................................................... 72 

A.1.1 Migration experiments: Materials and methods .......................................... 72 

A.1.2 Migration experiments: Results .................................................................. 73 

A.2. Immunocytochemistry Optimization and Experiments ..................................... 77 

A.2.1 Materials and Methods ................................................................................ 77 

A.2.2 Immunocytochemistry optimization: Results ............................................. 79 

A.2.3 Presence of autofluorescence or non-specific GFP signal in NSPCs.......... 86 

A.3 Summary and future considerations: Myelination and OPC migration 

experiments ......................................................................................................... 93 

 

  



 

 

viii 

 

LIST OF TABLES 

Table 1 - Glutamate receptor families and subunits .......................................................... 14 

Table 2 - Primers used for RT QPCR analysis. ................................................................. 28 

Table 3 - Summary of all significant GLM parameter estimates for all cell marker and 

factors tested on differentiating NSPCs ............................................................ 34 

 

  



 

 

ix 

 

LIST OF FIGURES 

Figure 1 – Schematic diagram of neural stem cell development and associated cell 

markers. ............................................................................................................... 5 

Figure 2 - Schematic diagram of the rodent subventricular zone, associated cells, and 

typical pathway for neuronal intergration into the olfactory bulb ....................... 6 

Figure 3 - Representative images of normal and attached neurospheres. ............................ 9 

Figure 4 - Primer optimization – RT-QPCR product gels ................................................. 31 

Figure 5 - Survival curves of NSPC cultures in the presence of glutamate. ...................... 38 

Figure 6 - Effect of glutamate over time on neural cell marker mRNA levels from 

differentiating NSPC cultures ........................................................................... 40 

Figure 7 – Plots of neural cell marker mRNA levels from differentiating NSPC cultures 

in FPN driven cultures over time ...................................................................... 42 

Figure 8 - Effect of FBS and attachment to Matrigel over time on neural cell marker 

mRNA levels from differentiating NSPC cultures ............................................ 44 

Figure 9- Effect of spontaneous attachment on NSPCs ..................................................... 45 

Figure 10 - Representative photomicrographs of NSPC differentiation patterns with or 

without FBS on Matrigel substrate .................................................................... 75 

Figure 11 - Representative PCR product agarose gel electrophoresis demonstrating 

presence of MBP mRNA with Matrigel substrate............................................. 76 

Figure 12 - Representative comparison of fixation methods with an astrocyte marker, 

GFAP, primary antibody on differentiated NSPCs ........................................... 83 

Figure 13 - Representative images and average signal to background ratios of 

immunocytochemistry controls ......................................................................... 85 



 

 

x 

 

Figure 14 - Presence of EGFP confirmed in CNP- NSPCs via PCR and agarose gel 

electrophoresis ................................................................................................... 89 

Figure 15 - Representative photomicrographs of minimal DRG autofluorescence and 

potential myelination ......................................................................................... 90 

Figure 16 - Representative photomicrographs of fluorescent signals from NSPC 

neurosphere and attached cultures. .................................................................... 92 

  



 

 

xi 

 

LIST OF APPENDICES 

APPENDIX A – Additional Methods and Attempted Experiments ................................. 72 

A.1 Migration experiment attempts ........................................................................... 72 

A.1.1 Migration experiments: Materials and methods .......................................... 72 

A.1.2 Migration experiments: Results .................................................................. 73 

A.2. Immunocytochemistry Optimization and Experiments ..................................... 77 

A.2.1 Materials and Methods ................................................................................ 77 

A.2.2 Immunocytochemistry optimization: Results ............................................. 79 

A.2.3 Presence of autofluorescence or non-specific GFP signal in NSPCs.......... 86 

A.3 Summary and future considerations: Myelination and OPC migration 

experiments ......................................................................................................... 93 

  



 

 

xii 

 

LIST OF ABBREVIATIONS 

A cells Neuroblasts 

AMPA a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid  

aNSPC adult neural stem and progenitor cell  

Ara-C cytosine arabinoside 

B cells neural stem cells 

C cells neural progenitor cell 

Ca2+ calcium ion  

CCAC Canadian Council on Animal Care 

cDNA complementary DNA 

CNPase 2′,3′-cyclic nucleotide 3′-phosphodiesterase  

CNS central nervous system 

CNTF ciliary neutrophic factor 

Cq quantification cycle 

DCX Doublecortin 

DEPC diethylpyrocarbonate  

DMEM Dulbecco's modified eagle medium  

DMSO dimethyl sulfoxide 

DNA deoxyribonucleic acid 

DNaseI deoxyribonuclease I 

DRG dorsal root ganglion  

ECM extracellular matrix 

EGF ependymal growth factor 

EtBr ethidium bromide 

FACS fluorescence-activated cell sorting  

FBS fetal bovine serum  

FGF2  fibroblast growth factor 2 

GABAa γ-aminobutyric acid 

GalC Galactocerebroside C 

GF growth factor 

GFAP glial fibrillary acidic protein  

GFP enhanced green flourescent protein  

GRIK1 ionotropic glutamate receptor kainate subunit 1 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

ICC Immunocytochemistry 

iGluR ionotropic glutamate receptor 

MBP myelin basic protein  

 
mRNA messenger RNA 



 

 

xiii 

 

mGluR metabotropic gluamate receptor 

mGluR5 metabotropic gluamate receptor subunit 5 

NeuroD1 neuronal differentiation 1 

NG2 Chondroitin sulfate proteoglycan 4 

NGF Nerve growth factor 

NMDA N-methyl-D-aspartate  

Nono non-POU domain containing, octamer-binding protein 

NPC neural progenitor cell 

NSC neural stem cell 

NSPC neural stem and progenitor cell  

NT3 neutrophin 3 

O2A glial progenitor that differentiate into oligodendrocytes or type-2 astrocytes 

O4 O4 sulfatide antigen 

OL Oligodendrocyte 

OPC oligodendrocyte precursor cell 

PBS Phosphate buffered saline 

PDGF-AA platelet derived growth factor AA 

PDGFαR platelet derived growth factor  receptor alpha 

PDL-laminin poly-D-lysine with laminin substrate 

QPCR quantitative polymerase chain reaction 

RNA ribonucleic acid 

RT-QPCR reverse transcription quantitative polymerase chain reaction 

Sox2 SRY (sex determining region Y)-box 2 

SVZ subventricular zone 

Ta primer annealing temperature 

Tfrc transferrin receptor protein 1  

Tm melt temperature of primers  

 



 

 

1 

 

1. INTRODUCTION 

1.1 Background 

The central nervous system (CNS) consists of neurons that form communicative 

neural networks with other neurons, and supportive glial cells such as oligodendrocytes 

and astrocytes. These supportive cells, until recently, were assumed to play a passive role 

in CNS function. For example, oligodendrocytes (OLs) form the myelin sheath that is 

important for saltatory conduction and rapid axonal communication. However, the 

myelination pattern also affects neuronal communication, and thus, cognitive functions 

such as learning, cognition (Fields, 2008) and synaptic plasticity (Fields, 2005), which 

are functions typically attributed to changes in neuronal synapses exclusively. Glial cells 

also actively communicate with other glial cells and neural networks (Vernadakis, 1996; 

Lohr et al., 2011; Butt et al., 2014). For instance, it has been established that 

oligodendrocyte precursor cells (OPCs) directly communicate with neuronal synapses to 

direct their migration and subsequent myelination by oligodendrocytes (Káradóttir and 

Attwell, 2007; Maldonado et al., 2011; Sakry et al., 2011).  

Recent research has expanded the role and function of astrocytes in the CNS. 

Previously astrocytes were thought to solely play a supportive role, providing a structural 

scaffold for the CNS, ion homeostasis and uptake of excess neurotransmitters. However, 

it is now apparent that astrocytes play a more substantial role in CNS function. Relevant 

to this research, astrocytes play a key role in glial and neuronal communication (Wigley 

et al., 2007; Nedergaard and Verkhratsky, 2012), release cytokines to promote 
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myelination by OLs (Ishibashi et al., 2006)  and modulate adult neural stem cell 

differentiation (Barkho et al., 2006).  

1.1.1 Adult CNS regeneration 

Injury to the CNS (e.g. stroke, spinal cord injury) can have many profound 

repercussions such as impaired cognitive abilities, motility and even death. The long held 

dogma has been that once the CNS has been injured, the injury would be permanent, as 

the adult CNS was thought to have no regenerative capabilities (Rakic, 1985). This 

understanding has now changed, with many studies demonstrating the presence of 

progenitor cell populations in various niches that are capable of replacing lost or 

damaged cells (Schwab and Bartholdi, 1996; McTigue and Tripathi, 2008; Crawford et 

al., 2013; Maki et al., 2013). The presence of such progenitor cells was first suggested in 

radio-labelling studies of the brain (Altman, 1962; Rakic, 1985).  Subsequent studies 

found neural stem cells (NSCs) in the adult brain capable of differentiating into any 

neural cell: neurons, or glial cells, i.e. oligodendrocytes, and astrocytes (Temple, 1989; 

Reynolds and Weiss, 1992; Richards et al., 1992; Davis and Temple, 1994). Glial cells 

are frequently replaced in the adult CNS, whereas neurogenesis decreases much more 

substantially with age (Gage, 2000). 

Since NSCs are capable of differentiating into any of the main three brain cell 

types, they hold much potential for regenerative medicine. Often the aim of regenerative 

medicine has been to replace lost or damaged neurons (For neurogenesis review see Ming 

and Song, 2011). More recently, it has been found that the therapeutic replacement of lost 

or damaged glia can be an alternative therapeutic intervention. For example, in spinal 

cord injury, a common misconception is that the spinal cord is severed and that the 
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primary goal should be the replacement of axonal tracts.  In reality,  the primary injury is 

due to the loss of the myelin sheath (demyelinated or dysmyelinated axons)(Schwab and 

Bartholdi, 1996; Jiang et al., 2003; Papastefanaki and Matsas, 2015). In the majority of 

SCIs, there are significant surviving axonal tracts in the subpial rim (Nashmi and 

Fehlings, 2001). Along with disrupted synaptic transmission, the now 

demyelinated/dysmyelinated axons can be damaged further due to activity of the 

peripheral immune system. Therefore, exogenous or endogenous NSCs provide a 

potential source for new oligodendrocytes to regenerate the myelin sheath. OPCs from 

the subventricular zone (SVZ)  significantly contribute to the production of new 

oligodendrocytes in demyelinated lesions (Xing et al., 2014; Papastefanaki and Matsas, 

2015). Currently, the transplantation and use of endogenous NSCs is an area of active 

research to better understand and possibly treat neurological disorders such as: 

Huntington’s (Clelland et al., 2008; Benraiss et al., 2013), Parkinson’s (Madhavan, 2010; 

L’Episcopo et al., 2013; Marchetti et al., 2013), Multiple Sclerosis (Huang and Franklin, 

2011; Miron et al., 2011; Moyon et al., 2015), and Alzheimer’s Disease (Haughey et al., 

2002; Mu and Gage, 2011).  

1.2 Cell development and markers 

 During embryonic development, pluripotent embryonic stem cells differentiate 

into the ectodermal germ layer, which gives rise to, among other things, the CNS. The 

pluripotency of embryonic stem cells means they possess the ability to differentiate into 

any germ layer, whereas multipotent stem cells are restricted to a particular germ layer 

lineage. In the adult mammal, populations of multipotent stem cells persist in several 

CNS niches such as the subventricular zone (SVZ) and possibly in the subgranular zone 
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of the dentate gyrus within the hippocampus (Goldman, 1990; Eriksson et al., 1998; 

Gage, 2000; De Filippis and Delia, 2011). These cell populations contain a mixture of 

cell types that range in maturity level from multipotent neural stem cells (NSC) to the 

more definitive progenitor cells (NPC), so can be collectively referred to as neural stem 

and progenitor cells (NSPCs). NSPCs are characterized by expression of the transcription  

factor, SRY (sex determining region Y)-box 2 (SOX2), and the intermediate filament, 

nestin (Figure 1) (Ellis et al., 2004; Park et al., 2010). 

In the rodent SVZ, a layer of ependymal cells separates the stem cell niche from 

the lateral ventricle space. Below this ependymal layer, reside the various immature cell 

types including multipotent NSCs that are slow proliferating, self-renewing astrocytes 

(B-cells), and fast-proliferating, transiently amplifying neural progenitors (C-cells or 

NPCs), which can differentiate to give neuroblasts (A-cells) that migrate along the rostral 

migratory stream to the olfactory bulb and become interneurons (Figure 2) (Doetsch et 

al., 1999; Gage, 2000; Gonzalez-Perez and Alvarez-buylla, 2011). NPCs maintain 

expression of nestin and possibly SOX2, but begin the distinguishing expression of the 

transcription factor, neuronal differentiation 1 (neuroD1), which is maintained through 

the neuroblast stage (von Bohlen Und Halbach, 2007; von Bohlen und Halbach, 2011). 

Neuroblasts begin to express doublecortin (DCX) as well as other cell specific genes 

(Figure 1). In contrast, the hippocampal subgranular zone is thought to contain 

progenitors, not stem cells, based on their inability for self-renewal (Bull and Bartlett, 

2005). However, these NPCs can proliferate and differentiate into neurons in the 

hippocampus, and may still be multipotent  (Mudò et al., 2009; Galvez-Contreras et al., 

2012).   
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Figure 1 – Schematic diagram of neural stem cell development and associated cell 

markers. 

Genes or proteins used as cell markers are listed with their appropriate cell type. Only 

neural stem cells (NSCs) have self-renewal capabilities but neural progenitors (NPCs) 

may also be multipotent. In vitro neurospheres, may contain any of the proliferative cell 

types. Migration capabilities begin in a subset of NPCs corresponding to expression of 

genes not shown in this diagram and continue through most of the neuroblast stage. Glial 

progenitors are considered to be O2A cells or also known as oligodendrocyte precursor 

cells (OPCs) in the literature. Figure adapted from von Bohlen Und Halbach (2007) and 

Barateiro and Fernandes (2014). 
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A) A saggital view of the mouse brain depicting the neural stem and progenitor cell 

(NSPC) niche in the subventricular zone (SVZ) of the lateral ventricle. The dentate gyrus, 

a progenitor pool niche, is highlighted in red. Also depicted is the established role of 

NSPCs differentiating into neuroblasts (Type A cells), which migrate along the rostral-

migratory stream (RMS) to the olfactory bulb where they differentiate and integrate as 

interneurons. B) Magnified view of the SVZ, as indicated by the red box in image A, 

labels the cells type contained in this niche. Ependymal cells (E), in brown, form a barrier 

from the lateral ventricular (LV) space and the SVZ niche. Self-renewing, proliferative, 

and multipotent, neural stem cells (NSCs or Type B cells), in purple, reside along this cell 

barrier and form processes that extend into the LV.  Proliferating and possibly 

multipotent neural progenitor cells (NPC or Type C cells), in green, develop into neuron 

lineage defined neuroblasts (Type A cells), in red, which migrate along the RMS to the 

olfactory bulb.  

Copyright license granted for use of figure from Arias-Carrión et al. (2007) (Appendix). 

(Original in color)  

 

 

 

  

Figure 2 - Schematic diagram of the rodent subventricular zone, associated cells, 

and typical pathway for neuronal intergration into the olfactory bulb 
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In the postnatal CNS, oligodendrocytes are derived from oligodendrocyte 

precursor cells (OPCS), or polydendrocytes, which mature from a glial progenitor either 

persisting from development and found spread throughout both the grey and white matter 

or derived from the multipotent NSCs in the SVZ  (Dawson et al., 2000; Hill et al., 2013). 

In vitro, the glial progenitor (O2A cells) can differentiate into either oligodendrocytes or 

type-2 astrocytes, which express glial fibrillary acidic protein (GFAP)  (Raff et al., 1983). 

Both the O2A cells and committed OPCs are typically characterized as expressing 

chondroitin sulfate proteoglycan 4 (NG2) and platelet derived growth factor receptor 

(PDGFRα), and maintaining the capacity to proliferate and migrate (Figure 1) (Dawson et 

al., 2000; Barateiro and Fernandes, 2014). Thus, NG2+ cells are often referred to as 

OPCs and are thought to be a distinct type of glial cell (Reviewed in: Mangin and Gallo, 

2011). It appears that NG2+ OPCs in vivo have limited capacity to differentiate into 

astrocytes postnatally, but faithfully produce OLs even in the aged brain (Huang et al., 

2014). 

Progressing further with differentiation, the more mature pre-oligodendrocytes are 

NG2+/PDGFRα+ and are still proliferative and migratory, but are distinguished by the 

expression of the O4 sulfatide antigen and GPR17 protein. Subsequent immature and 

mature oligodendrocytes lose the shared immature characteristics, such as 

proliferation/migration ability and NG2 and PDGFRα expression, while initiating 

expression of galactocerebroside C (GalC) and 2′,3′-cyclic nucleotide 3′-

phosphodiesterase (CNPase) (Barateiro and Fernandes, 2014). Fully mature 

oligodendrocytes are responsible for myelination and exclusively express the marker 

myelin basic protein (MBP) (Figure 1). 
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1.3 Culturing NSPCs in vitro 

To culture NSPCs in vitro, the tissue of the entire SVZ is dissected resulting in a 

heterogeneous mixture of cells isolated. The NSPCs grow as floating clonal aggregates of 

cells, termed neurospheres, and maintain multipotency and proliferative capacity in vitro 

(Figure 3). The neurosphere culture is heterogeneous in that it contains cells from the 

stem cell niche at varying levels of maturity (eg. NSC, NPC, and OPCs), and to 

differentiate further, it is thought that the cells must adhere to a surface. At any point in 

time, there are presumably some attached, differentiated cells in the culture along with 

the floating neurospheres. Due to undetermined causes, the amount of spontaneously 

attached cells can increase to a point where there are no longer floating spheres present in 

culture (Figure 3). 

Therefore, when looking for the presence of cell markers within such a culture, 

the overall profile of the culture should be considered as there is no indication of the 

amount of specific cell types in relation to their specific cell marker. One can only 

assume that any difference in gene expression of a cell marker may indicate changes to 

the associated population of the cell type.  

1.4 Factors affecting NSPCs to oligodendrocyte myelination 

The maintenance and control of NSPCs is tightly regulated during adulthood via 

the stem cell niche microenvironment. Numerous stimuli, including growth factors and 

neurotransmitters, comprise this niche and often modulate the effects of one another. 

These factors are typically released by neurons and astrocytes within the niche (de Castro 

et al., 2013; Paez-Gonzalez et al., 2014; Pilz and Jessberger, 2014).   
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A) NSPCs typically grow as floating neurospheres in vitro. Spheres may attach but they 

remain spherical and can be detached with agitation. B) NSPC cultures were deemed 

“attached” when neurospheres attached, spread out and cell morphologies changed. Once 

attached, it was difficult to recover floating neurospheres and thus, cultures were not used 

for experiments if deemed “attached”. Images taken on a Nikon Diaphot-TMD in DIC 

mode at 200 magnification using the Nikon DS-5M-L1 Digital Imaging Camera 

System.  (Original image is greyscale). 

  

Figure 3 - Representative images of normal and attached neurospheres. 
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1.4.1 Growth factors  

Cells surrounding and within the SVZ release cytokines and growth factors (GF), 

such as: fibroblast growth factor 2 (FGF2) and ependymal growth factor (EGF), that 

enable proliferation and self-renewal of adult NSPCs (aNSPCs) (Reynolds and Weiss, 

1992; Palmer et al., 1995; Mudò et al., 2009),and  platelet derived growth factor AA 

(PDGF-AA) and ciliary neurotrophic factor (CNTF) , which are necessary for 

proliferation and migration of subsequent OPCs (de Castro et al., 2013). Neurotrophins, 

such as neutrophic factor 3 (NT3) or nerve growth factor (NGF), are known to increase 

NSPC proliferation and affect cell type specification during differentiation (Scardigli et 

al., 2014). These same factors, especially FGF2 and PDGF-AA, are also essential to 

NSPC and OPC differentiation and migration during CNS development, but are more 

localized to specific niches in the adult brain (Rao et al., 2009; de Castro et al., 2013).  

During in vitro studies, both FGF and EGF are extensively used in media for 

culturing aNSPCs. Exposure to FGF and EGF is required for differentiation of aNSPCs to 

neuronal  (Reynolds and Weiss, 1992; Mudò et al., 2009) or oligodendrocyte lineages, 

observed upon removal of the growth factors in vitro  (Gage et al., 1995; Gonzalez-Perez 

and Alvarez-buylla, 2011; Clemente et al., 2013). However, FGF and EGF have been 

shown to have no effect on proliferation of NG2
+ 

precursor cells found outside the SVZ 

(Hill et al., 2013). 

PDGF-AA is a prerequisite for oligodendrogenesis from NSPCs (Jackson et al., 

2006; Karimi-Abdolrezaee et al., 2006; Neri et al., 2010) as it promotes the survival, 

proliferation (Mitew et al., 2013) and the induction of mobility in OPCs (de Castro et al., 

2013).  NT3 plays a role in OL differentiation from precursor cells and has synergistic 
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effects with PDGF-AA in vivo (Barres et al., 1994; Kumar et al., 2007; Neri et al., 2010). 

Similarly, CNTF enhances the proliferative effect of PDGF-AA on OPCs (Barres et al., 

1996) and acts as a migratory cue for neuronal and glial progenitors both in vitro and in 

vivo (Vernerey et al., 2013). This migratory effect of CNTF may be cooperative with 

PDGF-AA, as both have been shown to be migratory cues for OPCs (de Castro et al., 

2013) 

1.4.2 Neurotransmitters – emphasis on glutamate   

Classical neuroscience states that there is chemical signalling through 

neurotransmitters exclusively between neurons. However, several recent studies have 

identified  synaptic communication between neurons and OPCs (De Biase et al., 2010; 

Hamilton et al., 2010; Maldonado et al., 2011), as well as with mature glial cells 

(Nedergaard and Verkhratsky, 2012). NSPCs and OPCs possess various neurotransmitter 

receptors that mainly affect the proliferation and migration abilities of the cells, 

demonstrating how the release of substances from neurons and astrocytes influences the 

stem cell niche  (Reviewed in: Verkhratsky and Steinhäuser, 2000; Belachew and Gallo, 

2004; Bergles et al., 2010; Maldonado et al., 2011).  The expression profiles of these 

neurotransmitter receptors change during nervous system development and maturation of 

stem cells, with the majority of research focusing on the developmental effects of 

neurotransmitters and less on aNSPCs (Nguyen et al., 2001; Jansson and Akerman, 

2014).   

The major excitatory neurotransmitter, glutamate, is an important factor in the 

early development of the CNS and has roles in aNSPC maturation (Reviewed in: Jansson 

and Akerman, 2014). Glutamate receptors are classified as either ionotropic (iGluR) or 
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metabotropic (mGluR 1-8). The three types of ionotropic receptors are further 

categorized based on the particular artificial agonist they bind: N-methyl-D-aspartate 

(NMDA), a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) and kainate 

receptors (Table 1) (Dingledine et al., 1999). Adult NSCs express mGluR3 (Brazel et al., 

2005), mGluR5(Di Giorgi-Gerevini et al., 2005; Castiglione et al., 2008), mGluR1 

(Castiglione et al., 2008) and glutamate transporters, but do not express functional iGluRs 

(Liu et al., 2006). NPCs that are committed to the neuronal lineage express Ca
2+

-

permeable AMPA (Darcy and Isaacson, 2010; Muth-köhne et al., 2010) as well as 

NMDA (Muth-köhne et al., 2010) and kainate receptors, specifically the GluK1 subunit, 

(Platel et al., 2007, 2008). Glutamate via, GluK1 or mGluR5, and γ-aminobutyric acid 

(GABAA) receptor activation decreases NPC proliferation and neuroblast migration 

(Platel et al., 2007, 2008), whereas as NMDA increases neuroblast survival during 

migration (Platel et al., 2010).  

Additionally, aNSPCs express functional receptors for other neurotransmitters 

such as  GABAA (Stewart et al., 2002; Belachew and Gallo, 2004; Liu et al., 2005), and 

dopamine (O’Keeffe et al., 2009).  Whereas, during earlier stages of the CNS 

development, NSPCs are known to have glycine and nicotinic acetylcholine receptors in 

addition to the GABAA, kainate and AMPA receptors (Belachew and Gallo, 2004; Maisel 

et al., 2007). Further insight into the exact functional receptor profile of neurotransmitter 

receptors in aNSPCs, in particular type B cells of the SVZ, could hold potential for 

therapeutic purposes. 

Compared to NPCs, there is more known about the neurotransmitter receptor 

expression in the subsequent OPCs, which includes the adult developmental stage. OPCs 
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expressing NG2+, are known to express glycine, GABA,  adenosine, and glutamate 

receptors (Reviewed in: Káradóttir and Attwell, 2007; Bergles et al., 2010; Maldonado et 

al., 2011), with each having various functions in OPC proliferation, differentiation, and 

migration.  

The composition and roles of glutamate receptors expressed by OPCs are not fully 

known and are often reported with conflicting findings. Some of the discrepancy might 

lie in the differences between developmental stages and inconsistency in naming and 

identifying OPCs. As early as 1990, O2A cells have been known to express AMPA and 

kainate receptors (Barres et al., 1990; Etxeberria et al., 2010), but it was not until recently 

that NMDA receptor expression was confirmed in OPCs (Karadottir et al., 2005; 

reviewed in: Káradóttir and Attwell, 2007). De Biase et al. (2010) report that glutamate 

receptor expression decreases with OPC differentiation to O4+ pre-myelinating cells and 

is not found in mature oligodendrocytes, which contradicts earlier work by Karadottir et 

al. (2005) who found up-regulation of GluN in oligodendrocytes. However, De Biase et 

al. (2010) determined that the expression profile of glutamate receptors in NG2+ cells 

changes once they begin to differentiate, and suggest that previous conflicting reports 

may be due to the use of OPCs at slightly different stages of differentiation. The 

expression profile of glutamate receptors also changes with age as AMPA receptors are 

largely Ca
2+

 impermeable in early postnatal development and become Ca
2+

 permeable in 

adults (Reviewed in: Maldonado et al., 2011).  However, evidence suggests that  AMPA 

receptors of OPCs may be permeable to calcium (Reviewed in: Mangin and Gallo, 2011).  

Therefore, discrepancies in the literature could potentially be attributed to differences in  
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 Table 1 - Glutamate receptor families and subunits 

There are three families of functional ionotropic glutamate receptors named according to 

synthetic agents they bind including AMPA, Kainate, and NMDA receptors. There are 

three types of metabotropic glutamate receptors, which are grouped based on similarities 

in primary sequence, chemicals bound and subsequent G protein signalling 

(IUPHAR/BPS, 2013). 

 

 

  

  

Ionotropic Glutamate Receptors 

Receptor family Subunit 

AMPA 

GluA1 

GluA2 

GluA3 

GluA4 

Kainate 

GluK1 

GluK2 

GluK3 

GluK4 

GluK5 

NMDA 

GluN1 

GluN2A 

GluN2B 

GluN2C 

GluN2D 

GluN3A 

GluN3B 

Metabotropic Glutamate Receptors 

Group 1 
mGluR1 

mGluR5 

Group 2 
mGluR2 

mGluR3 

Group 3 

mGluR4 

mGluR6 

mGluR7 

mGluR8 
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the age of animals used, the exact stage of OPC development and/or the differences 

between in vitro and in vivo experiments (Jansson and Akerman, 2014). 

Along with the expression of these receptors, the exact roles of the glutamate 

receptor types are not fully understood based on discrepancies in the literature. AMPA 

and kainate receptors are known to inhibit proliferation, alter differentiation, and possibly 

affect migration of OPCs (Káradóttir and Attwell, 2007; Maldonado et al., 2011). Using 

an in vivo gene knock-out method, the role of NMDA in OPCs was recently shown to 

have a regulatory role for AMPA receptors which were expressed more highly in OPCs 

of NMDAR deficient mice having normal OPC development and myelination.  These 

data suggest that NMDA is not critical to oligodendrogenesis or myelination (De Biase et 

al., 2011), despite contradictory findings pointing to an essential role for NMDA in the 

differentiation of NSPCs to oligodendrocytes (Cavaliere et al., 2012) and interactions 

with axons required for myelination (Káradóttir and Attwell, 2007). 

In their review, Karadottir and Attwell (2007) discuss a discrepancy in 

glutamate’s role on OPC migration, which may be attributed to differences in 

experimental setups, regions of the brain, and ages studied instead of the role of 

glutamate signalling itself (Jansson and Akerman, 2014). Gudz et al. (2006) found 

AMPA but not NMDA receptor activation was involved in migration of cerebral OPC 

cultures, but Wang et al. (1996) found that NMDA was more critical to migration than 

AMPA in neurohypophysial explants. The discrepancy in these studies could suggest 

expression or functional receptor profile differences between in vitro and in situ methods, 

respectively, or within the different brain regions studied. Lastly, Gallo et al. (1996) 

found GluR’s to have no effect on O2A progenitors; however, the major difference in 
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their study was the use of embryonic rats to acquire cell cultures. As previously 

described, differences may exist in the expression or functional profiles of 

neurotransmitter receptors or ionic channels in various developmental stages. Therefore, 

glutamate’s role, if any, on migration of OPCs is still undetermined and warrants further 

investigation. 

1.5 Extra-synaptic release of glutamate as a signal for OPC  

Classical neuroscience indicates that neurotransmitters are released exclusively at 

neuronal synapses; however, current studies suggest additional release along the axon of 

neurons (Trueta and De-Miguel, 2012) and formation of synapses with glial cells, in 

particular NG2+ OPCs (Lin and Bergles, 2004; Kukley et al., 2007; Bergles et al., 2010; 

Maldonado et al., 2011; Mangin and Gallo, 2011; Sakry et al., 2011; Butt et al., 2014). As 

previously mentioned, OPCs must migrate to sites for myelination, as oligodendrocytes 

are not motile. It is thought that PDGF-AA might act as a long range migration cue and 

glutamate more as a fine distance cue. To signal migration to unmyelinated axons, 

positional or directional cues must be released along the axon as shown indirectly by 

Kukley et al., (2007) and Ziskin et al., (2007) using anatomical techniques. 

It is generally accepted that neurons do release glutamate and possibly other 

neurotransmitters along their axons in both white and gray matter regions (Alix et al., 

2008). Exactly how this is accomplished, along with the subsequent signalling, is more 

debateable (Reviewed in: Mangin and Gallo, 2011; Butt et al., 2014). The possible 

options for release of neurotransmitters are: 1) vesicle exocytosis, either in a direct 

synaptic junction or ectopic synapse along the axon, 2) volume release causing a 

widespread diffusion of the released factor, or 3) spillover from neuronal synapses 
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(reviewed in: Maldonado et al., 2011). Since the release mechanism is still unclear, the 

exact relationship to signalling OPCs is also unclear; whether it is through direct synaptic 

contact or indirect means. The most recent idea suggests that axons perform vesicular 

release of glutamate at synaptic contacts  with myelinating OL (Wake et al., 2011) and 

with OPCs decreasing their proliferation and increasing their  migration (Reviewed in: 

Mangin and Gallo, 2011; Butt et al., 2014).  The effects of a substance on in vitro 

myelination are usually investigated by co-culturing OLs with neurons (Stevens et al., 

2002; Ishibashi et al., 2006). Direct evidence of glutamate release from the axon would 

provide further support for release from the axon itself, either vesicular or volume 

mediated.  

 1.6 Research objectives 

In the mature brain, NSPCs, and subsequent OPCs, are the main cells of interest 

for regenerative or remyelination purposes. However, many findings on the role of the 

major excitatory neurotransmitter, glutamate, in the process of myelination from 

aNSPCs, are conflicting or remain unclear. Therefore, my first research objective was to 

provide support for the role, if any, that glutamate plays in the myelination of nude axons 

by OLs differentiated from murine aNSPCs. Specifically, I aimed to identify any effect 

on aNSPC differentiation to OLs, a necessary step before downstream myelination.  

Reverse transcriptase quantitative polymerase chain reaction (RT-QPCR) was used to 

determine the mRNA expression profile of genetic cell markers in mouse aNSPC cultures 

and is the focus of this thesis.  

This primary goal resulted from experiments investigating glutamate's effect on 

migration, where oligodendrocytes were absent in co-culture systems of dorsal root 
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ganglion (DRG) neurons and differentiated NSPCs, despite the NSPCs being driven 

towards the oligodendrocyte lineage. When visualized by immunocytochemistry, the 

apparent lack of OL's in these co-cultures indicated a need to determine the expression 

profile of the cultures during differentiation. A summary of the myelination experiments 

and optimization of immunocytochemistry is included in Appendix A.  

2. MATERIALS AND METHODS 

2.1 Isolation and culture of primary cell cultures  

Adult NSPCs were generously provided by Dr. Fehling’s lab and isolated from 

transgenic mice of either sex, which contained a fusion peptide of an enhanced green 

fluorescent protein (eGFP) attached to the oligodendrocyte specific enzyme CNPase 

(CNP-NSPC). Production of the transgenic mouse line is described by Yuan et al. (2002). 

The transgenic animals were housed at Toronto Western Hospital according to the 

Canadian Council on Animal Care (CCAC) regulations. Neurons for use in co-culture 

studies were collected from dorsal root ganglion (DRG) of adult C57CL/6 mice of either 

sex. All animal care and experimental protocols were approved by the University of 

Regina’s President’s Council on Animal Care following CCAC guidelines. Mice were 

euthanized by cervical dislocation followed by decapitation. To culture aNSPC and 

DRGs in vitro, brains and spinal columns were excised, respectively, and placed in ice 

cold phosphate buffered saline (PBS) containing 1 % penicillin/streptomycin, under 

sterile conditions. The SVZ or DRG tissue were dissected, enzymatically digested with 

25 mg/mL type IV collagenase and 12.5 % trypsin (Gibco; Burlington, ON, Canada), and 

then mechanically broken up into single cells with a glass Pasteur pipette. Neurosphere 
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cultures were propagated for three passages before being frozen with 10% DMSO 

(dimethyl sulfoxide) for shipping to our lab.  

For stock neurosphere suspension cultures, isolated CNP-NSPCs were thawed 

quickly and placed in uncoated culture dishes with serum free NSPC growth media 

consisting of 20 ng/mL FGF2, 20 ng/mL EGF, 0.5 mg/mL heparin and 2% B27 

supplement added to NSPC stock media: equal proportions of DMEM/F-12 HAMS 

(Gibco), 4 mL 30% Glucose, 1% penicillin/streptomycin, 2 mM glutamine, and 5 mM 

HEPES. N2 supplement was originally used in the regular growth media, but was 

replaced by B27 supplement after determining improved percent cell viability (32.5%) 

with B27. Cultures were passaged every 7-10 days based on neurosphere size, which 

were mechanically dissociated with a glass Pasteur pipette followed by a 22 gauge 

needle. Media additions or 70% media changes were conducted every 3-4 days. Based on 

culture observations, the density of neurospheres was important to maintaining NSPC 

proliferation and cell viability, so a minimum of 100,000 cells/mL was plated during cell 

passage. Cells were counted using the trypan blue (Lonza; Basel, Switzerland) exclusion 

method. All cells were cultured at 37 °C and 5% CO2. 

To improve the propensity of the NSPCs to differentiate towards the OL lineage, 

a driving media based on Neri et al. (2010) was used for 48 h before differentiation. 

Driving media consisted of NSPC stock media with 2% B27, 10 ng/mL FGF2, 20 ng/mL 

PDGF-AA, 20 ng/mL NT3 and will be referred to as FPN media. Differentiation media 

(FBS+/GF-) consisted of NSPC stock media, 2% B27, and 2% fetal bovine serum (FBS) 

and was also used for co-cultures of DRGs with NSPCs. For differentiation and co-

cultures, neurospheres were broken up such that single cells were plated onto dishes or 
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glass coverslips, respectively. Before use, glass coverslips were cleaned with 1 M 

hydrochloric acid at 50-60°C for 4-16 h, rinsed with deionized water, and subsequently 

sanitized with 70% ethanol and UV light exposure. Coverslips were treated with a thin 

coating of a complex extracellular matrix substrate, specifically, 0.5 mg/mL Matrigel 

(BD Biosciences; Mississauga, ON, Canada) in DMEM at room temperature for 30 min-

1 h. Matrigel was used as a substrate instead of 100 μg/mL laminin on 0.1 mg/mL poly-

D-lysine (PDL-laminin) (Sigma-Aldrich; Oakville, ON, Canada) because cells seemed to 

attach better and there was little difference in the gene expression profile of the two 

cultures based on observations and a single RT-QPCR trial, respectively.  

2.2 Glutamate kill curve/effect on pH 

 To test the effect of glutamate on NSPC survival, kill curves were performed on 

floating neurosphere cultures as well as during attachment to a Matrigel coated dish. 

Neurospheres were plated at 100,000 cells/mL in triplicate wells at each time point with a 

gradient (0-1000 μM) of glutamic acid (Sigma-Aldrich) added to the regular NSPC 

growth media 24 h after plating. After addition of glutamic acid, cultures grew for 24 h, 

72 h, and 120 h, then were collected, dissociated with TrypLE (Gibco) and mechanical 

triterating, and cell viability was determined using trypan blue exclusion method for each 

well separately. Therefore, three separate percent viabilities were determined and 

averaged for each concentration at each time point. A similar protocol for attached 

neurospheres was used except dissociated cultures were plated onto Matrigel coated wells 

at 39,500 cells/cm
2
 and 10μM glutamic acid was also used. The concentrations of 

glutamic acid used for the kill curves were added to 4 mL NSPC growth media to 

monitor subsequent pH changes to rule out pH effects. 
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2.3 Spontaneous attachment experiment 

 Typically, neurospheres attach minimally to the culture dish and if they do attach 

as a sphere, they are easily detached. NSPC cultures that had neurospheres attaching 

spontaneously and spreading out as single cells were deemed to be attached samples, 

whereas regular floating neurosphere cultures were used as controls (Figure 3). Some 

attached samples were plated in suspension in culture flasks, whereas the rest were on the 

regular culture dishes (Greiner-Bio One; Monroe, NC, USA). For both attached and 

control samples, RNA was collected from five cultures of different passage numbers 

ranging from P9 to P23.  

2.3.1 Spontaneous attachment experiment: RNA to cDNA with quality 

control  

 Total RNA was extracted from samples, and previously flash frozen mouse 

brains for controls, using RNeasy Plus Mini Kit (Qiagen; Toronto, ON, Canada) 

according to the manufacturer’s protocol, and eluted in 50 μL RNase-free water. All 

reagents and equipment used were purchased certified, prepared with RNase-free or 0.1% 

DEPC (diethylpyrocarbonate) treated water or decontaminated with RNase Out (G-

Biosciences; St.Louis, MO, USA). Concentration and purity of RNA was determined 

using a Nanodrop 1000 spectrophotometer (ThermoFisher Scientific; Waltham, MA, 

USA) based on nucleic acid absorbance at 260 nm, with desired absorbance ratios of 

260/280 and 260/230 of approximately 2. If these ratios were too far from expected, 

possible contaminants were removed by precipitating RNA with the addition of 0.1 

volume of 3 M sodium acetate, 1 μL glycogen blue (Ambion; Burlington, ON, Canada), 

and 2.5 volumes anhydrous ethanol, vortexing and overnight storage at -20 °C. The RNA 

was recovered by centrifugation at 12,500  g for 30 min, a 70% ethanol wash and 
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centrifugation for 10 min, and finally, resuspension of the RNA pellet in RNase-free 

water, with all steps at 4 °C. The integrity of RNA was determined by observing sharp 

18S and 28S ribosomal RNA bands with minimal smearing from running 250 ng of RNA 

on a 1% agarose gel with TAE buffer (40 mM Tris acetate, 1 mM EDTA; pH 8.0) and 

0.5 μg/mL ethidium bromide (EtBr) for visualization on a UVP benchtop ultraviolet 

transilluminator. Suitable RNA samples were treated for any possible genomic DNA 

(gDNA) contamination with deoxyribonuclease I (DNaseI) (Invitrogen; Burlington, ON, 

Canada), according to the manufacturer’s instructions.  

 DNase-treated RNA (1000 ng) was reverse transcribed using the ProtoScript II 

Reverse Transciptase kit (NEB; Ipswich, MA, USA) according to the manufacturer’s 

instructions using 6 μM random primer mix (NEB), and 0.5 mM dNTP mix (Invitrogen). 

For each sample, a no reverse transcriptase (NRT) control for gDNA contamination was 

produced in the same manner as cDNA, but without the addition of enzyme. Both cDNA 

and NRT samples were stored at -20 °C. 

2.3.2 Spontaneous attachment experiment: QPCR 

 Quantitative polymerase chain reaction (QPCR) was performed with 1.5 μL 

cDNA template using PerfeCTa SYBR Green Supermix with ROX (Quanta Biosciences; 

Gaithersburg, MD, USA), and 300 nM optimized primer pairs (  
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Table 2) in 20 μL reactions on CFX Connect and CFX96 Touch real-time PCR detection 

systems (BioRad; Mississauga, ON, Canada). The profile of all runs was as follows: 

initial denaturation at 95°C for 3 min, followed by 40 cycles of denaturation at 95 °C for 

10 s and annealing/elongation at 61 °C for 30 s. cDNA samples were run in triplicate 

technical replicates with a single NRT and no template (NTC) control reaction run per 

target/sample combination. The threshold line to determine the quantitative cycle (Cq) 

was set using baseline subtracted curve fit. Post-run quality control, following D’haene 

(2010), required a minimum difference in the quantification cycles (∆Cq = 5) between 

negative controls and the next highest Cq for that target. The reference genes used for 

normalization were eukaryotic elongation factor 2 (eEF2) and 26S proteasome non-

ATPase regulatory subunit 4 (PSMD4), but not ribosomal protein L37 (RpL37), after 

determining they were stably expressed between attached and control samples 

(Hellemans et al., 2007). As necessary, wells for inter-run sample calibration (IRC) for a 

given target on different plates were included on each run with cDNA from juvenile 

mouse brain used as template for IRCs.  

2.3.3 Spontaneous attachment experiment: Data analysis 

 Data analysis was performed using qBase+ software (Biogazelle; Zwijnaarde, 

Belgium) with figures made in Origin9 (OriginLab; Northampton, MA, USA). 

Normalization to the reference genes and IRC were performed in qbase+ as outlined 

previously (Hellemans et al., 2007). Calibrated normalized relative quantities (CNRQs) 

of attached and control samples were log transformed and compared using an unpaired t-

test with two-sided significance (p < 0.05) and false discovery rate (FDR) correction was 

used for testing multiple hypotheses.  



 

 

24 

 

2.4 Differentiation experiment – effects of glutamate  

 One week prior to plating an experimental trial, stock NSPC cultures were split 

into four dishes. Five days later, 48 h before plating, sets of two dishes were combined, 

centrifuged at 250 × g for 2.5 min to perform a 70% media change with either FPN media 

or NSPC growth media. To plate the experiment, termed day 0 (0 d), FPN+ or FPN- 

dishes were combined accordingly, centrifuged at 300 × g for 3 min, resuspended in 

2 mL NSPC stock media, triterated 80 with Pasteur pipette and 15 with a 22 gauge 

needle before counting. Cells were plated into 6-well dishes (Corning; Corning, NY, 

USA) in triplicate per treatment in 0.5 mg Matrigel coated wells at 50,000 cells/well 

(~26,315 cells/cm
2
). Treatments consisted of NSPC growth media with and without 

200 μM glutamate on FPN- cells, differentiation media (FBS+/GF-) with and without 

200 μM glutamate on both FPN+ and FPN- cells. Partial media was changed on days 3, 

7, and 10.  

2.4.1 Differentiation experiment: RNA to cDNA with preamplification 

 Total RNA was extracted using RNeasy Plus Mini Kit (Qiagen) according to the 

manufacturer’s protocol from FPN+/- cultures at day 0, and from each treatment at day 7 

and 14, with triplicate wells combined. Longer time points (20 days) were not possible as 

some samples become over confluent, dramatically decreasing cell survival. Lysing 

samples directly in their wells and using a cell-scraper was found to increase RNA yields 

versus collecting samples with TrypLE (Gibco), centrifuging and lysing the resultant 

pellet. Therefore, each well was lysed with 350 μL lysis buffer containing β-

mercaptoethanol, triplicates were combined and the sample homogenized using a 

motorized pestle (VWR). Pure RNA was eluted with 50 μL or 30 μL of RNase-free water 

for day 0 and day 7/14 samples, respectively.  
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 RNA purity and approximate concentration was determined using a Nanodrop 

1000 (ThermoFisher Scientific); however, samples only underwent RNA precipitation, as 

previously discussed, if 260/230 < 1.4. RNA integrity was determined using the RNA 

6000 Nano Kit on the Bioanalyzer 2100 (Agilent; Santa Clara, CA, USA) according to 

manufacturer’s instructions. If a sample’s RNA concentration was above the quantitative 

range (5-500 ng/μL), a 10-fold dilution with RNase-free water was used to determine 

quality and for cDNA synthesis. RNA integrity numbers (RINs) ranged from 6.2 to 10 

with most samples having an RIN around 8. Concentrations obtained from the 

Bioanalyzer were used for reverse transcription. Reverse transcription of 200 ng RNA 

was done using the ProtoScript II Reverse Transciptase kit (NEB), as previously 

explained, to produce cDNA and NRT samples.  

 To reach the volume of cDNA required for QPCR, SsoAdvanced PreAmp 

Supermix (BioRad) was used, according to the manufacturer’s instructions, on 80 ng 

cDNA and NRT with a pool of all optimized primers (50 nM each). Pre-amplification 

was performed on a CFX Touch thermocycler (Biorad) with a 3 min 95 °C polymerase 

activation and initial denaturation, followed by 11 cycles of denaturation at 95 °C for 

15 s, and annealing/extension at 58 °C for 4 min. After pre-amplification, samples were 

diluted 10-fold with TE buffer (1 M tris-HCl, 1 mM EDTA, pH8). Pre-amplified cDNA 

samples in TE were stored at -20 °C.  

2.4.2 Differentiation experiment: Reference gene selection  

Due to previously used reference genes being differentially expressed in a 

preliminary experimental trial, stable reference genes, non-POU domain containing, 

octamer-binding protein (Nono) and transferrin receptor protein 1 (Tfrc) were selected 
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from 14 genes on M96 PrimePCR reference gene plates (BioRad). The PrimePCR plates 

were analyzed on nine treatment representative samples using cDNA and NRT 

synthesized from 200 ng RNA. Six of these samples were analyzed for gDNA 

contamination levels, and RNA quality on the provided control wells. Synthetic DNA and 

RNA templates were provided to test for inhibitors in the QPCR reaction and RT reaction 

efficiency, respectively. Selected reference genes were ordered as pre-optimized 

PrimePCR assays, but acceptable amplification efficiency and R
2
 within our lab setup 

was verified as described below. 

2.4.3 Differentiation experiment: QPCR  

 For the differentiation experiment, QPCR was performed as described for the 

spontaneous attachment experiment except a different final concentration (250 nM) and 

combination of primers was used (Table 2), 2 μL of pre-amplified template per reaction 

was added, and a melt curve was added to the run profile. The melt curve consisted of a 

10 s 95 °C denaturation step, followed by melt steps for 5 s starting at 65 °C and 

increasing by 5 °C until 95 °C. Quality control was assessed post-run and any samples 

without Cq’s for IRCs, negative control Cq’s less than 5 cycles from the next highest 

sample for that target, or standard deviation between technical replicates greater than one 

were repeated to address and improve the associated issues. Any wells with possible user 

error during setup were noted, so they could subsequently be objectively removed from 

the data.  

2.4.4 Differentiation experiment: Data analysis 

 Data were processed similarly to the spontaneous attachment experiment, as 

previously discussed, until obtaining CNRQ values. Due to the multiple factors involved, 
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the best fitting general linear model (GLM) was used for each gene to determine factors 

or interactions that had significant effects (p < 0.05) overall on mRNA levels. The model 

with the best fit included a gamma distribution with a log-link function, all factors’ full 

effects and interactions with time, and standard error (SE) weighted to the inverse 

proportion of the propagated SE: 

CNRQ ~ Timepoint + FBS + FPN + Glutamate + Timepoint:FBS + Timepoint:FPN + 

Timepoint:Glutamate  

For each treatment and gene, main effects are reported with their log estimates and 

critical t value and were plotted as CNRQ mean point estimates ± 95%  

confidence intervals over the time points included in the study. Thus, a missing data point 

indicates that treatment combination was not included in the study (d0 FBS+ or 

Glutamate+). Experimental trials were repeated four times, but data were combined 

across all treatments to measure the full effects for each factor.  Outliers were determined 

by graphical analysis of the following residual plots: residuals vs. fitted values, scale-

location, normal Q-Q, and residuals vs. leverage.  

Since factors with a priori hypotheses (FPN and Glutamate) returned no 

significant results at the full effects level, further directed hypothesis tests were not 

conducted. Statistical analysis was performed in R Studio (R Core Team, 2014) using the 

visual packages “ggplot2” (Wickham, 2009) and “effects” (Fox, 2003).  
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Table 2 - Primers used for RT QPCR analysis.  

Amplification efficiencies were determined from standard curves for cDNA template 

(% E) and pre-amplified cDNA template (% E pre-amp) with N/A indicating % E was 

not calculated with that template type. QPCR was performed with 300 nM and 250 nM 

for cDNA and pre-amplified cDNA reactions, respectively. Most primer sets have one 

primer spanning an exon-exon junction, except Tfrc, which is intron spanning, and Nono, 

SOX2, and β3 tubulin which have both primers in the same exon. Reference genes, Nono 

and Tfrc, were from PrimePCR assays (BioRad), but the rest of the primers were ordered 

from Invitrogen. 

Target 
Primer Sequence (5’ to 3’) 

Forward/Reverse 

Amplicon 

(bp) 
% E 

%E  

preamp 
Design 

SOX2 
ACAGCATGTCCTACTCGCAG 

60 101.1 97.7 exonic 
CCTCGGACTTGACCACAGAG 

Nestin 
GCTACATACAGGACTCTGCTGG 

133 101.2 98.3 exon-exon 
GGTGCTGGTCCTCTGGTATC 

NG2  
AACGGACGGATCGCCTTGAG 

106 97 92.5 exon-exon 
CCAGGGCTCCTCTGTGTGAGA 

PDGF 
AGTGGCTACATCATCCCCCT 

91 103.2 N/A exon-exon 
CCGAAGTCTGTGAGCTGTGT 

CNP 
GCAGGAGGTGGTGAAGAGAT 

148 99.6 100.4 exon-exon 
GGCAGATGGCTTGTCCAGAT 

MBP 
GTACAAGGACTCACACACGAGA 

217 93 95.0 exon-exon 
GCCTCCGTAGCCAAATCCTG 

GFAP 
CACGAACGAGTCCCTAGAGC 

84 105.5 100.0 exon-exon 
GCAAGTGCCTCCTGGTAACT 

NeuroD1 
GAAGGCAAGGTGTCCCGAGG 

83 96.4 98.7 exon-exon 
GGTCATGTTTCCACTTCCTGTTGTT 

Dcx2 
AACGACCAAGACGCAAATGGAA 

138 104.3 N/A exon-exon 
ATCCAATGACAGCGGCAGGT 

Dcx4 
AAGCTGGACAAGGCACTAGGAC 

127 105.7 N/A exon-exon 
CTGGTTGGGTGGAGATGCTGA 

β3 

tubulin 

CACGCAGCAGATGTTCGATG 
198 107.1 93.7 exonic 

TCACACACGGCTACCTTGAC 

eEF2 
CTTCAAGGTGTTCGACGCCA 

198 107.9 N/A exon-exon 
GTGACGGGGGATGGTAAGTG 

PSMD4 
CTG AAG ACT CGG ATG ACG CCC  

107 101.2 N/A exon-exon 
GGCGATCTGCTCTTCCTCAGT 

RpL37 
CGTTCCCTTCGTCATCTTGCTT 

82 105.4 N/A exon-exon 
CTTATCCACAGGAAGTGGCGG 

Nono assay ID: qMmuCED0040697 96 N/A 87.3 exonic 

Tfrc assay ID: qMmuCID0039655 104 N/A 90.2 
intron 

spanning 
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2.5 Primer design and optimization 

 Primers for cell marker target genes (Table 2) were designed using NCBI’s 

PrimerBlast (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) with the following criteria: 

high specificity to target gene only, primer length of 20-24 base pairs (bp), amplicon 

length 80-200 bp, primer melt temp (Tm) 60-65 °C with minimum difference of 3 °C 

between primers in a pair, a primer spanning an exon-exon junction or primer pairs in 

separate exons with an intron between them (intron spanning), if possible, GC content 

between 50-60%, and low complementarity scores or secondary structures.  Primer pairs 

were also allowed to bind to multiple transcript variants of the same gene. Prospective 

primer pairs were checked for secondary structure and complementarity using Integrated 

DNA Technology’s oligoanalyzer 

(http://www.idtdna.com/analyzer/applications/oligoanalyzer/). Secondary structures of 

prospective amplicons were checked using University of Albany’s mfold webserver 

(http://mfold.rna.albany.edu/?q=mfold/dna-folding-form). Typically, the two best 

candidate primer pairs were ordered (Invitrogen) and the experimental primer set was 

selected after optimization. The goal of primer design was to design assays that meet the 

Minimum Information for Publication of Quantitative PCR Experiments (MIQE 

Guidelines) (Bustin et al., 2009).  

Optimization of primers consisted of determining optimal annealing temperature 

(Ta), confirming specificity, and determining amplification efficiency. Optimization was 

performed on cDNA from juvenile mouse brain and a combination of all pre-amplified 

samples for the spontaneous attachment and differentiation experiments, respectively. To 

optimize new primers, a five point 5-fold dilution series with 1.5 μL cDNA from 1000 ng 

http://www.ncbi.nlm.nih.gov/tools/primer-blast/
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RNA was examined across a 10 °C temperature gradient to determine primer Ta and 

amplification efficiency. Dilution series were repeated on pre-amplified pooled cDNA 

samples to ensure a representative efficiency was used for the corresponding 

differentiation experiment. The experiment profile was as follows: initial denaturation at 

95 °C for 3 min, followed by 40 cycles of 10 s 95 °C denaturation, annealing step at 

57 - 67 °C for 10 s, 72 °C extension for 30 s, and a melt curve as previously described. 

Based on MIQE guidelines, amplification efficiencies (%E) were to be between 

90-110 %, but was expanded to 80-120 % for difficult primer sets (Table 2), and the R
2
 

was required to be higher than 0.98. The lowest dilution points were excluded if 

determined to skew %E or R
2
 values, which consequently implied a decreased dynamic 

range of the enzyme for that primer pair. Optimal primer Ta’s were determined, but an 

experimental Ta of 61 °C was decided upon, as all primers were confirmed to perform 

within acceptable ranges at this temperature. To verify specificity, melt curves were 

assessed for a single peak associated with the QPCR product or amplicon. The QPCR 

products were also analyzed for 30 - 45min at 120 V on 2 % agarose gels with 1 TAE, 

0.5 μg/mL EtBr, and 10 L PCR Marker (NEB; Ipswich, MA, USA) to verify single 

product bands of the correct size (Figure 4). Gels were imaged with a Canon Powershot 

A610 on a UV transilluminator (UVP). 
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Figure 4 - Primer optimization – RT-QPCR product gels 

Product size of amplification products from RT-QPCR for A) pre-amplified cDNA for 

differentiation experiment and B) cDNA for spontaneous attachment experiment were 

confirmed using agarose gel electrophoresis. All products appeared to be the correct size 

(expected sizes, in bp, are listed per lane) and compared to 0.3 μg PCR Marker (NEB). 

A) A slight double band is present with the MBP primers on pre-amplified sample, which 

could possibly explain high variation observed between data points for this gene. B) 

White boxes indicate the presence of a band that is obscured by the loading dye front. 

Samples were run on 2 % agarose gels in 1 TAE buffer for 30-45 min at 120 V with 

EtBr for visualization on a UV-transilluminator.  Gels were imaged with a Canon 

Powershot A610.  
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3. RESULTS 

3.1 NSPC development in the presence of FPN, FBS and or glutamate  

Before its use in experiments, glutamate (200 μM - 1 mM) was determined to 

have no effect on the survival of NSPC cultures, when floating or attached to Matrigel, as 

similar trends were observed without the addition of glutamate.  After 120 h, a 

concentration of 10 mM glutamic acid caused a 63 % decrease in cell survival compared 

to 0 μM glutamate (Figure 5). Glutamic acid (200 μM - 1 mM) caused less than a 0.21 

shift in pH from regular media, with 200 μM resulting in no shift at all and only 10 mM 

causing a shift greater than 1, with ∆pH=1.43. The presence of glutamate (200 μM) had 

no significant effect on mRNA levels of cell markers in NSPC cultures (Figure 6). 

However, in the presence of glutamate nestin expression tended to decrease by day 14, 

although non-significantly (Glu+ = -0.43, t = -1.68, p = 0.1). Whereas, without glutamate 

present, nestin mRNA levels continued to increase by day 14. The effect of glutamate on 

unattached spheres at day 0 was not tested. 

To test the effects of glutamate on OL development, cultures were driven towards 

the oligodendrocyte lineage with FPN media, and differentiated by addition of FBS and 

withholding of the growth factors, FGF and EGF, from the working media.  

Unexpectedly, driving the NSPCs with FPN media had no significant effect on cell 

marker mRNA levels, except nestin and β3 tubulin (Figure 7), markers for immature cells 

and mature neurons, respectively (Figure 1). In floating spheres, driving with FPN media 

48 h beforehand caused a decrease in expression of nestin (FPN+ = -0.63, 

t = -1.82,  p = 0.07) and β3 tubulin (FPN+ = -0.54, t = -2.39, p = 0.02) at day 0. By 

day 14, both nestin and β3 tubulin expression increased past levels in FPN-cultures at the 
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same time point, showing a significant interaction between driving and culture time for 

these genes (FPN:d14 = 1.24, t = 2.65,  p = 0.01 and FPN:d14 = 0.90, t = 3.00,   p = 

0.004, respectively)  (Figure 7 & Table 3).  

Not surprisingly, both FBS and culture duration had significant effects alone, 

and/or in synergy on all genes tested, except MBP (Figure 8). Over the course of the 

experiment, FBS significantly decreased mRNA levels of all gene markers (p < 0.001; 

Tfrc p < 0.01 and nestin p = 0.07) except for β3 tubulin and the reference gene, Nono, 

which significantly increased (p < 0.001) and MBP, which decreased non-significantly 

(Table 3 & Figure 8). In the presence of FBS, most genes had the highest mRNA levels at 

day 7 followed by a decrease in expression by day 14, except for Nono, which showed 

the opposite effect, implying a significant relationship between FBS and time (Sox 2, 

Nestin p < 0.001; GFAP, Tfrc p < 0.05; NG2  p = 0.08; β3 tubulin p = 0.09) (Table 3 & 

Figure 8). Other markers, CNPase, MBP, and neuroD1, showed no interactions between 

time and FBS. Without FBS present, time in culture had a significant positive effect on 

Sox2, GFAP, CNPase and Tfrc (p < 0.001, p < 0.01, p < 0.05, p < 0.001, respectively, 

(Table 3), with increased expression observed at day 14. 

3.2 Effect of attachment on NSPC expression profile  

Spontaneous attachment significantly decreased the immature marker nestin by 

2.5 fold, and increased the immature neuronal marker, dcx, 3.3-fold from control 

(p < 0.05) (Figure 9). One control sample was removed from analysis as it was deemed to 

be an outlier in every gene assay tested. Two dcx assays were used to cover all possible  
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Summary of the parameter estimates for the main effects of the differentiation cue, FBS, 

on the relative mRNA levels of neural stem and progenitor NSPCs derived from a fitted 

generalized linear model (glm). The model with the best fit included a gamma 

distribution with a log-link function, all factors’ full effects and interactions with time, 

and standard error (SE) weighted to the inverse proportion of the propagated SE: with a 

gamma distribution (CNRQ ~ Timepoint * FBS + FPN + Glutamate). At the full effects 

level, each factor is tested with the other factors held constant; therefore, data presented 

here represents the overall effect FBS had on the NSPC cultures. On day 0, NSPCs were 

plated on Matrigel coated dishes with or without 5 % FBS or 200 μM glutamate and 

cultured for 14 days. On day 0, 7 and 14, RNA was collected for RT-QPCR that used 

primers for the following cell markers: Sox2 and Nestin (immature cells), NG2 

(oligodendrocyte precursor cells), CNPase and MBP (immature and mature 

oligodendrocytes, respectively), GFAP (astrocytes), NeuroD1 (neural progenitor cells), 

β3 tubulin (mature neurons), and two reference genes, Tfrc and Nono. All markers 

except, nestin (p = 0.07) and MBP, were significantly affected by FBS with β3 tubulin 

and Nono being the only markers to have increased expression versus decreased with 

FBS+. Statistical analysis was performed in R Studio. 

  

 

Table 3 - Summary of all significant GLM parameter estimates for all cell 

marker and factors tested on differentiating NSPCs 
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a
 One outlier value was removed from the GFAP data set without any changes to the 

trends observed. 
b 

Effects observed at Day7 include attachment from d 0 to d 7 

Parameter Estimates for   

CNRQ ~ Timepoint + FBS + FPN + Glutamate + Timepoint:FBS + 

Timepoint:FPN + Timepoint:Glutamate 

Cell Marker Factor 
Log(CNRQ) 

Mean Estimate ± SE 
tobs p value 

Sox2 

Day 7
b
 

Day 14 

FBS 

d7 : FBS 

0.71 ± 0.32 

1.41 ± 0.38 

-1.91 ± 0.30 

1.40 ± 0.39 

2.24 

3.75 

-6.27 

3.59 

0.029 

< 0.001 

< 0.001 

< 0.001 

Nestin 

Day 7
 b

 

FBS 

FPN 

d7 : FBS 

d7 : FPN 

-0.77 ± 0.33 

-0.57 ± 0.31 

-0.63 ± 0.35 

1.90 ± 0.40 

1.24 ± 0.47- 

-2.36 

-1.83 

-1.82 

4.79 

2.65 

0.022 

0.072 

0.073 

< 0.001 

0.010 

NG2 
FBS 

d7 : FBS 

-1.97 ± 0.46 

1.01 ± 0.58 

-4.32 

1.75 

< 0.001 

0.085 

CNPase 
Day 14 

FBS 

0.94 ± 0.3 

-1.92 ± 0.31 

2.47 

-6.22 

0.016 

< 0.001 

MBP FBS -3.53 ± 2.44 -1.44 0.154 

GFAP
a 

Day 7
b 

Day 14 

FBS 

d7 : FBS 

1.59 ± 0.49 

2.48 ± 0.75 

-3.31 ± 0.69 

1.95 ± 0.79 

3.23 

3.28 

-4.81 

2.48 

0.002 

0.002 

< 0.001 

0.016 

NeuroD1 FBS -1.15 ± 0.32 -3.63 < 0.001 

β3 tubulin 

Day 7
 b

 

FBS 

FPN 

d7 : FBS 

d7: FPN 

d14 : FPN 

-0.40 ± 0.22 

0.53 ± 0.19 

-0.54 ± 0.23 

0.43 ± 0.25 

0.55 ± 0.30 

0.90 ± 0.30 

-1.78 

2.83 

-2.39 

1.73 

1.82 

3.00 

0.081 

0.006 

0.020 

0.088 

0.074 

0.004 

Nono 

Day 14 

FBS 

d7 : FBS 

-0.40 ± 0.14 

0.40 ± 0.10 

-0.86 ± 0.13 

-2.79 

2.97 

-6.68 

0.007 

< 0.001 

< 0.001 

Tfrc 

Day 14 

FBS 

d7 : FBS 

0.72 ± 0.13 

-0.37 ± 0.11 

0.98 ± 0.13 

5.52 

-3.28 

7.31 

< 0.001 

0.002 

<0.001 
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transcript variants of the gene with the results for each being nearly identical. Although 

not significant, mRNA for the NPC marker, neuroD1, and mature oligodendrocyte 

marker, MBP both increased 2.0 fold upon attachment. The remainder of genes tested 

had < 1.5 fold changes in expression compared to control (Figure 9). Therefore, the 

overall gene expression profile tended towards the neuronal and oligodendrocyte lineage 

upon spontaneous attachment. 

The effect of attaching to Matrigel over the 14 day culture period can be analyzed 

using the FBS- cultures since they are in the same working media as unattached cultures 

and driving with FPN did not have an effect. Mean estimates at day 0 are for unattached 

floating cells, and are assumed to be similar for any time point, so comparing results 

between day 0 and day 7 or 14 gives the best indication of the effects of Matrigel 

attachment over time in this experiment.  All genes tested were present in the 

neurospheres at day 0, with GFAP, Sox2, and CNPase showing increased mRNA 

amounts upon attachment at day 7 and further increasing at day 14 (d7/14 p < 0.01; d7 

p < 0.05, d14 p < 0.001; d7 p = 0.06, d14 p < 0.05, respectively) (Figure 8).  Neither 

reference gene was affected by attachment over the initial 7 days, but by day 14 mRNA 

levels had significantly increased and decreased for tfrc and nono, respectively 

(p < 0.001; p < 0.01). Nestin was the only transcript to have a decrease in levels upon 

attachment (d7 p < 0.05) with the rest of the genes tested unaffected significantly by 

attachment to Matrigel.  MBP had one of the largest increases in mRNA abundance upon 

attachment, but due to large variance in the data set this was determined to be non-

significant (Figure 8); therefore, MBP seems to be an inherently variable transcript and/or 
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have an unexplained confounding factor associated with its expression within these 

experiments. 

Matrigel was used in differentiation experiments since more NSPC neurospheres 

attached to Matrigel than PDL-laminin coated coverslips (data not shown).  A quick 

comparison of gene expression profiles between the two substrates showed minimal 

differences, with only PDGF and MBP being upregulated 2.8 and 3.3-fold, respectively, 

on the Matrigel substrate (n=1; no statistics determined). The expression levels of MBP 

on either substrate were low (Cq > 26), so the up-regulation likely does not extend to a 

large increase in OL cell population.   
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Figure 5 - Survival curves of NSPC cultures in the presence of glutamate. 

A gradient of glutamic acid concentrations (0-1000 μM, 10 mM in B) was added to 

NSPC working media for 5 days while cultures were either A) floating neurospheres or 

B) attached to Matrigel coated dishes. Survival was determined by counts using the 

trypan blue exclusion method and calculating percent cell viability at 24 h, 72 h, and 

120 h after addition of glutamic acid. Measurements were averaged from three separate 

wells serving as technical replicates; therefore, graphs A and B contain means ± SD 

(n = 1).  

C 
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Figure 6 - Effect of glutamate over time on neural cell marker mRNA levels from 

differentiating NSPC cultures 

Plots represent the overall effect of 200 μM glutamate over time based on point mean 

estimates of calibrated normalized relative quantities and 95% confidence intervals 

derived from a fitted generalized linear model (glm) with a gamma distribution (CNRQ ~ 

Timepoint * FBS + FPN + Glutamate). On day 0, floating neurospheres containing neural 

stem and progenitor cells (NSPCs) were plated on Matrigel coated dishes with or without 

FBS or 200 μM glutamate and cultured for 14 days. Excess neurospheres were collected 

for RNA isolation, so represent unattached samples.  At day 0, 7, and 14, RNA was 

collected for RT-QPCR using primers for the following cell markers: A) Sox2 and F) 

Nestin (immature cells), B) NG2 (oligodendrocyte precursor cells), C) CNPase 

(immature oligodendrocyte (OL)), D) MBP (mature OL), E) GFAP (astrocytes), G) 

NeuroD1 (neural progenitor cells), H) β3 tubulin (mature neurons), and two reference 

genes, I) Tfrc and J) Nono. Glutamate did not significantly affect expression of any 

markers although nestin expression decreased non-significantly by day14 (p = 0.1). 
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Plots represent the overall effect of driving neural stem and progenitor cells (NSPCs) 

towards the oligodendrocyte lineage for 48 h before plating with FPN media as a function 

of time based on mean estimates of calibrated normalized relative quantities and 95% 

confidence intervals derived from a fitted generalized linear model (glm) with a gamma 

distribution (CNRQ ~ Timepoint * FBS + FPN + Glutamate). On day 0, floating 

neurospheres containing FPN+ or FPN- NSPCS were plated on Matrigel coated dishes 

with or without FBS, and 200 μM glutamate. Excess neurospheres were collected for 

RNA isolation so represent unattached samples. At day 7 and 14, RNA was collected for 

RT-QPCR that used primers for the following cell markers: A) Sox2 and F) Nestin 

(immature cells), B) NG2 (oligodendrocyte precursor cells), C) CNPase (immature 

oligodendrocyte (OL)), D) MBP (mature OL), E) GFAP (astrocytes), G) NeuroD1 

(neural progenitor cells), H) β3 tubulin (mature neurons), and two reference genes, I) Tfrc 

and J) Nono. FPN only had an effect on nestin (p = 0.07) and significantly β3 tubulin 

(p = 0.02), causing a decrease in expression for both markers. A significant positive 

interaction between time and FPN was also observed for nestin (p < 0.001) and β3 

tubulin (p = 0.004).  

  

Figure 7 – Plots of neural cell marker mRNA levels from differentiating NSPC 

cultures in FPN driven cultures over time  
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Figure 8 - Effect of FBS and attachment to Matrigel over time on neural cell marker 

mRNA levels from differentiating NSPC cultures 

Plots represent the overall effect of the differentiation cue, FBS, as a function of time 

based on mean estimates of calibrated normalized relative quantities and 95 % confidence 

intervals derived from a fitted generalized linear model (glm) with a gamma distribution 

(CNRQ ~ Timepoint * FBS + FPN + Glutamate). On day 0, floating neurospheres 

containing neural stem and progenitor cells (NSPCs) were plated on Matrigel coated 

dishes with or without FBS or 200 μM glutamate and cultured for 14 days. Excess 

neurospheres were collected for RNA isolation so represent unattached samples. 

Therefore, effects of attachment to Matrigel can be observed by comparing day 0 

(unattached) to day 7 (attached) samples. At day 7 and 14, RNA was collected for RT-

QPCR that used primers for the following cell markers: A) Sox2 and F) Nestin (immature 

cells), B) NG2 (oligodendrocyte precursor cells), C) CNPase (immature oligodendrocyte 

(OL)), D) MBP (mature OL), E) GFAP (astrocytes), G) NeuroD1 (neural progenitor 

cells), H) β3 tubulin (mature neurons), and two reference genes, I) Tfrc and J) Nono. All 

markers except, nestin (p = 0.07) and MBP, were significantly affected by FBS 

(p < 0.001; Tfrc < 0.01) with β3 tubulin and Nono being the only markers to have 

increased expression versus decreased with FBS+. Time in culture without FBS had 

significant positive effects on Sox2, GFAP, and CNPase (p  < 0.001, p  < 0.01, p  < 0.05) 

as seen as increased expression values at day 14.  Significant negative (Sox2, nestin 

p < 0.001; Gfap, Tfrc p < 0.05; NG2, β3 tubulin p < 0.1) and positive (Nono p < 0.001) 

interactions were observed between FBS and time (day 7 to day 14). One outlier value 

was removed from the GFAP data set without any changes to the trends observed.  All 

genes tested were present in the neurospheres at day 0, with GFAP, Sox2, and CNPase 

(p < 0.01, p <0.05, p = 0.06) increasing and nestin (nestin d7 p < 0.05) decreasing in 

expression upon attachment at day 7. 
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Box plots consist of calibrated normalized relative quantities (CNRQs) of attached 

samples (white) that were log transformed and scaled against control samples of floating 

neurosphere cultures (hatched). Spontaneous attachment only significantly affected nestin 

and dcx with their expression decreasing 2.5- and increasing 3.3-fold, respectively, from 

control (p < 0.05). Although not significant, neuroD1and MBP both tended to increase 

2.0-fold in expression upon attachment. The remainder of genes tested had < 1.5-fold 

changes in expression compared to control. Therefore, the overall gene expression profile 

tended towards the neuronal and oligodendrocyte lineage upon attachment. Cell types and 

corresponding markers are as follows: immature = Sox2, nestin; NPC = neuroD1; 

neuroblast = dcx; neuron = Beta3, OPC = NG2, PDGFRα, immature OL = CNPase, 

mature OL = CNPase, MBP, astrocyte = GFAP. (A = attached cultures, n = 5; 

C = control, neurosphere cultures, n = 4 after removal of one outlier sample) 

  

 

Figure 9- Effect of spontaneous attachment on NSPCs 
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4. DISCUSSION 

4.1 Driving NSPCs with FPN media   

The expression profile given by levels of cell marker transcripts of NSPC cultures 

appears to primarily be affected by the time allowed for serum and GF withdrawal 

differentiation, whereas it was  unaffected by glutamate or the combination of growth 

factors (FGF, PDGF-AA, NT3) in the FPN driving media. Using primarily ICC 

techniques, Neri et al., (2010) found priming human NSCs with FPN media for 7 days 

before differentiation increases the proportion of OPCs, pre-myelinating OLs and 

neurons, while decreasing the proportion of astrocytes in cultures. However, they did not 

observe subsequent differentiation of OL lineage cells to fully mature MBP+ 

oligodendrocytes. Numerous other in vitro studies have also found individual or 

combinations of the FPN growth factors to enhance the survival, proliferation, or 

differentiation of OL lineage cells, including rodent cells, further supporting its 

expectation to increase the proportion of OL cells (Noble et al., 1988; Barres et al., 1994; 

Kumar et al., 2007; Rao et al., 2009; Galvez-Contreras et al., 2012). Therefore, the idea 

of this study was to use driving media to increase the proportion of cells developing 

down the oligodendrocyte lineage, so when glutamate was applied we could better assess 

its effect on OL lineage cells compared to the typical astrocyte dominated NSPC 

differentiation. Unexpectedly, only the immature cell marker, nestin, and mature neuronal 

marker, β3 tubulin, were affected with both targets’ expression decreasing in the presence 

of FPN, which implies the proportion of these cells in the population declined (Figure 7). 

We did not see an increase in the OL lineage markers (NG2, CNP, MBP) under driving 
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conditions implying that a proportion of these cells did not change in the differentiated 

NSPC culture as expected.  

Our results for driving the NSPCs are contrary to Neri et al., (2010) , which may 

relate to driving time, or differences inherent to the species or age of NSCs used. Neri et 

al., (2010) used human embryonic NSCs that were primed with FPN media as 

neurospheres for 7 days prior to differentiation for 10 days with FBS. Thus, the length of 

time in FPN media is the greatest discrepancy, as our incubation time was only 48 hours, 

and possibly an insufficient duration to dramatically affect the NSPC differentiation.  

Further, it is well established that  there can inherently be differences in responses to 

growth factors for NSPCs from rodents versus humans (Zhang et al., 2000; Chandran et 

al., 2004; Barateiro and Fernandes, 2014). Lastly, expression profiles of receptors, 

including for growth factors, can differ between NSPCs from embryonic versus adult 

origin, which can result in cells behaving differently to similar treatments (Maisel et al., 

2007; McGinn et al., 2012). Therefore, the adult murine NSPCs could potentially require 

different concentrations or combinations of growth factors to optimally drive NSPCs 

towards the OL lineage compared to the embryonic human NSCs used by Neri et al., 

(2010), but a similar strategy of driving for 7 days before differentiation should first be 

tested with the mouse model.  

4.2 Effect of glutamate on NSPCs during differentiation 

Since the driving media was ineffective, the glutamate and FBS results can be 

viewed as a function of similar cell populations, regardless as to whether they had been 

driven or not. Glutamate (below 1000uM) did not affect survival of NSPCs compared to 

controls (Figure 5) confirming findings by Brazel et al. (2005) that glutamate-treated 
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(5 μM to 1 mM) attached cultures exposed to FBS, did not increase basal levels of 

apoptosis in newborn rat NSCs.  

Glutamate did not significantly affect the levels of mRNA for any of the cell 

markers tested, although nestin expression tended to decrease by day 14 in the presence 

of glutamate (Figure 6). As reviewed by Jansson and Akerman (2014), NSPCs from adult 

SVZ  have received the least attention, with the majority of evidence for any impact of 

glutamate on NPC differentiation from the dentate gyrus to neuronal lineage, and/or on 

embryonic NSPCs. Using western blot analysis, Brazel et al., (2005) also found 

glutamate in combination with a NMDA receptor inhibitor to be ineffective at increasing 

protein levels of the cell marker proteins CNPase (OLs), GFAP (astrocytes), β3 tubulin 

(neurons) or nestin (immature cells), despite the observed increase in cell, likely neuronal 

precursors, proliferations in the NSC culture. The impact of glutamate on 

oligodendrogenesis from NSCs was shown by Vernon et al. (2011) who used an 

immortalized fetal human NSC line and found specifically that mGluR7 decreases 

oligodendrocyte and increases astrocyte differentiation. However, mGluR7 has never 

been shown to be expressed in adult NSPCs (Jansson and Akerman, 2014).  Therefore, 

the general lack of effect by glutamate on differentiation from aNSPCs is not surprising 

and agrees with the majority of the literature to date.  

Specifically focusing on oligodendrogenesis, the particular glutamate 

concentrations used or receptors involved may also further explain the lack of effect on 

differentiation in this study. Similarly, Cavaliere et al. (2012) drove postnatal, SVZ-

derived neurospheres before differentiation using attachment and GF-,  but instead of 

FPN they used media including CNTF, NT3 and a reactive oxygen species scavenger. 
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They found that NMDA increases OL differentiation, while mGluR1/5 agonists decrease 

it. GluN receptors require glycine as a co-factor to be functional, but this factor was not 

included in our differentiation media. Thus, the glutamate added may simply not be able 

to activate the required NMDA receptors to increase oligodendrocyte differentiation. 

Concentrations of glutamate below 1 mM were found to be ineffective (Cavaliere et al., 

2012); therefore, the concentration of 200 μM used in this experiment could have been 

too low to elicit an effect. 

Glutamate is largely known to increase proliferation of adult SVZ NSPCs and/or 

migration of precursor cells (Reviewed in: Jansson and Akerman, 2014), which was not 

directly represented in the present study. Since target genes were cell markers, one could 

hypothesize that if the glutamate affected proliferation of a certain cell type within the 

population that this would be represented as a change in expression of the corresponding 

genes for that cell type. However, the only cell marker affected was nestin, which by day 

14 tended to decrease non-significantly in the presence of glutamate (Figure 6). This 

decrease in gene expression could imply that glutamate caused the immature cell 

population (NSC or NPCs) to begin to decrease after 14 days of differentiation; however, 

markers known to be co-expressed with nestin in particular cell types (Sox2, NG2, 

NeuroD1) were unaffected by glutamate. According to a substantial literature review by 

Jansson and Akerman's (2014), one would expect glutamate to increase proliferation or 

have no effect on adult SVZ progenitor populations. Furthermore, the present study only 

investigated glutamate’s effect with attached/differentiating cultures at day7 or 14, 

whereas the isolated effect on proliferation of NSPCs would be better determined by the 

addition of glutamate to floating neurospheres or recently attached cultures. To 
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confidently suggest glutamate causes a decrease in nestin+ immature cell proliferation, 

one would need to show an effect on corresponding co-expressed or alternate cell type 

markers and more importantly, a proliferation assay would be required.  

4.3 Differentiation of NSPCs via growth factor withdrawal and addition of FBS 

Since growth factors were withdrawn and FBS was added to the normal NSPC 

growth media specifically to elicit differentiation, it is not surprising that there were 

significant changes in cell marker mRNA levels in response to these differentiation cues 

and time; however, some specific cell markers did not behave as expected (Figure 8). 

Promoting differentiation via FBS versus growth factor withdrawal typically results in 

the production of mainly astrocytes or increased proportion of neurons, respectively 

(Bonnert et al., 2006). Both growth factor withdrawal and FBS were applied for 7 to 14 

days with the expectation that without further lineage specification (e.g. driving with FPN 

media) the resulting culture would consist of: predominantly astrocytes (GFAP+) (Brunet 

et al., 2004),with neuron (β3 tubulin) and oligodendorycte (CNPase or MBP) populations 

increasing, and immature or progenitor cells decreasing with differentiation. These 

expectations were met by the reduction in immature (sox2, nestin) and precursor (OPC: 

NG2, NPC: neuroD1) marker expression during the 14 day differentiation period (Figure 

8). The decreased expression suggests that the population of more immature cells may 

have been declining as they developed into mature cells. However, the only mature cell 

marker transcript to increase was β3 tubulin, which increased with FBS+ by day7 and 

subsequently, decreased by day 14. Therefore, the applied differentiation conditions 

promoted the increase of the neuronal population from the preceding precursor 
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population in a seven day period, which may have been followed by a cell death event by 

day 14.  

Unexpectedly, the populations of astrocytes and oligodendrocytes declined over 

the differentiation period with FBS+ based on decreased expression of their markers, 

GFAP, CNPase, and MBP (non-significantly) (Figure 8). Bonnert et al. (2006) found 

astrocyte, oligodendrocyte, and neuronal markers to all increase after 24 h differentiation 

with either GF removal or FBS addition, and continue dramatically increasing in GF-

conditions after 5 days. Cavaliere et al. (2012) found GF
-
 differentiation of driven NSPCs 

towards O4+ OL cells to increase from 50 to 72 % over 1 to 7 days, respectively. 

Therefore, a 7 day differentiation period does not account for the opposing expression 

profiles observed, although time was found to interact significantly with FBS 

differentiation with the exception of the OL and NPC markers. 

For immature cells, OPC, neuron and astrocyte cell markers, mRNA levels were 

found to decrease from day 7 to 14 in the presence of FBS, which would primarily 

account for the significant interaction with time observed when modeling the data (Figure 

8). As previously discussed, a decrease in immature markers with time is not unexpected 

if they are developing into more mature cell types. However, the expression of mature 

cell markers also continued to decrease by day 14 (GFAP, β3 tubulin) or were unaffected 

(CNPase and MBP) suggesting an overarching effect of this interaction on cell 

populations. The reference gene, Nono, was the only target to have a positive relationship 

between FBS and time, but since this is ubiquitously expressed between cell types it does 

not lend explanatory power to the interaction effect observed. Cavaliere et al. (2012) saw 

an increase in cell death after 10 days of differentiation. Decreased cell survival under 
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differentiation conditions could be a possible explanation for the decline of most cell 

types (only OL and NPCs were unaffected) without a concurrent increase in other types 

within the population by day 14 with FBS+.  Cultures tended to reach confluency 

quickly, which could have negatively affected cell survival before RNA was collected on 

day 14.   A time-course apoptosis assay could be conducted under similar experimental 

conditions to determine if the differentiation conditions are causing apoptosis during the 

culture period. 

4.3 Effect of substrate versus spontaneous attachment on NSPC differentiation 

Unexpectedly, in both the spontaneous and substrate attachment experiments, 

expression of all markers, including mature cell markers, was found in the unattached 

neurosphere control samples (Figure 8 & Figure 9). Given the inherent heterogeneous 

nature of the NSPC cultures, one would expect to see a mix of stem, progenitor and or 

precursor cell types, which retain proliferative capacity as floating neurospheres. 

However, the typical growth of NSPC in vitro consisted of these neurospheres, as well as 

random individual cells attached with mature morphologies (Figure 3). Since RNA was 

collected from the entire culture, the population of attached cells present could account 

for the expression of mature cell markers in the control or day 0 samples. NSPCs attach 

to a surface to differentiate and if attachment itself affected differentiation, one would 

expect differentiating cultures to have increased expression of mature markers compared 

to control. 

When neurosphere cultures spontaneously attached to their regular culture dish, 

the gene expression profile of the culture tended towards the neuronal and 

oligodendrocyte lineage. Expression of the immature cell marker, nestin, continues from 
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NSCs into the NPC and OPC stages of development where lineage specific markers such 

as neuroD1 and NG2, respectively, begin expression (Figure 1). Therefore, the significant 

decrease in the nestin transcript coinciding with an increased presence of neuroD1 (non-

significant) and dcx (p < 0.05), suggests NPCs were specifically differentiating into 

immature neurons upon spontaneous attachment (Figure 9).  Less clear lineage 

progression was observed for oligodendrocyte cells as only MBP was significantly 

affected, suggesting an increased proportion of mature oligodendrocytes without impact 

on preceding precursors. The NSC, astrocyte, and mature neuron populations were also 

unaffected by spontaneous attachment (Figure 9). 

Attachment to the complex extracellular matrix (ECM) substrate, Matrigel, 

affected different cell markers and included differentiation periods as compared to 

spontaneous attachment. Matrigel-attached cultures with regular growth media (FBS-

/GF+) had significant increases in NSCs (Sox2), immature OLs (CNPase), and astrocytes 

(GFAP) after seven days, and further increases at day 14. The immature marker, nestin, 

significantly decreased after 7 days of attachment, but increased past day 0 levels by day 

14. The mature OL marker, MBP, showed one of the largest increases in expression upon 

attachment at day 7, but due to large variance for this particular assay, the effect was not 

found to be significant. The variance observed for this primer set could be due to inherent 

variability in the MBP mRNA found within the cells and or linked to possible specificity 

issues as a slight double band was observed in the gel of the QPCR products (Figure 4). 

However, the melt curve analysis did not indicate a second amplification product. 

Therefore, Matrigel promoted the development of glial lineages, while not affecting, or 



 

 

54 

 

potentially inhibiting, the attachment effect on neuronal lineage observed with 

spontaneous attachment.  

The propensity of NSPCs on Matrigel to differentiate towards glial rather than 

neuronal lineages may relate to the growth factors within it, which could be masked or 

prevented by FBS within the differentiation media. Matrigel is produced by the extraction 

of ECM from Engelbreth-Holm-Swarm mouse sarcomas, so is a complex mixture of 

various ECM components and low amounts of growth factors such as, transforming 

growth factor β, insulin-like growth factor, EGF, and PDGF (BD Biosciences, 2011). As 

previously discussed, these growth factors are known to play roles in NSPC development 

and could be present in sufficient concentrations to change differentiation patterns 

compared to spontaneous attachment. A growth factor reduced version of an ECM 

substrate or defined substrate, such as PDL-laminin, should be used to determine gene 

expression profiles following attachment without the influence of confounding growth 

factors.  

The addition of differentiation media (FBS+/GF-) resulted in the opposite effect 

compared to FBS-/GF+ at day 7 to day 14 for all genes tested, except neuroD1 and MBP, 

which had the same or no effect during this time period (Figure 8). Thus, the 

differentiation media masked or prevented the effects of Matrigel on differentiation, 

which may be attributed to the presence of a substance or particular combination of 

factors in the complex FBS component. Therefore, a similar experiment including FGF 

and/or EGF in the FBS differentiation media might indicate which variable primarily 

impacts NSPC development on Matrigel.  
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4.4 Reference genes, Tfrc and Nono, affected by differentiation protocol 

Despite showing stable expression in preliminary experiments and relatively 

stable levels across experimental treatments, the two reference genes, Tfrc and Nono, 

were significantly affected by the differentiation period and media (FBS+/GF-) but with 

opposite expression profiles (Figure 8). In regular growth media (FBS-/GF+), neither 

target was affected by attachment over the initial 7 days, but by day 14 expression had 

significantly increased and decreased for tfrc and nono, respectively. Thus, these genes 

could be differentially expressed amongst cell types within the heterogeneous NSPC 

culture and reflect changes to particular cell populations and or be ubiquitously expressed 

across the culture and show an overall effect of the treatment. 

The transferrin receptor, Tfrc, is expressed in all cell types in a differentiating 

NSPC culture (Sergent-Tanguy et al., 2006; Silvestroff et al., 2013) and expression was 

found to decrease in human postnatal NSPCs after 72 h differentiation with 10 % FBS 

(Obayashi et al., 2009). Therefore, the decrease in expression of Tfrc observed from day 

7 to 14 in the presence of differentiation media (FBS+/GF-) follows the pattern observed 

in the literature. Sergent-Tanguy et al., (2006) hypothesize that more highly proliferative 

cells may express higher levels of Tfrc as they are metabolically active and iron is an 

important metabolite. This hypothesis coincides with Tfrc having a similar expression 

profile to the proliferative NSC or astrocyte markers, Sox2 and GFAP, respectively, as a 

function of time (Figure 8). The stability of Tfrc was deemed adequate for this study, but 

future work should consider a different reference gene that is unaffected by 

differentiation or proliferation of cell types within NSPC cultures. 
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The DNA and RNA binding protein, Nono, has numerous roles related to normal 

cellular function, such as RNA splicing, making it ubiquitously expressed across cell 

types. There is little information available for its response during differentiation 

specifically. However, transcriptomic studies on NSPC differentiation do not list Nono as 

a differentially regulated target (Bonnert et al., 2006; Demoulin et al., 2006; Maisel et al., 

2007; Obayashi et al., 2009). Recently, it was suggested that Nono may play a role in 

neuronal development via an interaction with c-Jun N-terminal kinase (Sury et al., 2015). 

If this is the case, our findings that both β3 tubulin and Nono were the only genes to 

increase expression significantly in the presence of differentiation medium support the 

idea of an increase in neuronal populations (Figure 8). However, the rest of the Nono 

expression profile remains to be explained as it was the only gene to show a positive 

relationship between FBS and time and a decrease of expression by 14 days in regular 

growth media (FBS-/GF+) (Figure 8). For the current experiment, the opposing 

expression profiles of Nono and Tfrc may lend to balance each other in terms of acting as 

normalization factors for the remaining cell marker genes.  

5. FUTURE CONSIDERATIONS AND CONCLUSIONS 

5.1 Improvements for differentiation experimental design  

The current experiment could be improved by ensuring an adequate sample size, 

optimizing a driving media, using chemically defined reagents and glutamate analogs. 

Firstly, the data were highly variable at both the technical and biological replicate levels, 

which decrease the likelihood of observing significant effects given a small sample size. 

Under all treatment conditions, most non-significant expression changes to mRNA levels 
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still had trends related to the treatment. Increasing the sample size may negate the high 

variability observed as the influence of variability decreases with larger sample sets 

(Quinn and Keough, 2002). Therefore, a post-hoc power analysis study could be 

conducted on the current data set to estimate a suitable sample size required to reach 

significance given the effect sizes observed here. From this power analysis, a decision 

could be made as to whether or not QPCR is the best technique choice for the research 

question. Additionally, some uncertainty seemed tied to specific targets, such as MBP 

consistently presenting large variance across samples and treatments. Thus, a different 

primer pair and or target marker may possess less inherent variability under the 

experimental conditions tested. 

To better study the effects of glutamate on the OL lineage developed from NSPC, 

an effective driving media and incubation time should be optimized specifically for the 

species studied. A strategy, similar to Neri et al. (2010), should be used to test the 

effectiveness of various combinations and concentrations of growth factors, containing 

the previously excluded CNTF (Cavaliere et al., 2012) or an antibody against NGF 

(Scardigli et al., 2014), to promote development down the OL lineage from mouse 

NSPCs. Recently, Scardigli et al. (2014) found adult SVZ NSPC primed and 

differentiated in the presence of an antibody against NGF produced endogenously by the 

neurospheres, increased oligodendrogenesis while decreasing neurosphere proliferation 

and production of neurons and astrocytes.  The optimal amount of time in driving media 

required for an increased proportion of oligodendrocyte markers should also be 

determined. Once a driving protocol is optimized, a pilot study revaluating the power of 

analysis determined from this data could direct future experiments.  
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To reduce possible confounding variables, efforts should be made to switch as 

many reagents as possible to chemically defined options (van der Valk et al., 2010) and 

prevent attachment of neurospheres. Reagents such as Matrigel and FBS contain 

undefined amounts of growth factors, hormones and other agents that could confound 

results as was observed when comparing spontaneous and Matrigel attachment (Figure 8 

and Figure 9). A comparison of defined substrates, such as laminin, poly-ornthine, or 

PDL, could be used to determine the best option for attachment during culture with 

minimal effects on gene expression. Likewise, the differentiation media could be 

switched to solely GF- to eliminate possible confounding effects of FBS. Lastly, NSPC 

cultures should be cultured on an orbital shaker to provide constant agitation and prevent 

attachment of neurospheres, which alters the mRNA profile of the culture (Figure 9). 

Finally, to isolate the effects of glutamate on specific processes of NSPC 

development, proliferation and apoptosis assays would be appropriate. Changes in the 

amount of incorporation of labelled nucleotide during DNA replication, such as 

bromodeoxyuridine (5-bromo-2-deoxyuridine, BrdU), would indicate a response of 

proliferative cells to glutamate. Additional sample wells could be included for Western 

Blot analysis of apoptotic proteins, such as activated caspase-3, to indicate whether 

treatments were inducing apoptosis within the culture (Scardigli et al., 2014). To further 

specify findings, glutamate analogs should be used to limit possible counteractive effects 

between differently activated receptors and isolate the specific receptor types involved in 

any response elicited. 
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5.2 Flow cytometry: alternative technique for differentiation experiment 

In addition to optimizing the cell culturing protocols, the current goal of 

investigating glutamate’s effect on NSPC differentiation would be better suited to a flow 

cytometry or fluorescence-activated cell sorting (FACS) analysis. An inherent issue with 

using gene expression as a proxy for cell populations is the inability to distinguish 

expression changes to a gene within individual cells versus alterations in the population 

composition.  Instead, cultures would undergo experimental treatments during 

differentiation then be sorted using cell markers to give relative proportions of each cell 

type. A protocol similar to Rao et al. (2009) or Cahoy et al., (2008), who also provides a 

database of markers for isolated cell types from SVZ NSPC cultures, could be 

implemented. Hence, using FACS one would receive a more accurate representation of 

the relative populations resulting from glutamate application during differentiation. 

Simultaneously, sorted cell populations could be recovered for further experiments, such 

as investigating the effect of glutamate on myelination from the OPC stage of 

development. Starting with OPCs instead of NSPCs would focus the study onto 

myelination, more specifically, and prevent confluency issues observed with the 

heterogeneous cell mixture from NSPC differentiation. 

5.3 Conclusions 

The proposed improvements or additional experiments would enable a better 

understanding of glutamate’s effect on the differentiation of NSPCs, which can be 

applied to further understanding of the myelination process overall. The myelination 

experiments attempted (Appendix A) were hindered by an apparent lack of OL in culture. 

However, the simple finding that all cell markers were expressed at all time-points in 
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NSPC cultures is promising for future myelination experiments as mature OL are present 

by day 7 and likely beforehand. Therefore, the length of differentiation experiments could 

be reduced, which could circumvent confluency and cell death issues. Apoptosis and 

proliferation assays should be included to isolate effects observed on the NSPC gene 

expression profile. 

Based on the results presented, an alternative differentiation substrate and 

protocol combined with sorting for OPCs should be used to increase proportions of the 

desired OL cells in culture.  Spontaneous attachment promoted increases in neuronal and 

oligodendrocyte lineages whereas attachment to Matrigel inhibited the progression to 

neurons and increased progenitor and glial cells. Therefore, the attachment substrate can 

be used as another aid to increase proportions of particular cell types. The current FPN 

driving protocol had no effect on cell type specification, which may have contributed to 

the lack of effect observed by glutamate given its intended target cell type were OLs. 

Differentiation with both FBS and GF withdrawal promoted the immature cells to 

develop towards the neuronal lineage and decrease proportions of glial cells. Therefore, 

the optimization of an OL driving protocol may redirect the differentiation to an 

increased proportion of OLs that could be FACS sorted at the OPC stage to better study 

myelination. However, the ability to increase proportions of neurons from NSPCs is a 

necessary aspect of neurogenesis research and the current differentiation protocol could 

be further investigated with this goal in mind.  
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7. APPENDIX A – Additional Methods and Attempted Experiments  

A.1 Migration experiment attempts 

In order to design experiments to investigate glutamate’s effect on migration, 

several preliminary trials with different procedures were developed. Thus, the results 

presented here are based primarily on observations across trials and lack statistical 

analysis. 

A.1.1 Migration experiments: Materials and methods 

Media makeup for each type of treatment was consistent throughout trials. NSPC 

working media contained N2 (Life Technologies) instead of B27 supplement, and 

combinations of 5 % FBS, 200 μM glutamic acid, or 10 μM NMDA. To localize the 

glutamate source, glutamic acid or NMDA, was mixed into undiluted Matrigel and 25 μL 

of the resulting gel droplet was incubated on the dish for 1 h at 37 °C. Cells were placed, 

with their respective media, on the opposite side of the dish as the droplet and the dish 

was placed on an incline such that the media did not contact the droplet. After 24 h, the 

dish was laid flat allowing media to contact the Matrigel/glutamic acid mixture which 

caused the Matrigel to dissolve.  Observations and images were taken on a Nikon 

Diaphot-TMD in DIC mode at 200 total magnification using a mercury lamp to excite 

the EGFP-CNPase fusion peptide within the NSPCs and a Nikon DS-5M-L1 Digital 

Imaging Camera System. 

After culturing for roughly 2 weeks, RNA was extracted and 200 ng or 500 ng 

was converted to cDNA for FBS+ and Matrigel/FBS- treatments, respectively, as 

previously discussed. Since QPCR was not yet available for use, standard 3-step PCR 

was conducted using Taq 5 Master Mix (NEB), 1 μL primers, and a reaction profile as 
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follows: 95 °C initial denaturation for 30 s, followed by 30 cycles of 95 °C denaturation, 

a 47-57 °C annealing temperature and 68 °C extension step for 1 min, followed by a final 

extension step at 68 °C for 5 min. Glyceraldehye-3-phosphate dehydrogenase (GAPDH) 

was used as a loading control target since it is ubiquitously expressed. Presence or 

absence of the cell marker primers was determined by running the PCR products on a 

2 % agarose gel in 1 TAE buffer with EtBr for visualization on a UV-transilluminator 

(UVP). Approximate size (in bps) of PCR product gel bands were determined by 

comparison to a 100 bp DNA ladder (NEB). Gels were imaged with a Canon Powershot 

A610. 

A.1.2 Migration experiments: Results   

Based on morphological appearance, the cultures tended to sort into three 

categories of differentiation, with FBS having a dominating effect (Figure 10). If FBS 

was present, regardless of other media components, cultures took a distinct 

morphological pattern of stellate, flattened cells clustered at the point of initial placement 

and did not noticeably migrate out of this area, except for general expansion of the cell 

cluster due to proliferation. If Matrigel was present without FBS, another morphological 

pattern emerged regardless of the presence of glutamate. This pattern consisted of 

floating neurospheres and differentiated cells with a more defined morphology than 

FBS+ that were generally bipolar in shape and spread out randomly in the dish (Figure 

10). Cultures with only glutamate applied to the regular media maintained proliferating 

neurospheres similar to stock cultures. 

All treatments had similar results for the presence of most cell marker genes with 

a difference observed between FBS+/Matrigel+ and Matrigel+/FBS-, where MBP was 
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either absent or present, respectively (Figure 11).Therefore, it appears that FBS may have 

hindered differentiation of mature MBP+ OL since this gene was observed only without 

FBS in the media. RNA from all treatment cultures showed the presence of the following 

genes: GAPDH, Sox2, nestin, CNPase, β3 tubulin, GFAP, and S100. The OPC marker, 

PDGFRα, was not visualized in any treatment. The presence of glutamate did not appear 

to alter the gene expression profile of the cultures.   
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Neural stem and progenitor cells (NSPCs) plated on Matrigel coated dishes displayed 

consistent morphological patterns in the A) absence or B) presence of fetal bovine serum 

(FBS) in the differentiation media. A) Without FBS, typical cell morphologies included 

few thin, defined processes and small cell bodies, which indicate immature and or 

neuronal cells. B) With FBS, the majority of cells were large and flat with stellate 

processes and large cell bodies indicating astrocytes. The presence of glutamate did not 

alter the differentiation patterns observed. The number of days cells were plated attached 

to substrate is indicated on each image. Images taken on a Nikon Diaphot-TMD in DIC 

mode at 200 DIC total magnification using the Nikon DS-M-L1 Digital Imaging 

Camera System. 

 

Figure 10 - Representative photomicrographs of NSPC differentiation patterns with 

or without FBS on Matrigel substrate 
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A) Treatment condition with FBS and Matrigel present has a similar mRNA expression 

profile as B) Treatment condition without FBS but Matrigel present, but myelin basic 

protein (MBP) as a marker for oligodendrocytes is only present without FBS.  PCR 

products were run on a 2 % agarose gel in 1 TAE buffer with EtBr for visualization on a 

UV-transilluminator. Approximate size (in bps) of PCR product gel bands were 

determined by comparison to a 100bp DNA ladder (NEB). Gels were imaged with a 

Canon Powershot A610.  

  

Figure 11 - Representative PCR product agarose gel electrophoresis demonstrating 

presence of MBP mRNA with Matrigel substrate. 
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A.2. Immunocytochemistry Optimization and Experiments 

A.2.1 Materials and Methods 

A2.1.1 Immunocytochemistry optimization 

Primary cell cultures of adult SVZ NSPCs and DRGs were isolated and cultured 

as described in section 2.1. After isolation, DRGs were plated on Matrigel-coated 

coverslips in DRG media containing NSPC stock media with 5% FBS (Gibco). To enrich 

for post-mitotic neurons, 10 μM cytosine arabinoside (Ara-C) (Sigma-Aldrich), which is 

a DNA synthesis inhibitor to select against proliferative cells such as fibroblasts or glial 

cells, was added upon initial plating for 24 h when it was removed by a full media 

change. Subsequent partial media changes were done every 3-4 days. DRGs were 

allowed to establish for 1 week before the addition of NSPCs to form a co-culture. For 

migration and myelination experiments, the treated coverslips had a three compartment 

Campenot chamber attached (Tyler Research) where DRGs and NSPCs could initially be 

plated spatially separated.  

Co-cultures for migration and myelination experiments were plated on Matrigel-

coated coverslips and visualized using immunocytochemistry (ICC). The presence of 

OLs derived from the NSPCs was assessed using the CNPase-GFP NSPCs before or after 

fixation. Based on my direction and the following protocol, undergraduate students 

assisted in the preparation of ICC slides for imaging.  Coverslips were washed with PBS, 

fixed in either 4 % paraformaldehyde (PFA) for 10 min at room temperature or ice cold 

methanol (MeOH) for 10 min at -20 °C, and then washed again in PBS three times for 

3 min each. To reduce non-specific binding, slides were incubated for 20 min with 
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blocking solution consisting of 0.3 M glycine, 1 % bovine serum albumin (BSA), and 

0.1 % Triton-X-100 in PBS. Slides were incubated overnight at 4 °C in primary antibody 

solutions prepared in the blocking solution at the following concentrations that were 

empirically found to produce the best signal: β3 tubulin 1:50 (ab18027), neurofilament 

(NF) 1:600 (ab4680), GFAP 1:600 (ab4674), MBP 1:100 (ab40390). Slides were 

subsequently washed, and incubated for 1 h in the dark with the appropriate secondary 

antibody of either AlexaFluor647 (ab1500095) or AlexaFluor568 (ab175477) both at 

1:1000 concentration (Abcam Inc). Control samples containing no primary antibody or 

no antibody at all were included to verify secondary specificity and observe solely GFP 

or autoflourescent signals, respectively. After washing, mounting media with DAPI and 

Fluoroshield (Sigma-Aldrich) was added to the slides. Slides were allowed to dry 

overnight before applying nail polish to the edge of the coverslips to seal them. Prepared 

slides were imaged on either the Zeiss Axio Observer Z1 wide-field or LSM 780 confocal 

microscopes (Zeiss). Images were analyzed via the profile function on Zen2012 (Zeiss) 

with average pixel values of 3-4 cells or background areas measured per image. Using 

these conditions, the average signal to background ratio (S/B) was determined for each 

treatment including the propagated error given in standard deviations. Statistical analysis 

was not conducted as limited images per preparation or ICC preparations per treatment 

were collected; therefore, only descriptive statistics or general trends have been noted.  

A2.1.2 Confirmation of EGFP in CNP-NSPCs 

The NSPCs used for this project were from transgenic mice containing an EGFP-

CNPase fusion peptide to identify oligodendrocyte lineage cells. Presence of the EGFP 

construct was confirmed in the transgenic NSPCs using the GFP primers 
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(5’- GGTGGTGCCCATCCTGG-TCGAGC-3’& 5’– CCAGCATGCCTGCTATTG-

TCTTCCC-3’) given by Yuan et al. (2002) for standard PCR with Taq 5 Master Mix 

(NEB), 200 nM primers, and the following reaction profile: 95 °C initial denaturation for 

2 min, followed by 30 cycles of 95 °C denaturation, 54 °C (GFP) and 60 °C (PSMD4) 

annealing step for 30 s, 68 °C extension step for 1 min, followed by a final extension step 

at 68 °C for 5 min. 26S proteasome non-ATPase regulatory subunit 4 (PSMD4) was used 

as a loading control (5’-CTGAAGACT CGGATGACGCCC-3’& 5’-

GGCGATCTGCTCTTCCTCAGT-3’). Brain tissue from a wild-type mouse and a no 

template control (NTC) reaction were included as negative controls. Presence and correct 

band size of PCR products were determined using a 1 % agarose gel electrophoresis in 

1 TAE buffer with EtBr for visualization on a UV-transilluminator (UVP). Approximate 

size (in bps) gel bands were determined by comparison to a 100 bp DNA ladder (NEB). 

Gels were imaged with a Canon Powershot A610. 

A.2.2 Immunocytochemistry optimization: Results  

Numerous aspects of the ICC procedure required optimization before co-cultures 

of NSPC derived OL and DRG neurons could be used to visualize myelination. In 

addition to the signal-producing primary antibody concentrations listed above, the 

fixation method that produced the most intense, relative to background, and specific 

signal, based on morphologies of cells labelled, was determined for each antibody. 

GFAP, NF, and MBP antibodies performed better with PFA fixation. For example, 

methanol fixation gave a more intense mean signal for GFAP than PFA fixation, but this 

increased intensity was likely due to decreased specificity since all cells imaged were 

fluorescently labelled, including in the no primary control, which was not observed with 
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PFA fixation (Figure 12). Specificity was increased using a separate blocking step after 

MeOH fixation as noted by the presence of both labelled and non-labelled cells; 

therefore, blocking is required with MeOH fixation before application of antibodies. 

Taken together, PFA fixation appears to better prevent the secondary antibody 

(AlexaFluor 568) from binding non-specifically compared to MeOH fixation. The 

population of OPCs appeared to be small within the heterogeneous NSPC cultures 

resulting in difficulty visualizing PDGFR; therefore, methanol fixation was primarily 

used as it tended to produce a signal with other antibodies. Since PDGFR is a membrane 

receptor and methanol disrupts the membrane, one would expect PFA to be more ideal as 

a fixative and this should be tested. The antibody for β3 tubulin worked similarly with 

either fixation method, but an additional blocking step and a high concentration (1:50) of 

primary antibody was required to observe a signal based on a dilution series (1:50 to 

1:600) tested. Another dilution series of primary β3 tubulin antibody should be performed 

on higher density neuronal cultures to determine the most dilute concentration possible to 

still elicit a signal while reducing non-specific binding. 

The presence of non-specific binding was a reoccurring issue and requires further 

optimization for most antibodies tested, especially to establish a consistent protocol 

between users.  When antibodies were excluded, the baseline signal for red fluorescence 

in DAPI labelled cells was the same as background levels, which was typically around 70 

or 80 pixels for MeOH or PFA fixation, respectively. Therefore, given similar imaging 

settings, a general guideline can be given for quick analysis as pixel values above 100 px 

represent a fluorescent signal well above background level, but ideally a signal to 

background ratio (S/B) should be considered when determining optimal ICC conditions. 
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Primary controls, with secondary antibodies at 1:1000 concentrations, were deemed to be 

specific as the S/B ≈ 1; however, methanol fixation resulted in the highest S/B for 

Alexafluor568 indicating non-specific binding of the secondary antibody (Figure 13). 

Images of primary antibody controls for Alexafluor647 at 1:1000 were not recorded with 

PFA fixation, but S/B = 1 with methanol fixation implying specificity.  A further dilution 

series of secondary antibody concentrations should be performed with PFA fixation and 

an additional blocking step for further optimization, as specificity seemed to be 

inconsistent. Non-specific signals could also arise from the primary antibody binding 

promiscuously, resulting in MBP, β3 tubulin, and NF antibodies requiring further 

optimization based on the morphologies of cells stained not corresponding to the 

appropriate cell type. 

Cultures were plated onto Matrigel coated coverslips for ICC experiments, which 

may elicit autofluorescence resulting in measureable green (488 nm) background 

fluorescent levels, also observed within cells. However, Matrigel’s autofluorescent signal 

(488nm) tended to decrease with methanol compared to PFA fixation, but further 

optimization of the PFA fixation protocol, by changing the duration or PFA 

concentration, could reduce this background noise (BD Biosciences, n.d.). PFA fixation 

also allowed for higher 488 nm signals from cells compared to background, which was 

not observed with methanol fixation (Figure 13). Therefore, PFA fixation may be 

preserving an autofluorescent or GFP signal from the cells.  
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Differentiating neural stem and progenitor cells (NSPCs) were plated on Matrigel coated 

coverslips, and as indicated, received an additional blocking step prior to being fixed with 

either A, B) methanol or C, D) 4 % PFA. Representative images show a higher specificity 

with PFA fixation than MeOH as fewer cells are labelled with the antibody for the 

astrocyte marker, GFAP. E) Signal to background ratios (S/B) of average pixel intensities 

± standard deviation for four randomly selected labelled or non-labelled cells per image 

demonstrate higher intensities for MeOH over PFA fixation; however, this increase in 

intensity is likely due to decreased specificity of the antibodies. N/A = all cells were 

labelled. Slides were imaged at 200 total magnification on a Zeiss Axio Observer Z1 

wide-field microscope and analyzed using Zen2012 software. (Original in color)  

Figure 12 - Representative comparison of fixation methods with an astrocyte 

marker, GFAP, primary antibody on differentiated NSPCs 
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Controls for immunocytochemistry consisted of A-B) addition of no antibody and C-E) 

addition of only secondary antibody at 1:1000 dilutions, and were used to determine 

relative background levels of fluorescence. Samples of either differentiated neural stem 

and progenitor cells (NSPCs) or dorsal root ganglion (DRG) neurons were fixed with 

either 4 % paraformaldehyde (PFA) or methanol (MeOH) for no antibody and 

AlexFluor568, or AlexaFluor647 no primary controls, respectively. The primary antibody 

control for AlexaFluor647 with PFA fixation was not recorded. All samples had nuclei 

stained with DAPI as it was contained within the mounting media and enabled the 

distinction of labelled or non-labelled cells. E) Average signal to ratios (S/B) were 

determined per image via averaging the profile measurements of pixel intensity values 

within four cells and four background areas; therefore, values are expressed as mean 

S/B ± standard deviation. As expected, without the addition of antibodies, the red 

excitation channel produced S/B = 1 for both fixation methods. MeOH fixation resulted 

in the least specific antibody binding as it had the highest S/B for the AlexaFluor 568 no 

primary control. The 488 nm or green fluorescent was inherent to the NSPCs as no 

antibody was ever applied for this wavelength. The green S/B produced was above 

background levels and higher with PFA than MeOH fixation. Measurements were made 

on one image per treatment, so only descriptive statistics and general observations were 

performed. Slides were imaged at 200 total magnification on a Zeiss Axio Observer Z1 

wide-field microscope and analyzed using Zen2012 software. (Original in color) 

Figure 13 - Representative images and average signal to background ratios of 

immunocytochemistry controls 
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A.2.3 Presence of autofluorescence or non-specific GFP signal in NSPCs 

The EGFP fusion peptide with CNPase allows for the identification of immature and 

mature oligodendrocytes (Figure 1, page 4) developed from the NSPC cultures (Yuan et 

al., 2002) and will be ideal for future myelination or other co-culture experiments. 

However, a specific CNPase-GFP signal was not confidently observed as it was masked 

by either inherent autofluorescence of the cells or GFP being expressed in non-OL cells. 

Using standard PCR and agarose gel electrophoresis, the presence of the GFP sequence 

was confirmed to be present in the genome of NSPCs and not wild type mice (Figure 14). 

A consistent green (488 nm) signal was observed within majority of  cells, which 

made it difficult to distinguish a GFP signal from the transgenic GFP-CNPase NSPCs 

(Yuan et al., 2002) from cellular autofluorescence; however, the green fluorescence is 

most likely resulting from a fluorescent protein within cells. This green signal was higher 

than background levels, localized to cells (with or without antibody labels), and was more 

intense with PFA over MeOH fixation (Figure 12, 13). Unlike MeOH, PFA fixation 

maintains GFP in its native conformation, which is necessary for its fluorescence 

emission. Thus, if the 488 nm signal is from GFP it would follow that MeOH would 

reduce the signal. Under similar conditions, fluorescent intensity levels for 460-488 nm 

excitation did not seem to vary between differently labelled cell types including GFAP, 

MBP, β3 or NF positive cells. However, if cell types are potentially mislabelled due to 

antibody specificity issues it is ambiguous as to whether the antibody or GFP is correctly 

identifying the cell type. For example, the antibody could correctly label the cell type and 

GFP is nonspecific, or the antibody is nonspecific and GFP is correctly identifying a 

CNPase+ cell.   
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Other non-fluorescent cell types from our lab, such as wildtype NSPCs (data not 

shown) or DRG neurons used in co-cultures with NSPCs, were from wild-type adult mice 

or human cell lines that did not possess a GFP construct and did not produce 

autofluorescent signals above background levels, indicating the green signal is unique to 

the NSPCs but not CNPase+ cells (Figure 15). Based on observations, live cultures of 

wildtype NSPCs, DRGs, NIC-H146, and HEK293 or fixed DRGs did not possess 

noticeable green fluorescent signals. Within a DRG-NSPC co-culture and based on 

morphology, it appeared that there was a similar level of 488 nm signal in both neuronal 

and oligodendrocyte-like cells suggesting an autofluorescent signal (Figure 15).  

However, the non-specific binding of secondary antibodies prevented the identity of these 

cells from being confirmed. One would expect similar levels of neurons and OLs to 

differentiate from the immature NSPCs; thus, given the measureable green signal in both 

cells types, it is likely that both morphology types in Figure 15 are differentiated from 

NSPCs. Therefore, the green signal observed was found in only NSPC derived cells but 

not within morphologically distinct cells.  

During regular growth, bright green fluorescence was unexpectedly observed in 

floating neurospheres, as well as in dying cells or debris as expected (Figure 16). Based 

on observations, the majority of attached cells emitted some level of fluorescence within 

the cell body, which intensified if the cultures became too confluent, which likely 

indicated additional autofluorescence during cell death. It is doubtful that the 

neurospheres inherently emit substantial enough levels of autofluorescence, as it has not 

been documented in the current literature or observed in our wildtype NSPC cultures 

(data not shown). Although unlikely, the CNPase promoter of the EGFP construct may be 
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activated in cells other than immature and mature oligodendrocytes. Taken together, the 

occurrence of green fluorescence in live neurospheres and subsequent individual cells of 

different morphologies most likely indicates a GFP signal from a non-CNPase fusion 

peptide fluorophore. Therefore, further confirmation is needed to verify if there is a 

connection between CNPase and EGFP expression in the current NSPC cells being used. 

To confirm EGFP is only expressed in OL lineage cells, the following suggestions 

for optimization are suggested for successfully OL driven NSPC cultures: 1) ICC using 

PFA fixation and an anti-GFP antibody to see correlation of its binding with the 488 nm 

signal and cell morphology of labelled cells, or 2) if FACS is performed according to 

section 5.2, protein isolated from the sorted cells could be tested for presence of EGFP 

using Western blot techniques.  
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Transgenic EGFP-CNPase neural stem and progenitor cells (NSPCs) contain the EGFP 

construct, as expected, based on the presence of the correct 925 bp genomic DNA band 

following PCR and agarose gel electrophoresis (Yuan et al., 2002). The GFP band was 

not observed in brain tissue from wild-type mice, which was used as a negative control. 

The loading control, 26S proteasome non-ATPase regulatory subunit 4 (PSMD4), 

appeared at the correct 107 bp band size in both samples. A no template control (NTC) 

indicated there was no external DNA contamination within the reactions.  Despite a 

BLAST search returning no sequence similarity within the mouse genome for the EGFP 

primers, a second non-specific band appeared in both the CNP-NSPCs and mouse 

samples. 

  

Figure 14 - Presence of EGFP confirmed in CNP- NSPCs via PCR and agarose gel 

electrophoresis  
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Dorsal root ganglion (DRG) neurons produce minimal green autofluorescence with either 

A) 4 % paraformaldehyde (PFA) or B) methanol (MeOH) fixation. A) Sample contains 

β3 tubulin and AlexaFluor 647 antibodies at 1:600 and 1:1000 concentrations, 

respectively, which was well below the 1:50 dilution empirically determined to be 

required to produce a signal for this primary antibody. B) Sample only contains the 

AlexaFluor 647 secondary antibody at 1:1000 dilution. C) Based on cell morphologies, 

there was potential myelination in a DRG and NSPC co-culture. However, both antibody 

combinations, NF-AlexaFluor568 and MBP-AlexaFluor647, appear to be non-specific 

and appear in all cells present. A green fluorescent signal is also observed in all cell types 

likely indicating that all cells are actually derived from NSPCs, and DRG neurons were 

not imaged here.  All slides were imaged at 200 total magnification with A-B) using 

Zeiss Axio Observer Z1 wide-field microscope and C) LSM 780 confocal microscope, 

and analyzed using Zen2012 software.  (Original figure in color)  

Figure 15 - Representative photomicrographs of minimal DRG autofluorescence 

and potential myelination 



 

 

91 

 

  



 

 

92 

 

  

 

 

Neural stem and progenitor cells (NSPCs) tended to produce a green fluorescent 

signal, primarily in the cell body, as A) neurospheres, or B-C) individual cells 

with various morphologies attached to Matrigel coated dishes. The fluorescent 

signal could be intense autofluorescence or EGFP signal as the NSPCs used 

contain an EGFP-CNPase fusion peptide that should only be expressed by 

immature and mature oligodendrocytes. The high levels of green background 

signal were due to the refractive properties of the plastic dish and media within it. 

Fluorescence was elicited using a mercury lamp and images taken on a Nikon 

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

L1 Digital Imaging Camera System. (Original figure in color) 

 

Figure 16 - Representative photomicrographs of fluorescent signals from NSPC 

neurosphere and attached cultures. 
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A.3 Summary and future considerations: Myelination and OPC migration 

experiments 

To summarize the following suggestions are recommended to fully optimize the 

ICC protocols for subsequent experiments: 1) Standardize imaging setup parameters to 

directly compare images and/or determine S/B ratios for comparing optimization steps, 

2) Optimize the concentration of and incubation time for PFA fixation, which has 

increased specificity over methanol fixation, 3) Perform further dilution series for 

secondary antibodies, especially Alexafluor 647, to confirm lowest concentration 

required to produce a specific signal, 4) Confirm EGFP in NSPCs is under regulation by 

the CNPase promoter to specify oligodendrocyte lineage cells, 5) If FACs is performed, 

confirming ICC on isolated cell type cultures would be ideal to confirm specificity and 

observe expected antibody binding levels.  

Once the optimization is complete and the type of GFP is confirmed, the NSPCs 

can be used to derive OPC and OL cells for migration and myelination studies, 

respectively. As suggested in section 5.2, FACS would allow for OPCs to be used in 

migration and myelination studies, which eliminates extra differentiation steps required 

during experimental plating. A common issue experienced was the proliferation of the 

attached NSPCs during the differentiation period, which resulted in confluency too early 

causing large cell die offs. With fewer differentiation steps before mature OLs, initial 

plating densities of isolated OPCs could more easily be determined to avoid this issue 

with confluency and cell death. Based on the presence of mature OL markers from 

NSPCs by day 7 (Figure 9, page 43), the length of experiments could also be reduced to 

within a 7 day period to reduce the level of confluency reached. 
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To test the effects of glutamate on OPC migration and subsequent OL 

myelination, chemo-attractant assays and neuronal co-cultures could be performed with 

specific glutamate analogs and receptor inhibitors. Due to confounding issues previously 

mentioned (e.g., confluency rate, tracking of OL via non-specific GFP signals, dissolving 

of glutamate containing Matrigel droplet, etc.),  migration experiments require revised 

and optimized protocols before being re-attempted.  Xiao et al. (2013) found NMDA acts 

as a migratory cue for OPCs from new born rats using several simple yet effective in 

vitro methods. Thus, similar experiments, such as preferential migration out of a matrix 

complex towards a glutamate source, could be performed with OPCs differentiated from 

adult SVS NSPCs to determine if glutamate continues to have an attractant effect post 

gliogenesis stage of brain development. Recently, Moyon et al. (2015) found that adult 

OPCs under demyelinative conditions revert back to a more neonatal expression profile, 

which further suggests that adult OPCs may have a similar migratory response to 

glutamate as their neonatal predecessors, as reviewed by de Castro et al. (2013).  

Concurrent myelination experiments will provide support a general role for 

glutamate in the overall process of precursor differentiation to myelination. Using 

Campenot chambers for co-cultures forces the initial spatial separation of isolated OPCs 

from established neuronal cells, causing OPCs to migrate and differentiate before 

myelinating the naked axons. Stevens et al., (2002) effectively used this strategy with 

electrically stimulated embryonic (E13.5) DRG neurons to show adenosine is vital to 

myelination by embryonic (E20) and postnatal (P1) OPCs. Myelination can be observed 

by co-localization ICC analysis where ideally the GFP-CNPase+ OLs would form myelin 

on the red NF+ neurons (Li et al., 2013). Specific glutamate receptor inhibitors could 
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then be applied to observe any changes in the presence or amount of myelination 

occurring without functional glutamate signalling, suggesting a role for glutamate in the 

overall process of myelination from SVZ-derived OL. 

Suggested revisions to the current myelination study include alterations to the 

neuronal culture media and proper stimulation of neurons or establishment of a different 

type of neurons. Lack of antibody specificity hindered previous attempts at identifying 

myelin formation via ICC co-localization with only limited possible myelination 

observed based on morphology (Figure 15). However, as previously discussed, based on 

the presence of green fluorescence in both morphologies it is suggested that both cell 

types were derived from the NSPCs and the DRG neurons may have been outnumbered 

by differentiated cells and or experienced a die off. Growth factors, such as NGF, should 

be added to the media for neuronal cultures to better support the growth and 

establishment of the cells before addition of the OPCs (Stevens et al., 2002; Li et al., 

2013). Sensory neurons, such as DRGs, typically do not spontaneously fire, so require 

electrical (Stevens et al., 2002) or chemical (Li et al., 2013) stimulation to ensure 

potential signals are being released to the OPCs within the co-cultures. Thus, a suggested 

improvement for a future myelination study would be to either specifically elicit 

glutamate signaling from DRG neurons (Xiao et al., 2013) or use spontaneously firing 

cortical neurons for co-cultures. 
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