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ABSTRACT  

Development of Tools to Study Neural Stem Cell 

Differentiation in Real Time  

 

 

by 

 

Magdalena Sylwia Morysewicz 

Master of Science in Bioengineering 

University of California, Los Angeles, 2014 

Professor Stephanie K. Seidlits, Chair 

 

 

 

Insults to the central nervous system (CNS), including multiple sclerosis (MS) and spinal 

cord injury (SCI), drastically decrease the quality of life by debilitating native function of CNS 

cells. SCI affects approximately 276,000 people in the U.S with 12,500 new patients each year, 

while MS affects approximately 400,000 people in the United States and 2.5 million worldwide. 

Oligodendrocytes play a fundamental role in the CNS by myelinating axons and greatly impact 

CNS function.  Replacement of oligodendrocytes either by neural stem cell transplants or 

targeting of endogenous stem cells is an attractive potential treatment for CNS tissue repair. 

However, there is no current consensus on how to efficiently differentiate oligodendrocytes. 
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Developing a standardized protocol is important to better employ cell therapies for axon 

remyelination and CNS regeneration.  

We aim to monitor oligodendrocyte differentiation by tracking reporter gene expression 

of neural stem cells transduced with a high-throughput array of genetic reporters. In parallel to 

optimizing a differentiation protocol by comparing previously established methods, we will 

construct lentiviral reporters for proteins produced at various stages of neural stem cell 

differentiation to track the stages of live cells. In this system, the same live cells can be tracked 

over time to achieve single cell data, which is often more representative of the underlying 

biological processes when investigating heterogeneous stem cell populations.  

This thesis describes the successful development of a lentivirus reporter for neural stem 

cell differentiation, and in particular the neuronal lineage verified using bioluminescence and 

immunostaining. In addition, a direct comparison of the effects of multiple soluble factors 

reported to mediate early-stage oligodendrocyte differentiation on human neural stem cells was 

performed.  Neural stem cells were differentiated for three and five weeks in various 

combinations of epidermal growth factor (EGF), platelet derived growth factor (PDGF), retinoic 

acid (RA) and purmorphamine (PM). Cells cultured in EGF with PM or RA proliferate and 

express oligodendrocyte specific markers making EGF, PM and RA attractive factors for future 

studies.  

Preliminary data from these studies will be used to set up upcoming experiments for the 

construction of additional lentivirus reporters and optimizing a protocol for oligodendrocyte 

differentiation.  In the future, this knowledge can be applied to develop effective neural stem-cell 

based therapies for neuroregeneration.  
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CHAPTER 1: Neural Stem Cell Differentiation  

1.1 Neural Stem Cell Development  

One of the most promising strategies for nervous system repair is the transplantation of 

stem cells to promote regeneration. Neural stem cells (NSCs) have the capacity to self-renew and 

differentiate into the three major cell types of the central nervous system (CNS): neurons, 

astrocytes and oligodendrocytes (Fig. 1.1). 
1
 The potential of stem cells to regenerate injured 

tissue make them an appealing therapeutic approach for the treatment of CNS disease and injury. 

 

The nervous system begins to form during week three of human embryonic development. 

A band of ectoderm thickens to form the neural plate which leads to neural tube formation. As 

the neural tube closes, it separates from the ectodermal surface and forms groups of cells at each 

crest. These are called neural crest cells which develop into a variety of cells including all cells 

of the CNS. Essentially the neural tube forms the entire CNS, where the cavity of the neural tube 

becomes the ventricular system of the brain.
2
 

Neurogenesis, formation of neurons, begins as neuroepithelial cells grow and elongate in 

a polarized fashion to develop highly organized systems of neurons. After the onset of 

  

Neural Stem Cell 

(NSC) 

Nestin  
Sox2 

DCX 

Figure 1.1 Neural Stem Cell Differentiation  
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neurogenesis, glial cells are signaled to envelop the connections made by neurons.
3
 Glial cells, 

astrocytes and oligodendrocytes, each serve different functions in the CNS. Oligodendrocytes 

form tight lipid-rich layers around axons made of myelin in a process called myelination which 

generally occurs after birth. Myelin serves as insulation and helps propagate action potentials 

along the nerve processes.
4
 Although the function of astrocytes is still largely undefined, they are 

thought to help regulate the CNS microenvironment. They also play a role in the construction of 

the blood brain barrier and glial scar formation after injury. The glial scar, formed by 

inflammatory astrocytes after injury, plays a major inhibitory role for nervous tissue 

regeneration. 
5
 This is why many current neuroregenerative methods are focusing on increasing 

oligodendrocyte expression and decreasing astrocyte expression. 

In the brain and spinal cord, oligodendrocyte progenitor cells (OPCs) can migrate, 

proliferate and differentiate into mature myelinating oligodendrocytes. After oligodendrocyte 

death occurs, OPCs are activated by numerous molecules and signals released at the injury site to 

migrate and make contact with axons. OPCs start proliferating and differentiating to form a new 

myelin sheath around axons.
6
  However, this process is often inhibited by the environment 

surrounding the glial scar, which prevents OPC differentiation. Upon injury, astrocytes are 

signaled to the site of injury to form tight junctions which seal off the area to prevent infection 

and control cyst formation. Many growth inhibiting molecules are up-regulated following injury 

that contribute to the complexity of regenerating nervous system tissue. 
7
 Unlike those from 

other tissues, CNS cells lack the regenerative abilities of cell replacement and repair, making 

CNS tissue one of the hardest tissues to regenerate. 
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1.2 Stages of Oligodendrocyte Differentiation  

Embryonic stem cells are pluripotent, meaning that they have the ability to differentiate 

into several types of cells.
8
As an embryonic stem cell differentiates into a myelinating 

oligodendrocyte it goes through many stages. Sox-2 is a transcription factor (TF) that is 

expressed as a cell transitions from an embryonic stem cell into a NSC.
9
 Nestin, an intermediate 

filament protein, shows up as an ectodermal lineage embryonic stem cell becomes an embryoid 

body.
10

  Nestin is upregulated during NSC development and downregulated before terminal 

differentiation. Therefore, it is a good marker for cells in the NSC stage (Fig.1.1).
11

  

Once the cell is a NSC it can further differentiate into a neuron, astrocyte or 

oligodendrocyte (Fig. 1.1).
12

 Cells that are committing to an oligodendroglial lineage by first 

becoming OPCs will start expressing specific cell surface markers: A2B5, alpha-type platelet-

derived growth factor receptor (PDGFR-α) and neuron-glial antigen 2 (NG2).
13

 TFs Olig1, Olig2 

and Nkx2.2 have been shown to be important in the stages right before a cells becomes an OPC 

(Fig. 1.2).
14

 Upregulation and expression of Olig TFs in OPCs defines cells that will eventually 

mature into oligodendrocytes making Olig2 is a good marker for OPCs.
15

 A little further into 

differentiation, OPCs will express the antigen O4 on the cell surface.
16

 In a later stage, OPCs will 

mature into oligodendrocytes. Markers for late OPCs and mature oligodendrocytes are 

proteolipid protein (PLP) and 2-3-cyclic nucleotide 3-phosophodiesterase (CNPase). Once the 

cells start to produce myelin they express myelin associated glycoprotein (MAG), myelin 

oligodendroglia glycoprotein (MOG) and myelin basic protein (MBP) (Fig.1.2).
17
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NSCs can also commit to a neuron or astrocyte fate. Doublecortin (DCX) is a microtubule-

associated protein that is expressed specifically in migrating neuronal precursors. Expression of 

DCX is continually seen in neurogenesis and as the cell becomes a neuron.
18

 Upregulation of 

glial fibrilary acidic protein (GFAP) is recognized as an astrocyte maturation marker (Fig.1.1). 

Overexpression of GFAP is typically seen near lesion sites in spinal cord injury as reactive 

astrocytes are recruited to migrate towards the injury site.
19

 

1.3 Oligodendrocyte Differentiation  

Oligodendrocyte development is a highly complex process controlled by a number of different 

cues including various cell-surface receptors, soluble factors, signaling pathways and TFs 

(Fig.1.2). 

 

Figure 1.2 Oligodendrocyte Specific Markers 

OPC markers 

A2B5, PDGFαR, NG2 

 

Immature Oligodendrocyte 

O4, Gal C 

 

Mature Oligodendrocyte 

MBP, MAG, MOG, 

CNPase 

 Soluble Factors               

EGF, bFGF, PDGF, SHH and RA  

Ligands 

Notch, PSA-NCAM, LINGO-1, Gpr17 

and LIF  

 

Signaling Pathways                

Wnt/β-catenin, Sonic Hedgehog (SHH) 

Transcription Factors 

Olig2, Mash 1, Myt 1, Nkx2.6, Sox 8,9 

and 10 
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1.3.1 Cell surface receptors 

Some axonally expressed ligands can inhibit OPC differentiation such as Notch, 

polysialylated-neural cell adhesion molecule (PSA-NCAM) and leucine rich repeat and Ig 

domain containing 1 (LINGO-1).
20

  Others play a key role in regulating differentiation by 

upregulation or downregulation as the cell transitions into different stages. Extracellular ligands 

that have been identified as important for oligodendrocyte differentiation include orphan G 

protein-coupled receptor (GPCR) Gpr17 which is transiently expressed during differentiation. 

Overexpression of Gpr17 causes dysmyelination and oligodendrocyte differentiation stalling at 

an early stage, while deletion of the gene causes early maturation (Fig. 1.2).
21

 

1.3.2 Soluble Factors 

 There are many soluble factors that interact with stem cells as they differentiate. 

Epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF) are principal 

mitogenic stimuli for both adult and embryonic CNS precursor cells.
22

 In the presence of EGF 

and bFGF, NSCs proliferate and maintain their stemness. The presence of EGF alone can 

stimulate cells to migrate and differentiate into astrocytes, oligodendrocytes or sometimes 

neurons.
23

 bFGF increases proliferation and blocks terminal differentiation of oligodendrocytes 

into myelinating cells.
24

 These factors are upregulated and down regulated throughout the 

differentiation process. Alpha-type platelet derived growth factor (PDGF-α) regulates timing of 

differentiation by inducing early OPCs to continue proliferating and preventing further 

differentiation.  In the presence of both bFGF and PDGF-α, OPCs proliferate and do not 

differentiate.
25

  

 Sonic hedgehog (SHH) and retinoic acid (RA) are small molecules present in the CNS 

that stimulate differentiation of NSCs (Fig. 1.3). RA binds cell-surface receptors and initiates 
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intracellular signaling pathways important to neurogenesis and oligodendrogenesis. RA interacts 

with growth factors present in the environment, such as bFGF and EGF to influence further 

differentiation. In the spinal cord, RA and SHH are present during the differentiation of NSCs.
26

 

SHH is a molecule secreted in the ventral regions of the spinal cord and forebrain that induces 

NSCs to differentiate into OPCs. SHH triggers a signaling pathways that induces expression of 

TFs upregulated during oligodendrocyte differentiation, Olig1 and Olig2.
27
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Figure 1.3: Comparison of Protocols for Oligodendrocyte differentiation. Hu et. al, Narkili 

et. al. and Nistor et. al. worked with primary cells and Ogawa worked with iPSCs.  

Abbreviations: bFGF: basic fibroblast growth factor. EGF: epidermal growth factor, RA: 

retinoic acid. SHH: sonic hedgehog, PDGF: platelet-derived growth factor, CNTF: cilliary 

neurotrophic factor, NT3: neurotrophin 3 
 

Comparison of Protocols for Oligodendrocyte Differentiation 
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1.3.3 Signaling Pathways  

Wnt/β -catenin pathway is a key regulator of oligodendrocyte development. Wnt signaling is 

activated during early OPC differentiation and becomes downregulated as oligodendrocytes 

mature. Downregulation of the Wnt pathways during oligodendrocyte differentiation has a 

temporal control over OPC maturation.
21

 Wnt signaling components have been found in multiple 

sclerosis lesions suggesting that dysfuntioning Wnt/B-catenin signaling could contribute to lack 

of differentiation (Fig. 1.2).
28

   

SHH plays an important role in regulating the early stages of oligodendrocyte development. 

The SHH pathway plays a key role in obtaining oligodendrocyte precursors in a study on 

embryonic neural development by positive regulation.
29

 Adenovirus transfer of SHH into 

lesioned brains results in increased numbers of OPCs and new mature oligodendrocytes.
27

  

Certain TFs such as bHLH, Olig1 and Olig2 have been indicated as stimulants of 

oligodendrocyte differentiation. Expression of these TFs is lost in SHH null mice, suggesting 

SHH is necessary for expression of genes that positively regulate oligodendrocyte 

development.
30

 

1.3.4 Transcription Factors  

Transcriptional control also plays an important role in oligodendrocyte differentiation. 

Olig2 is highly expressed in OPCs. The importance of TF Olig2 can be seen in Olig2 null mice 

as they were unable to produce oligodendrocytes.
31

  Downstream induction of TFs Olig1, Ascl1, 

Nkx2.2, Sox 10, YY1 and Tcf4 have been shown to be required for generation of mature 

oligodendrocytes (Fig 1.2). 
32

 Other researchers report Olig2, Mash 1, Myt1, Nkx2.6, Sox8, Sox9 

and Sox10 to be upregulated throughout differentiation of many different cell types, including 

oligodendrocytes (Fig 1.2). 
33

 There are a variety of TFs that are progressively turned on or off as 
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a cell differentiates into an oligodendrocyte. Since a wide variety of TFs play a role in 

differentiation, it is unclear if all TFs are necessary for the induction of OPCs and how these TFs 

coordinate in time.  If we knew which TFs are most important in OPC differentiation we could 

use that information to reprogram cells.  

1.3.5 Other influences 

 In addition to extracellular ligands, there is also evidence to show that myelination is 

driven by the level of electrical activity in the axons. This is especially important because neural 

activity modulates ongoing myelination in adult CNS. Neuronal activity may modulate the 

surface expression of axonal ligands and cytokines, release of adenosine by active axons or 

release of promyelinating cytokine leukemia inhibitory factor (LIF).
21 

1.4 Differentiation of oligodendrocytes in lab  

Currently there is no consensus on how to obtain a high yield of oligodendrocytes in vitro. 

Published protocols use different combinations of growth factors and small molecules to prompt 

NSCs, embryonic stem cells and induced pluripotent stem cells (iPSCs) to differentiate into 

oligodendrocytes.
34,35

 The majority of protocols include culturing human cells in conditions 

containing animal products, which is not ideal for future clinical applications. It is important to 

culture human cells in xeno-free conditions to decrease rejection and adverse side effects for 

future clinical applications.
36

  

As cells differentiate from NSCs to OPCs commonly used growth factors include bFGF, 

EGF, and SHH.
34

,
35

 For example, the Keirstead lab generated a high efficiency of 

oligodendrocytes by first exposing the cells to EGF for 2 days, adding 10 μM RA with EGF for 

seven days, then removing RA while leaving EGF and allowing the cells to differentiate into 

oligodendrocytes (Fig. 1.3).
37

 In a Nature Protocol, Hu et.al. added SHH and RA to NSCs and 
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after one week removed RA and SHH a few days later (Fig.1.3).
35

 Some labs have used a variety 

of growth factor combinations in addition to those listed above. For example, Sundberg et. al. 

used bFGF, EGF, PDGF-α and ciliary neurotriphic factor (CNTF) to obtain OPCs.
38

  Ogawa et 

al. add bFGF, EGF, PDGF, triiodothyronine (T3) and RA to differentiate human fibroblast 

derived iPSCs into OPCs (Fig.1.3).
39  

In order to achieve more mature and myelinating oligodendrocytes, late factors are added to 

the differentiation media once cells have achieved OPC status. These factors include PDGF-α, 

neurotrophin factor-3 (NT3), T3, CNTF and SHH. These have been found to influence 

embryonic CNS tissue formation in native human tissue. The factors are added a few weeks into 

the differentiation protocol to encourage the cells to mature into oligodendrocytes. Generation of 

oligodendrocytes in vitro can take 12 or more weeks when starting with embryonic stem 

cells.
35,37,40
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CHAPTER 2: Gene Cloning 

2.1 Principles of Gene Cloning  

DNA, deoxyribonucleic acid, encodes genetic instructions for all living organisms. DNA 

is composed of four organic bases; adenine, guanine, thymine and cytosine, joined together with 

a phosphodiester backbone. Each strand of existing DNA acts as a strand for the synthesis of a 

complementary strand in a process called DNA replication. During replication, DNA 

polymerases enzymatically join each nucleotide with a phosphodiester linkage. Adenine is paired 

to thymine and guanine is paired to cytosine. A segment of DNA that encodes information for 

the synthesis of a protein is called a gene. A group of three DNA bases make up codons that 

encode for 20 amino acids. Protein chains are made up of specific combinations of amino acids 

and they are synthesized through a process called translation.
41

 

In order for transcription to occur, many components need to be present. A promoter 

region is necessary to facilitate binding of transcription factors and polymerase to initiate 

transcription. Following a promoter is an open reading frame encoding the DNA sequence for 

the gene that is transcribed. At the end, a termination sequence tells the organism the 

transcription is complete. Eukaryotes also have extensive post-transcriptional processing such as 

5’capping, 3’poly-A tail addition, mRNA splicing and export to cytoplasm. Once transcription is 

complete, ribosomes translate the mRNA into proteins. Using the knowledge we have about 

protein synthesis we can start to predict what DNA sequences produce which proteins. We can 

use DNA as a “language” to program cells to behave in a controlled manner with predictable 

effects. This is where the concept of cloning becomes useful and important.
41

 

Genetic engineering is a way to insert DNA into organisms with specific instructions to 

perform desired functions. For example, inserting the DNA sequence for the green fluorescent 
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protein (GFP) with all necessary transcriptional cues will tell that cell to produce GFP. Plasmid 

DNA is inserted into bacterial organisms in a process called transformation. The most common 

methods of transformation are chemical and electroporation. Chemical transformation requires 

heat shock in a hyperosmotic medium that opens up the cell membrane and allows the DNA to 

enter into the cell. Electroporation is more efficient but also more expensive as it involves the 

use of electrodes that apply a pulse of electricity to make cell membrane temporarily porous.
42

 

A plasmid is a circular piece of DNA that is able to be replicated in bacteria 

independently of the rest of the genome.  It consists of a vector which serves as a carrier in which 

to insert DNA for the gene of interest. The vector must contain all the components necessary for 

transcription such as a promoter and termination sequences. Here, expression vectors are defined 

as having a constitutive promoter and some type of expression genes such as GFP, firefly 

luciferase or a growth factor of interest that is over-expressed once the cell begins transcribing 

the plasmid (Fig 2.1). Expression proteins that can be used for imaging and analytical purposes, 

such as GFP and luciferase, are often over-expressed. Vectors also have one or more selectable 

markers, typically antibiotic resistance genes. These markers allow the experimenters to verify 

that the plasmid transfer was successful.
42

 Reporter vectors, instead of having a constitutive 

promoter, use gene-specific promoters that are turned on when specific TFs are present and 

presumably that the gene controlled by a given promoter is being actively transcribed. Reporter 

vectors described in this report may be either a TF reporter or differentiation reporter. TF 

reporters have sequences specific to individual TFs, while differentiation reporters have 

promoters known to control genes associated with various stages of NSC differentiation. NSCs 

transduced with TF reporters in wells parallel to NSCs transduced with TF differentiation 

reporters can be imaged simultaneously to correlate specific TFs to stages of differentiation. 
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Cell transduced with lentivirus containing 
varying TF consensus sequences  

     TF 1         TF 2           TF 3        TF 4         TF 
5  

Cells 
transduced with 
Reporter 
lentivirus 
 
 
Nestin 
 
 
Olig2 
 
 
DCX 
 
 
GFAP  
  

Promoter GFP  Luciferase 

TF TF TF + luciferin 

Luciferase 

GFP 

 TF 1              TF 2              TF 3           TF 4           TF 5           Nestin 

Figure 2.1 

A: NPCs transduced with consensus sequences of transcription factors (TF)s  and reporter 

genes in expression vectors.  

B:  Binding of transcription factors to promoter regions produces expression proteins such 

as luciferase or green fluorescent protein (GFP)  

C: Example: Nestin reporter gene being upregulated during differentiation correlated with 

TF consensus sequences to see which DNA regions are being upregulated during stages.  

A) 

B) 

C) 
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After transformation, if the vector contains an ampicillin resistance gene, the bacteria is 

grown in media containing ampicillin or on an ampicillin luria broth (LB) agar plate. This 

eliminates any bacteria that did not uptake the plasmid. Once a colony has been identified as 

carrying the right vector, the colony can be amplified in culture. Once the bacteria reach an 

optimal density, the cells are lysed and the plasmid DNA is eluted using a column that binds 

DNA. A large amount of DNA can be amplified and purified using this methodology.
42

 

Once a vector is picked, the gene of interest must be prepared. There are different ways 

of obtaining the gene of interest. DNA can be chemically synthesized, amplified using 

polymerase chain reaction (PCR) or isolated from cells. Oftentimes the DNA is received in a 

cloning vector and it needs to be cloned into the expression vector of choice. There are different 

ways of putting the insert into the correct plasmid. This is typically done through the use of type 

II restriction endonucleases (REs).  REs are DNA-binding proteins that hydrolyze 

phosphodiester bonds at specific 4 to 8 base pair (bp) sequences that are adjacent to or in the 

binding site. The recognition sites are known sequences making it a predictable way to cut DNA 

in precise locations. The REs can create a “sticky” end, meaning there is a 5’ or 3’ overhang, or a 

blunt edge. Ideally, two different enzymes that create sticky ends will be used. This ensures 

directionality and increases the success rate of ligation (Fig. 2.2).
41

 Commercial expression 

vectors contain a multiple cloning site (MCS) which is an area with DNA sequences that are 

compatible with a number of REs. If the insert does not have RE sites that are analogous with the 

vector’s MCS, the RE sites can be added using PCR.  
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Design primers for gene of interest (insert) with flanking restriction enzyme sequences  

PCR insert Run 1-2μl of PCR product on gel  

Clean product? (One sized PCR band)  

 NO YES 

Do PCR Clean-up Run remaining PCR product on gel 

Cut out PCR product and use gel 
extraction kit to purify  

Cut PCR product with REs Cut vector plasmid with restriction enzymes (RE) 

Run digested DNA on gel, cut out correct band and purify using gel extraction kit 
Note: If experiencing ligation problems perform PCR clean up after digestion instead of gel 

electrophoresis and proceed to next step  

 

Ligate insert and vector. Try different insert:vector ratios (3:1, 5:1, etc) 
Note: if vector is self-ligating can treat vector with CIP before ligation  

 

Transform ligation product and plate on appropriate selection agar plates 
Example: If vector has ampicillin resistance, plate on ampicillin agar plates 

 

Pick single colony and grow for 20-24 hours in 3mL of LB and antibiotic (Try 10-20 different colonies) 

Miniprep 2mL of 
bacterial culture (leave 
1mL incubating in the 

shaker) 
Cut plasmid with the 

two REs and run 
product on gel 

 

2 bands of insert and vector 
length-Success! 

Plate remaining bacteria, 
amplify and purify DNA 

One band, bands of length other than insert and vector-ligation 
unsuccessful 

Figure 2.2 Cloning Flowchart  
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PCR is a simple process that requires four components: template DNA, primers, 

deoxynucleoside triphosphate (dNTP) and a thermostable polymerase. In the first step, the 

temperature is increased above the melting temperature of DNA to break apart the double-

stranded DNA to produce single stranded DNA. The temperature is then lowered to allow the 

primers to anneal to the template DNA and precisely increased to allow the polymerase and 

dNTP to extend the DNA.  This process is repeated for multiple cycles until the gene of interest 

is amplified. Since PCR requires a forward and reverse primer, the primers can be used to 

introduce restriction enzyme sites onto the gene of interest that are compatible with the vector.
41

 

Once the vector and insert with compatible RE sites are obtained, they can be digested 

with the respective REs (Fig. 2.2). The lengths of cut DNA can be visualized using a method 

called gel electrophoresis, which uses charge to separate fragments. The gel electrophoresis 

chamber will have two ends, one with a positive charge and the other with a negative charge. 

The DNA is loaded in the end that has the negative charge so that once the device is on, the 

negatively charged DNA is pulled towards the anode. Since the gel is composed of buffer and 

agarose, the concentration of agarose can be altered as appropriate for separating DNA fragments 

of a particular size. Higher percentage gels are used to separate smaller fragments while lower 

percentage gels are used to separate larger fragments. Gel electrophoresis can be used to 

indirectly verify that the insert was amplified without DNA sequencing. A DNA ladder is loaded 

alongside the experimental DNA to estimate the lengths of the bands.
42

 

Ligation is the process of connecting two or more pieces of DNA (Fig. 2.2). The ligase 

enzyme catalyzes the formation of phosphodiester bonds between DNA bases in an adenosine 

triphosphate (ATP)-dependent reaction. The ligation product is transformed and plated onto an 

agar plate with the appropriate selection marker. If there are colonies that grow on the selection 
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media, they must be amplified and the DNA is purified. Presence of cloned DNA insert can be 

verified using gel electrophoresis to see if both the insert and vector are visible when cut with the 

same REs used to for ligation. This is typically enough to verify that ligation was a success (Fig. 

2.2).
41

  

2.2 Viral Gene Delivery  

Once a gene of interest is cloned into the desired backbone, what can you do with it? 

There are different uses for transforming specific plasmids into different organisms such as 

genetic studies, production of proteins for medical applications and DNA libraries that screen for 

unknown genes by function. Once a plasmid is amplified in a bacterial organism it can then be 

packaged into a virus for insertion into the DNA of a eukaryotic organism, whose DNA is in 

linear form instead of a plasmid. There are viral and non-viral methods for gene delivery. Non-

viral methods include electroporation, hydrostatic pressure and lipofection. Viral gene delivery 

utilizes the ability of a virus to inject its DNA inside the host cell. Viruses used include: 

lentivirus, retrovirus, adenovirus, adeno-associated virus and simplex virus. An advantage of 

using viral vectors over non-viral vectors is their stable expression and ability to integrate into 

primary and non-dividing cells. Disadvantages of viral vectors include the generation of virus 

particles and possible mutagenic and immunogenic effects. Non-viral vectors have low 

transfection efficiency in vivo and in primary and non-dividing cells. When studying genetics in 

human stem cells, viral vectors are the preferred method of infection due to their high 

transduction efficiency, stable expression over long periods of time, such as the time required for 

oligodendrocyte development, and insertion of one copy of plasmid per cell.
41

 

Lentiviruses are attractive because of their ability to stably integrate into both dividing 

and non-dividing cells. Lentiviruses have a safe integration site profile, are easy to use and have 
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no expression of viral proteins after vector transduction.
43

 Lentiviruses has been studied to be 

successful at randomly integrating into host genome of cells of the CNS.
44

 A third generation 

lentivirus packaging system has been constructed to increase biosafety by only including three of 

the nine practical HIV genes: gag, pol, and rev.
45

 The components of this virus are non-

functional outside of the vector producing cells. No recombination of the virus genes gives the 

pathological features of the HIV virus. Once the lentivirus has been transduced into a cell it 

becomes inactive and cannot transduce any more cells or replicate.
45

 

2.3 Transduction  

 Transduction is the act of inserting DNA into cells with the use of a virus.
45

 When 

transducing cells for the first time it is important to figure out what multiple of infection (MOI) 

is optimal. Human embryonic kidney (HEK) 293T cells require an MOI of 1 to 10 to be 

efficiently transduced while human NSCs require an MOI of at least 100.
46,47

 MOI is tested by 

adding a range of virus to cells, from a very small amount to where no infection is seen to a large 

amount that is toxic to cells. The amount of virus added is estimated based on results of real time 

qPCR. Real-time PCR is a sensitive way to quantify the amount of virus per microliter based on 

number of cycles of PCR compared to a control template. It also gives active titer, as opposed to 

ELISA for p24 (capsid protein). Every cycle of qPCR amplifies the data two-fold so the end 

quantity can be compared to a template to see amount of virus initially present.
48
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CHAPTER 3: Motivation and Contributions 

Introduction 

 Diseases of the central nervous system (CNS) such as multiple sclerosis (MS) and spinal 

cord injury (SCI) cause major motor impairments for the millions of people affected by these 

conditions. SCI affects approximately 276,000 people in the U.S with 12,500 new patients each 

year. The majority of SCI patients experience either complete or incomplete paraplegia or 

tetraplegia. Only 1% of patients discharged from hospitals have complete motor recovery.  
49

 MS 

is an inflammatory demyelinating disease of the human CNS causing major neurological 

disability. 
50

  MS effects approximately 400,000 people in the United States and 2.5 million 

worldwide.
51

 Current experimental therapeutic strategies are aimed at neuroprotection, axonal 

regeneration and cell replacement.
52

 However, none of these therapies have been clinically 

approved and are still in experimental phases.  

 Stem cells that could be used therapeutically include embryonic stem cells, adult stem 

cells, and induced pluripotent stem cells to promote native tissue regeneration.
53

 A lot of 

attention has been focused on using oligodendrocyte progenitor cells (OPC)s for regeneration 

because they produce myelin to insulate axons. Rat models with simulated SCI show improved 

locomotion and remyelination following OPC transplantation.
54

   A phase one clinical trial using 

human OPC injections into new SCI patients shows no severe complications and patients have 

the ability to restore some function.
55

 Although OPC transplantation offers promising 

applications for CNS injury, it is not readily available.  A major obstacle of this approach is the 

difficulty of obtaining a high yield of OPCs in vitro.  

 Currently there is no consensus on how to obtain a high purity yield of OPCs in vitro. 

Published protocols use various combinations of growth factors and small molecules to induce 
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neural stem cells (NSCs) to differentiate into OPCs and eventually mature oligodendrocytes. 

Commonly used growth factors include basic fibroblast growth factor (bFGF), epidermal growth 

factor (EGF), sonic hedgehog (SHH), retinoic acid (RA) and platelet derived growth factor 

(PDGF) (Fig.1.3).
54

 
35

 
34

 It is important to find a uniform way of efficiently obtaining 

oligodendrocytes for future applications in CNS cell therapy regeneration.  

The process of differentiating embryonic stem cells into mature oligodendrocytes can 

take up to sixteen weeks in vitro (Fig. 1.3).
56

 As stem cells mature they express specific proteins 

during different stages of differentiation.  Nestin and Sox 2 are upregulated during NSC 

development and downregulated before terminal differentiation.
11

  From this point, cells can 

further differentiate into neurons, astrocytes and oligodendrocytes. Expression of microtubule-

associated protein doublecortin (DCX) is continually expressed in neurogenesis meaning that the 

cell will likely mature into a neuron.
18

 Upregulation of glial fibrilary acidic protein (GFAP) is 

recognized as an astrocyte maturation marker (Fig.1.1).
19

 Cells that are committed to an 

oligodendroglial lineage will start exhibiting OPC markers such as A2B5,  PDGFR-a, NG2, O4 

and Olig2.
13,15,16

  OPCs that are maturing into oligodendrocytes will express markers such as 

proteolipid protein (PLP) and 2-3-cyclic nucleotide 3-phosophodiesterase (CNPase)(Fig.1.2). 

Expression of these markers is important during differentiation as it provides a way to 

characterize cells in different stages.
17

  

 Knowing appropriate markers during each stage of oligodendrocyte differentiation can be 

used to design a lentivirus reporter system to monitor cells as they mature. Lentiviruses have 

been studied to be safe and successful at randomly integrating into host genome of both 

replicating and non-replicating cells without interfering with differentiation.
44

 Plasmids 

containing varying DNA consensus sequence inserts have expression markers such as green 
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fluorescent protein (GFP) and antibacterial selection markers in the vector. They can be 

packaged into a lentivirus, safely transduced into human stem cells and used for genetic 

experiments.  As different transcription factor (TF) and/or protein markers for differentiation 

stages are activated throughout the differentiation process, transduced cells will produce reporter 

genes that can be imaged and quantified (Fig 2.1). For example, Noisa et al. transduced H1-

derived NSCs with a plasmid containing a nestin promoter region followed by GFP.
57

 The 

transduced cells produced GFP and exhibited characteristics of NSCs such as positive staining 

for nestin and bipolar morphology. A similar approach can be used to clonally prepare reporter 

vectors for additional stages of NSC differentiation.   

In this study we are moving towards monitoring oligodendrocyte differentiation by 

tracking transcriptional activation in live NSCs using a high-throughput array of genetic 

reporters. We will construct lentiviral reporters for proteins produced at various stages of 

oligodendrocyte differentiation to track which stage live cells are in and in parallel optimize a 

differentiation protocol by comparing previously established methods.  In addition, the same live 

cells can be tracked over time to achieve single cell data, which is often more representative of 

the underlying biological processes when investigating heterogeneous stem cell populations. In 

the future, this new technique can be applied to dynamically track differentiating cells and 

correlate differentiation stage with changes in activities of specific TFs (Fig. 2.1). We can 

potentially engineer NSCs to differentiate into desired cell types as part of cell-based therapies 

for CNS repair.  
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MATERIALS AND METHODS 
 

All materials obtained from Thermo Fisher Scientific (Waltham, MA) unless specified 

otherwise.  

Construction of Expression Plasmids  

Green-fire plasmid (pGF) from Promega (Madison, WI) is used as the backbone 

expression vector. The Olig2, Nestin, GFAP and CNPase inserts were obtained from Switchgear 

Genomics (Carlsbad, CA) and DCX obtained from Genecoepia (Rockville, MD). Expression 

vectors were constructed using PCR to attach XbaI and ClaI restriction enzymes sites onto the 

pGF vector.  

PCR primers used:  

DIFFERENTIATION 

REPORTER 

LINEAGE PCR PRIMERS 

Nestin NSC 5'ClaI_nestin - CCATCGATGGGGGCTAGTCGTTAGGA  

3' XbaI_nestin - CTAGTCTAGACTAGCAGAGCTTTTAGG  

Olig2 OPCs 5'ClaI_olig2 - CCATCGATGGGGTGTTTAACTACAGGC 

3' XbaI_olig2 - GCTCTAGACGGGACACTTACTCTGGAT  

CNPase Oligodendrocyte 5'ClaI_CNPase - CCATCGATGGGAGGCTTTATGGATGG  

3' XbaI_CNPase – GCTCTAGAGCCACCATGATGAGGAGG 

GFAP Astrocyte 5'ClaI_GFAP - CCATCGATGGAATGTGGGACATCTGT  

3' XbaI_GFAP - TGCTCTAGACGAAGCCAGGGAGAAAT  

DCX` Neuron 5'ClaI_dcx - CCATCGATGGCCCTACCCCATTTAACCTCTCACC 

3' XbaI_dcx-

GCTCTAGAGCCCCAGGTAGAAGCTTAGGGAAAAAATC 

TABLE 1: Differentiation reporter marker and PCR primers used.  

 

Ligation and Transformation 

The vector and insert was ligated using T4 DNA ligase (Life Technologies, Carlsbad, CA), 

according to the manufacturer’s protocol and incu ated overnight at 1   C. The ligation product 

was transformed into DH5α E. Coli or TOP shot E. Coli cells (Life Technologies)  
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A) Preparing Ampicilin Resistance plates 

 The ampicillin resistance agar plates are prepared by autoclaving 15g agar, 25g Miller’s 

luria broth (LB) in 1L of distilled, deionized  ater   nce the solution has cooled to 50  C, 

100mg/mL ampicillin was added. After the solution is mixed, 20ml of solution is added to sterile 

petri dishes.  

A) Transformation  

 DH5α cells were incubated on ice for 30 minutes with 5μl of ligation product. Cells 

 ere heat shoc ed for 20 seconds at  2  C and incubated on ice for 2 minutes. 950 μl of pre-

warmed S.O.C. medium was added to the cells and placed in the sha er at 3   C at 225 RPM for 

one hour. After one hour, 200 μl of the liquid culture was plated on ampicillin resistance agar 

plates. Once the bacteria are spread onto the plates, they are incubated overnight and checked for 

colonies the next day. 

B) Verification of Ligation Colonies 

 The colonies are grown overnight (16-24 hours) in 3mL of LB and 3uL of 1000x 

ampicillin. Transformed DNA is purified from bacterial culture using GeneJet miniprep kits. 

Once the DNA is purified, the product is cut using fast digest XbaI and ClaI restriction enzymes 

(REs) at 3   C for 30 minutes. The digested plasmid is run on a 0.9% agarose gel alongside the 

Gene Ruler 1kb Plus ladder. The sizes of each band are used to indirectly verify the ligation 

product. The pGF backbone is approximately 9000 b.p. and the inserts used here are 

approximately 1000 b.p.  

C) Construction of Lentivirus  

 The third generation lentivirus was constructed in human embryonic kidney (HEK) 

293-T cells (Life Technologies) using jetPrime transfection reagent + caffeine. Plasmids 
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encoding the lentivirus components were prepared by transforming plasmid into DH5α cells and 

the colonies are grown in 250mL of LB culture. The DNA was then purified using GeneJet 

MaxiPrep kit.  

 HEK cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS) 

and 1% antibiotic-antimycotic (ABAM) in T-75 flasks. At 90% confluence, the HEK cells were 

passaged into six 100 mm dishes using 10 mL of cell culture media. Once cells are 90% 

confluent, 6 mL of media was removed from each Petri dish. In a centrifuge tube, 3
rd 

generation 

lentiviral packaging plasmids (18μg MDL-gag.pol, 6 μg IVS-VSVG, 6 μg of RSV-rev) and 30 

μg of vector plasmid gene was added to 3mL of jetPrime buffer and vortexed to mix. Next, 120 

μl of jetPrime was added and left to incubate for 20 minutes at room temperature. 500 μl of 

jetPrime solution was added to each petri dish containing HEK cells and swirled. Petri dishes 

were incubated at 3  C for approximately 17-24 hours. On day two, 10.9 mg/ml caffeine stock 

solution was prepared using 43.5 mg caffeine to 4 mL PBS and filtered after mixing. The 

medium in Petri dishes was replaced with 7mL of fresh medium containing 4mM caffeine (500 

μl stock solution/dish) and incubated for an additional 48 hours.  

 For virus recovery, supernatant was removed from dishes and centrifuged at 500 g for 5 

minutes. Supernatant was collected in a 15mL conical tube, mixed well with 5X PEG-it solution 

and incubated at    C for 48 hours. Solution was centrifuged at 1000 g at    C for 30 minutes. 

Supernatant was removed and centrifuged again at 1000 g at 4  C for 5 minutes. Remaining 

supernatant was removed and resuspended using 100μl of PBS. Virus was aliquoted and stored 

at -80  C until use.  
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D) Transduction Protocol 

 Before transduction, the virus was tittered using Lenti-X qRT-PCR titration kit 

(Clonetech, Mountain View, CA). Viral RNA is extracted and added to the master reaction mix 

for qRT-PCR. The reaction was ran on an Applied Biosystems PRISM 7900HT Sequence 

Detection System (Life Technologies) PCR instrument following conditions listed in kit. 

Average Ct values from the control dilution duplicates were plotted on the x axis vs. copy 

number (log scale) on the y axis. For each dilution of virus sample, the average Ct was 

determined and back-calculated to give a starting copy number value using starting sample of 

control template.  

 An appropriate multiplicitive of infection (MOI) was determined for each cell line that 

is to be transduced. To figure out the optimal MOI, different concentrations of virus were added 

to the cells. To transduce cells, the volume of virus particles needed was calculated based on the 

number of cells that need to be infected. The desired volume of virus particles was added directly 

to the well plate or flask with the cell culture media. Two different transduction methods were 

tested: whole media change after 4 hours or half media change every 4 hours, three times. Before 

imaging, cells were allowed to grow for 48-72 hours to give them sufficient time to produce 

expression gene, GFP or luciferase.  

Neural Stem Cell Differentiation  

Human neural stem cells (NSCs) derived from H9 embryonic stem cells were obtained from Life 

Technologies. H9 NSCs were maintained on Cell Start (Life Technologies) coated tissue culture 

flasks in StemPro media supplemented with bFGF and EGF was used (Life Technologies).  
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A) Preparing coverslips 

 Glass coverslips were treated with sulfuric acid for 15 minutes. Prior to autoclaving, 

the coverslips were washed in containers with 500 ml of distilled, deionized water 3 times for 15 

minutes each. Cover slips were coated with 0.1mg/ml poly-L-ornithine (Life Technologies) in 

sterile water and incubated overnight at 3   C. Poly-L-ornithine was then aspirated and coverslips 

were washed three times with sterile water. They are left to dry at room temperature for 30 

minutes. Laminin derived from murine Englebreth-Holm-Swarm sarcoma (Life Technologies) 

was diluted in sterile water to a concentration of 20 mg/ml. Coverslips were coated with laminin 

and incubated for t o hours at 3   C. Laminin was aspirated and coverslips washed three times 

with Dul ecco’s phosphate  uffered saline (D-PBS). Coverslips were placed into individual 

wells of a 24-well plate and immediately seeded with 50,000 cells/well.  

B) Differentiation Conditions 

 Combinations of 10μg/mL alpha type platelet derived growth factor (PDGF-α) 

(Peprotech, Rockyhill, NJ), 20ng/ml EGF, 20ng/ml bFGF, 1μM Purmorphamine (PM) and 1μM 

RA were added to the StemPro culture media (Life Technologies) to differentiate the NSCs. The 

cells were fixed at day 21 and day 36 (Fig.3.1).  

1. No growth factors (GF)s 

2. 20 ng/ml EGF 

3. 20 ng/ml bFGF 

4. 20 ng/ml bFGF and 20 ng/ml EGF 

5. 10 μg/mL PDGF for 7 days then allow cells to grow with no GFs 

6. 10 μg/mL PDGF everyday  

7. 10 μg/mL PDGF with 20ng/ml EGF 

8. 20 ng/ml EGF, addition of 1 μM RA for 7 days then culture in EGF 

9. 1 μM PM  

10. 1 μM PM and 20 ng/ml EGF 

11. 10 μg/mL PDGF and 1μM RA for 7 days 

12. 1 μM PM and 1 μM RA for 7 days and 20 ng/ml EGF 
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C) Immunostaining 

Cells are fixed by diluting a 2% paraformaldehyde solution to2%  in the culture media and 

incubating for 20 minutes. Using tweezers, coverslips were removed from well plate and washed 

3 times with PBS. If staining for surface marker, permeabilization step was skipped. To 

pemeabilize, 0.1% Triton-X solution was added onto the cover slides for 20 minutes followed by 

three washes with PBS.  5% normal goat serum and 2% BSA blocking solution was added to 

coverslips and incubated for 1 hour at room temperature. Primary antibody was added to slides 

and incubated overnight at    C. The next day the secondary antibody was added and incubated 

for 30 minutes. Slides were mounted using mounting media (Fluoromount G, Southern Biotech, 

Birmingham, AL) with Hoechst 33342 as a nuclear counterstain (1:10,000, Life Technologies). 

Primary antibodies included: Oct4 (1:500, Millipore, Billerica, MA, Cat. # MAB4401), Sox2 

(1:500, Milipore cat. # MAB4343), Nestin (1:200, ThermoFisher cat. # PA5-11887), DCX 

Day 0- Seed cells on poly-L-ornithine + laminin coated coverslides 

 

Day 2-Change half media to differentiation media containing different combinations of  

            PDGF, EGF, RA and PM 

 

 

Day 9-Remove RA if used. (RA is kept for 7 days)  

 

 

 

Day 21 and Day 35- Fix and stain cells for oligodendrocyte markers O4, NG2 and 

              Olig2, neuron markers: DCX, Astrocyte: GFAP and Neural Progenitor: Sox2 

Abbreviations: Platelet derived growth factor (PDGF), epidermal growth factor (EGF), Retinoic 

Acid (RA) and Purmorphamine (PM)  
 

Figure 3.1: Differentiation Timeline 
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(1:500, Millipore cat. # MABN707), O4 (1:50, Millipore cat. # MAB345), Olig2 (1:500, 

Milipore cat. # MABN50), GFAP (1:2000, Aves Labs Inc., Tigard, OR cat. # GFAP), NG2 

(1:200, Milipore cat # AB532) and firefly luciferase (1:100, Promega, cat # G745A). Secondary 

antibodies used were goat anti-mouse or anti-rabbit labeled with CF488 or CF555 (1:1000, 

Sigma-Aldrich, St. Louis, MO) and donkey anti- mouse, rabbit, or chicken labeled with CF555 

or CF633 (1:1000, Sigma-Aldrich)  

D) Imaging  

Fluorescence was imaged using Zeiss Observer. Z1 Microscope with a Hamamatsu digital 

camera C11440 and ZEN software (Zeiss, Oberkochen, Germany).  

Bioluminescence was imaged using an IVIS 200 imager (Perkin-Elmer, Waltham, MA) in 

the Crump Institute Core Facility at UCLA.   

To quantify false positives and false negatives, cells transduced at an MOI of 500 were 

counted using the “Cell Counter” Plug-In in ImageJ (NIH, Bethseda, MA) for three separate 

images with 60 to 200 cells per image. 

E) Flow Cytometry  

Flow cytometry was performed using the LSR II Flow Cytometer (BD Biosciences, San Jose, 

CA). Flow antibodies used were nestin-PerCP-Cy5.5 (BD cat. # 56123), PDGFR-α-

AlexaFluor647 (BD cat. # 562798), DCX-Phycoerythrin (BD cat. # 561505) and GFAP-

AlexaFluor488 (BD cat. # 561449).  
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RESULTS  

Baseline staining for H9 neural stem cells (NSCs) cultured in StemPro media 

supplemented with bFGF and EGF show almost all cells expressing Sox2, which is a marker for 

NSCs and no cells expressing Oct4, which is a marker for embryonic stem cells. The cells show 

no staining for neuronal marker DCX, astrocyte marker GFAP, or oligodendrocyte progenitor 

cell (OPC) makers such as O4 and NG2 (Fig. 3.2).  

 

The H9 NSCs were cultured for 21 or 35 days in one of the following conditions: no GF, 

EGF, PDGF-α or PDGF-α for the first7 days only (PDGF-α “pulse”) (Fig. 3.3).  After 21 days, 

cells in all conditions stained positive for Sox2 and some cells stained positive for DCX. There 

was no detection of GFAP, O4, NG2 or Olig2.  Compared to NSCs cultured with no GFs or 

PDGF-α, those  ith EGF showed more proliferation and more processes being formed. (Fig. 

                                   Sox2/Olig2                                     DCX/GFAP                                O4/NG2 

EGF/ 

bFG

F 

Figure 3.2:  NSCs cultured in StemPro with epidermal growth factor (EGF) and basic 

fibroblast growth factor (bFGF) at Day 0  

Red: Sex-determining region Y box 2 (SOX2) Green: Olig2 , Green: Doublecortin (DCX), 

Purple: Glial fibrillary acidic protein (GFAP) , Green: O4- surface marker for 

oligodendrocytes, Red: NG2 , Blue: Hoescht (nucleus)   

 

Baseline Differentiation of H9-derived NSCs 
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3.3). Flow cytometry results at 5 weeks in the same conditions show high levels of co-expression 

for DCX and nestin (Fig. 3.4a). Between 15-35% of cells in each condition were positive for 

GFAP. Cells cultured in the PDGF-α and PDGF-α pulse conditions had some positive staining 

for PDGFR-α (Fig  3.4b).  

 

FIGURE 3.3: NSCs cultured in StemPro with epidermal growth factor (EGF), platelet 

derived growth factor (PDGF) for 7 days or throughout 21 days or no growth factors (GFs)  

Red: Sex-determining region Y box 2 (SOX2) Green: Olig2  

Green: O4- surface marker for oligodendrocytes, Red: NG2 

Green: Doublecortin (DCX), Red: Glial fibrillary acidic protein (GFAP)   

Blue: Hoescht (nucleus)   
 

NO GF                          EGF                                 PDGF                PDGF Pulse  

 

 

Olig2/ 

Sox2 

 

 

 

 

 

DCX/ 

GFAP 

 

 

 

 

 

 

 

NG2/ 

O4 

Baseline H9 NSC culture of no GF, EGF or PDGF  
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Figure 3.4 

  

(a) Percentage of total cells staining positive for DCX, nestin and co-staining for nestin and DCX 

for baseline conditions at week 5 

 

 

(b) Percent of total cells expressing PDGFR and GFAP in baseline conditions at week 5 
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Next the effect of RA on cell differentiation was examined. After 21 days, H9 NSCs 

cultured in RA showed many DCX-positive cells (yellow arrow)  and some Sox2-positive cells 

(white arrow) (Fig.3.5).  Figure 3.6 shows a closer look at the cells cultured with no GFs 

compared to those cultured with RA where white arrows indicate more positive DCX staining for 

cells grown in RA.  

 

FIGURE 3.5: Effect of addition of retinoic acid (RA) to NPC culture. Cells cultured 

with StemPro and growth factors (GF) and cells with StemPro and retinoic acid are 

show. White arrow pointing to Sox2 positive cells and yellow arrow indicating DCX 

positive cells. Red: Sex-determining region Y box 2 (SOX2) Green: Doublecortin 

(DCX). Blue: Hoescht (nucleus)   

Effect of addition of Retinoic Acid to NSC culture 

Day 0                                            Day 21 No GF                                      Day 21 + RA 
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Purmorphamine (PM),a synthetic version of SHH, treatment resulted in a mixture of cells 

expressing  Sox2, DCX  or NG2 indicating that the cells are differentiating more than those 

cultured with no GFs, where only Sox2 positive cells were found (Fig.3.7). The combination of 

PM and RA also induced the cells to differentiate, as can be seen through increased positive 

staining for DCX and NG2 and decrease in positive staining for Sox2. The cells cultured in PM 

only appeared to be forming longer processes than cells cultured in both PM and RA, as depicted 

by white arrows in figure 6. Flow cytometry analysis of cells cultured in PM showed around 

30% of cells were positive for DCX and 30% of cells were positive for nestin after 21 days, 

Day 21  

No GF 

Day 21 

+RA 

FIGURE 3.6: 20X view of cells cultured for three week with no growth factors (GFs) and 

cells that were cultured for three weeks with a pulse of retinoic acid (RA).White arrows show 

DCX postitive cells. Green: Doublecortin (DCX). Blue: Hoescht (nucleus)   
 
 

H9 NSCs cultured with no growth factors and with retinoic acid 
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while around 45%of cells cultured in PM and RA expressed nestin and 22% of cells expressed 

DCX (Fig. 3.8a).  
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Effect of Purmorphamine and Retinoic acid on H9 NSC culture 

 

                         PM                                  PM/RA                          
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FIGURE 3.7: Effect of Purmorphamine (PM) and retinoic acid (RA) on H9 NPCs 

cultured for three weeks.  

Red: Sex-determining region Y box 2 (SOX2) Green: Olig2  

Green: O4- surface marker for oligodendrocytes Red: NG2 

Green: Doublecortin (DCX), Red: Glial fibrillary acidic protein (GFAP)   

Blue: Hoescht (nucleus)   
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Figure 3.8 

 

(a) Percentage of total cells staining positive for DCX, nestin and co-staining for nestin 

and DCX for conditions with PM, EGF and RA at week 3 

 

 

(b) Percent of total cells expressing PDGFR and GFAP at week 3 
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Additional differentiation factors were then provided with EGF. Possible positive 

staining of Olig2 cells are observed in the EGF/PM and EGF/PM/RA condition, shown with 

yellow arrows in Figure 3.9. No olig2+ cells were seen in the EGF/RA conditions. H9 NSCs 

grown in EGF/RA, EGF/PM and EGF/RA/PM conditions had some expression of GFAP (white 

arrow), Sox2 or DCX. There were also NG2 positive cells observed in the RA/EGF and PM/EGF 

conditions, shown with red arrows in Figure 3.9. Week 5 flow cytometry analysis of cells grown 

in EGF/RA indicate 30% of cells were DCX positive and 70% were nestin positive, with 

approximately 25%  of cells co-staining for DCX and nestin (Fig. 3.10a). EGF/PM flow 

cytometry shows 40% of cells were positive for nestin and 26% of cells were positive for DCX 

with few cells expressing both markers. EGF/PM/RA resulted in approximately 25% of cells 

exhibiting positive staining for nestin but few for DCX and other markers (Fig. 3.8a).    
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Effect of EGF with Purmorphamine and/or Retinoic acid on H9 NSC culture 
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FIGURE 3.9: Effect of ependymal growth factor (EGF) with Purmorphamine (PM) 

and/or retinoic acid (RA)  on H9 NPCs cultured for three weeks.  

Red: Sex-determining region Y box 2 (SOX2) Green: Olig2  

Green: O4- surface marker for oligodendrocytes  Red: NG2 (red arrow) 

Green: Doublecortin (DCX), Red: Glial fibrillary acidic protein (GFAP) (white arrow)  

Blue: Hoescht (nucleus)   

 



  38 
 

 

Figure 3.10  

 

(a) Percentage of total cells staining positive for DCX, nestin and co-staining for nestin 

and DCX for EGF and EGF with RA at week 5 

 

 

(b) Percent of total cells expressing PDGFR and GFAP in baseline conditions at week 5 
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A combination of EGF and PDGF-α and the effect of a 7-day initial RA “pulse” was 

examined next. There are more cells with the addition of EGF compared just PDGF-α with RA. 

Cells cultured in EGF/PDGF-α or EGF/PDGF-α/RA appeared to have a few Olig2 positive cells 

which is marked with white arrows in Figure 3.11. Flow cytometry data shows that EGF/PDGF-

α and PDGF-α/RA induced approximately 20-25% of cells to express nestin and less than 10% 

to express DCX with few double-labeled cells (Fig. 3.12a). There were around 100 times more 

cells in conditions with EGF and RA compared to cell culture in PDGF-α only. 
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Effect of PDGF, EGF and RA on NSC differentiation  
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Figure 3.11: H9 NPCs cultured with Epidermal growth factor (EGF) platelet-derived 

growth factor (PDGF) and retinoic acid(RA) three weeks.  

Red: Sex-determining region Y box 2 (SOX2) Green: Olig2  

Green: O4- surface marker for oligodendrocytes Red: NG2 

Green: Doublecortin (DCX), Red: Glial fibrillary acidic protein (GFAP)   

Blue: Hoescht (nucleus)   
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Figure 3.12 

 

(a) Percentage of total cells staining positive for DCX, nestin and co-staining for nestin 

and DCX for conditions with EGF, PDGF and RA at week 3 

 

 

(b) Percent of total cells expressing PDGFR and GFAP at week 3 
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Preparation of leniviral reporters 

 XbaI and ClaI RE sites in the multiple cloning site (MCS) of the green firefly plasmid 

(pGF) lentiviral backbone were chosen for cloning purposes. Cloning was indirectly verified 

using gel electrophoresis. Cloning and ligation was successful for the promoter regions of DCX, 

nestin and GFAP as verified by gel electrophoresis (Fig.3.13) Olig2 and CNPase insert PCR 

condition were optimized (Fig. 3.14 and 3.15) through primer modification and PCR conditions.  

Reporter lentiviral vectors for DCX, Nestin and GFAP lentivirus were made using the 3
rd

 

generation lentivirus packaging system.
45

 A lentivirus containing the pGF vector, with no 

enchancer region, used as a control for background levels of luciferase expression, as controlled 

by the constitutive minimal cytomegalovirus (mCMV) promoter. Lentiviruses were titered and 

found to  e 10^  virus particles/μl (Fig. 3.16).  

Figure 3.13: Gel image of Nestin, hGFAP and DCX plasmid.  

Lane 1: 1kb+ ladder, lane 2: Nestin plasmid digested with XbaI and ClaI, lane 3: undigested 

Nestin plasmid. Lane 4: hGFAP digested with XbaI and ClaI, lane 5: undigested hGFAP 

plasmid. Lane 6: DCX cut with XbaI and ClaI, lane 7: undigested DCX plasmid 
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Figure 3.14: Initial PCR of Olig 2 in lanes 2-6 and CNPase in lanes 7-10 

 

Figure 3.15:PCR of Olig2(lanes 2 and 4) and CNPase (lanes 6 and 8) 
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qPCR virus particles vs. number of cycles  

 

1X  DCX GFAP Nestin CMV  

# of cycles 16.4 15.3 16.7 16.5  

Figure 3.16: Lenti-X viral titer qPCR results for DCX, GFAP, nestin and pGF lentivirus. Graph 

represents amount of control viral particles per μl vs  num er of PCR cycles  Ta le lists num er 

of cycles per virus at threshold.  

 

Cells were infected with lentivirus by injecting the virus directly into the well plates as 

demonstrated in Figure 3.17. Fig. 3.18 compares transduction by 1-5000 MOI of GFP lentivirus 

in NSCs. Non-transduced NSCs were used as a negative control. An MOI of 1 showed very little 

infection, almost identical to NSCs with no virus. With an MOI of 100, more cells expressing 

GFP became visible indicating some transduction.  An MOI of 1000 shows many NSCs 

expressing GFP. At an MOI of 5000 there were few cells expressing GFP, deducing that a MOI 

of 5000 has ta toxic effect on the NSCs.  Therefore the optimal MOI is around 1000.   
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Figure  3.17: Transduction of NSCs with lentivirus  

A: Promoter, luciferase and GFP portion of lentivirus. No TFs binding to promoter region 

does not initiate translation. TF binding to promoter region initiates translation and produces 

luciferase and green fluorescent protein.  

B: 96 well plate with NPCs. Blue cells are transduced with DCX lentivirus. Pink cells are not 

transduced with virus. Cells were cultured in media containing RA for 7 days. 1uM luciferin 

is added to all wells and imaged using IVIS. Cells transduced with lentivirus are expressing 

luciferase (blue arrow).  

Abbreviations TF: transcription factor, GFP: green fluorescent protein, DCX: doublecortin, 

RA: retinoic acid 
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MOI test on H9 cells with GFP lentivirus  

 

Figure 3.18: MOI ranging from 1-5000 was tested on NSCs. Two methods of transfection were 

also compared to figure out optimal conditions.  

 

 Two methods of transduction were compared. The first method was full media change 

after 4 hours to remove all lentivirus at once. The second method was a half media change after 4 

hours, 3 times following infection. The comparison is seen between the two rows. Results 

showed difference between the two methods (Fig.3.18). 

Based on the previous MOI experiment with GFP virus, the optimal MOI for H9 NSCs 

was between 100-1000 MOI. MOIs of 100, 250 and 500 was selected since we want to use the 

least amount of virus possible per cell to achieve transduction. Cells transduced with pGF 

lentivirus showed basal levels of expression when a promoter region is not activated. At an MOI 

of 500, DCX lentivirus has a higher expression of luciferase than pGF back bone controls, 

suggesting transcription factor (TF) binding to DCX promoter region causing an increase in 

luciferase production (Fig. 3.17 and Fig. 3.19). Nestin and GFAP virus at MOI of 100, 200 and 

500 show no luciferase expression.  

 

No Virus               1                      100                 1000             5000 

Full media change 
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Luciferase expression of H9 cells transduced with pGF, Nestin, DCX, no cells at varying MOI 

 

 

Figure 3.19: Top row is cells transduced with pGF lentivirus (yellow arrow). Expression is seen 

at 500 MOI. Second row are NPCs transduced with Nestin virus, no luciferase  activity is seen. 

Third row are cells transduced with DCX virus (white arrow), luciferase expression at 500 MOI. 

Fourth row of cells have hGFAP virus showing no luciferase expression. Fifth row, first well is 

CSCG virus with TA promoter at 500 MOI, second two wells are just NPCs that have not been 

transduced.  

 

 To further verify that the DCX lentivirus is producing luciferase only when DCX is 

present, the transduced NSCs were stained for firefly luciferase and DCX (Fig. 3.20). High levels 

of luciferase expression corresponded with high levels of DCX expression in the same cell. The 

average percentage of DCX positive cells also expressing luciferase is 85.8% +/- 0.04 (Fig. 

MOI      100 250 500 
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3.21). So, there are approximately 15% of cells that are DCX positive that do not over-express 

luciferase. There are not false positives since zero cells expressing luciferase do not express 

DCX.  

H9 cells transduced with DCX reporter. Anti-luc: green, Anti-DCX red 

 

 

   
 

 

Image DCX+ cells Luciferase+ 

cells 

nuclei % DCX + 

cells 

% 

luciferase + 

cells 

% DCX+ 

and 

Luciferase+ 

1 199 180 272 73 66 90 

2 75 63 84 89 75 84 

3 64 53 75 85 70 82 

 

 

Figure 3.20 Top row are cells transduced with DCX lentivirus and stained for DCX and 

anti-luc. Bottom row is anti-luc staining for cells that were not transduced with 

lentivirus. White arrows pointing co-staining with DCX and Luciferase 

TABLE 2: Cells counted using “Cell Counting” Plug-In in ImageJ. % of DCX + cells, % of 

luciferase + and % of cells expressing both DCX and luciferase are listed 
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Anti-luciferase staining of cells not transduced with DCX reporter lentivirus was used as 

a negative control to determine non-specific binding of the luciferases antibody (Fig.3.20). When 

comparing the anti-luciferase staining on cells transduced with DCX reporters and cells not 

transduced with DCX virus a difference is visible. Transduced cells expressed higher levels of 

luciferase localized to single NSCs, while those that were not transduced showed low levels of 

Figure 3.21: Images used to count false positive and false negative cells. White arrow 

pointing to a cell co-expressing luciferase and DCX. Blue arrow pointing to cell 

expressing DCX and not luciferase Green: luciferase, red: DCX, blue Hoeshct  
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staining that appears to be non-specific. Many NSCs transduced with DCX reporter lentivirus 

expressed both DCX and luciferase are indicated by white arrows in Figure 3.21. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  51 
 

DISCUSSION 

Oligodendrocyte Differentiation  

Immunostaining  

 Based on these preliminary results, a few observations can be made regarding H9-derived 

NSCs cultured in various soluble factors.  Culturing cells for 21 days in conditions including no 

GFs, EGF, PDGF-α and PDGF-α pulse leads to continued high levels of Sox2 expression and 

low expressions of other markers (Fig.3.3). This suggests that the cells are not differentiating and 

remaining as NSCs leading to the assumption that additional molecules and/or time is needed to 

push the NSCs to differentiate.  

 Since H9-derived NSCs cultured in base GFs (EGF and bFGF) remained NSCs or 

adopted a neuronal lineage, additional factors were added to steer differentiation into 

oligodendrocytes (Fig. 3.2 and 3.3). Addition of just RA leads to positive DCX staining of the 

majority of cells, which are likely becoming neurons (Fig 3.5 and 3.6). This makes sense as RA 

is used to induce neurogenesis in vitro by activating retinoic acid receptors (RARs) and 

peroxisome proliferator-activated receptor β/σ 
58

  

Addition of PM resulted in many cells expressing Sox 2 and DCX and a few cells 

expressing NG2 (Fig. 3.7). Sox 2 expression appears less intense in cells cultured in PM 

compared to baseline staining for H9 NSCs (Fig. 3.2). This could mean that the cells are 

transitioning from being NSCs and differentiating. The PM only condition appears to result in 

the formation of longer processes between cells which could mean that the PM encourages cells 

to communicate and make connections (Fig.3.7). 

Next, PM and RA were added to EGF. Glial cells are thought to be more responsive to 

EGF, compared to other GFs and addition of EGF in vitro is thought to result in less neuronal 
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differentiation.
59

 There may be some olig2 positive cells in EGF/PM and EGF/PM/RA 

conditions (Fig.3.9). It is hard to say if the olig2 antibody staining is real since immunostaining 

conditions are not yet optimized.  The olig2 antibody used for images shown in Fig. 3.9 was 

raised in rabbit which is polyclonal, results in high background signal and might be binding 

nonspecifically. However, we expect there to be positive olig2 staining since we see some NG2 

positive cells, which are typically olig2+ as well, in the PM and RA conditions.
56

 If this was true 

olig2 staining, the combination of EGF with PM might be pushing the cells towards an OPC 

phenotype. Culturing the cells for a longer period of time in each condition might be necessary to 

see more differentiation markers. The EGF/RA condition showed the most cells positive for 

NG2, which could be an artifact of the high total number of cells present, when compared to 

other conditions. There are approximately 100 times more cells present in EGF than when no 

EGF is present. It appears that EGF and RA cause the cells to proliferate.  

Next, combinations of PDGF-α and EGF with RA were examined for effects on 

differentiation. There are fewer cells in the condition with just PDGF-α and PDGF-α with RA. 

More cells were seen with EGF/PDGF-α and EGF/PDGF-α /RA. EGF/PDGF-α and EGF/PDGF-

α /RA showed possible positive staining for olig2, however, the same issues with the olig2 

antibody were present, as discussed above. This could suggest that EGF is an important factor 

when differentiating NSCs into oligodendrocytes as we get Olig2 positive cells when combining 

EGF with other factors such as PM and RA (Fig. 3.11). 

Flow Cytometry  

Flow analysis during week 5 for all baseline conditions show a high amount of cells that 

are co-expressing nestin and DCX (Fig.3.4). Co-expression of these two markers can occur as a 

cell transitions from an NSC into a neuron, inferring that the cells are in early stages of becoming 
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neurons. This may suggest that cells cultured without additional factors tend to go down a 

neuronal lineage. Hu et. al. suggests that the default pathway of  human embryonic stem cells is 

to differentiate into neurons due to intrinsic cues and epigenetic modifications.
60

 

It is also interesting to note that the flow cytometry analysis showed positive staining for 

GFAP (between 15-30%) for cells grown in no GF, EGF, PDGF-α, and PDGF-α pulse at week 5 

(Fig. 3.4b). If these results are real, it would mean that some cells are triple staining for GFAP, 

nestin and DCX, which is possible but unlikely (Fig.3.4a-b). GFAP and DCX co-staining should 

not occur as GFAP is a specific marker for astrocytes and DCX is specific to neurons.  Steiner et. 

al. investigated the differentiation of NSCs and observed that cells could exhibit either GFAP or 

DCX and never both meaning that they are two distinct populations of cells.
61

 In addition, no 

positive GFAP immunostaining was observed in these conditions which could be due to the cells 

not becoming astrocytes or a possibly non-specific binding of the GFAP antibody (Fig. 3.3). 

Future experiments will need to run an isotype control to mitigate this effect. Methods described 

by Nguyen et. al. for IgG or IgM isotype controls will be used for future flow cytometry 

experiments.
36

  

Ideally, these studies aim to identify some combination of factors would produce a high 

percentage of PDGFR-α positive cells since it is an early marker for OPCs and obtaining a high 

yield of OPCs is the ultimate goal. Week 5 baseline flow cytometry showed a small percentage 

(2-5%) of cells were positive PDGFR-α cells when cultured in PDGF-α, PDGF-α pulse or no GF 

conditions (Fig.3.4b). However, the low absolute numbers of cells (typically <10) make it hard to 

discern if this is simply an artifact. In addition, cells cultured in PDGF-α might just  e up 

regulating expression of PDGFR-α because they were exposed to PDGF-α as part of their culture 

conditions and not necessarily because they are becoming OPCs. When looking at week 3 for 
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these conditions, we see around 10% of cells that are NG2 positive in the no GF and PDGF-α 

condition and only a few NG2 positive cells in the PDGF-α pulse condition (Fig.3.3). This 

suggests that the PDGFR-α flo  cytometry results might  e accurate because NG2 and PDGFR-

α are typically co-expressed by OPCs.
38

 However, repeated experiments will be necessary to 

make conclusive assertions. In the future, we could obtain an NG2 antibody and use 

fluorescence-activated cell sorting (FACS) to separate cells over-expressing NG2 at an early 

point during differentiation to achieve an enriched population of OPCs.  

Flow cytometry indicated that less than 1% of cells were positive for PDGFR-α and none 

for GFAP for cells cultured in PM only, EGF/PM, PM/RA and EGF/PM/RA (Fig. 3.8). When 

PM and RA were combined, 45% of cells were nestin positive compared to 28% of cells in the 

PM only condition. This could mean that the combination of RA and PM slows down or prevents 

differentiation since more cells are expressing nestin, the NSC positive marker. There is a 

slightly higher percentage of cells co-expressing DCX and nestin in the PM/RA condition, 9% of 

all cells compared to 5% of cells in the EGF/PM conditions and 1% of cells in the EGF/PM/RA 

conditions, which could mean that more cells are transitioning from nestin-positive to DCX-

positive neurons (Fig.3.8).   

  Flow analysis of the cells cultured in EGF/PM, EGF/RA and EGF/PM/RA shows very 

little PDGFR-α and GFAP staining (Fig. 3.8 and 3.10). However, the EGF/PM/RA condition 

resulted in low numbers of DCX positive cells (5%) and almost no PDGFR-α or GFAP. A lot of 

the cells in this condition were not positive for any markers evaluated. This could be due to the 

fact that the antibodies we are using for flow cytometry are not capturing all stages of 

differentiation. For the future, I would suggest adding earlier markers for OPCs such as NG2 or 

O4 and Oct4 for embryonic stem cells. Adding these markers would cover cells that are OPCs at 
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earlier stages and embryonic stem cells that are not neutralized. EGF/PM, EGF/PM/RA and 

EGF/RA conditions all show less than 30% of cells were DCX positive compared to 90% when 

cells were cultured with EGF alone (Fig. 3.8). This indicates that the addition of PM or RA either 

delays neuronal differentiation or it pushes the cell to take a non-neuronal differentiation path. 

However, the cells did not stain positively for GFAP or PDGFR-α so it might be too early in the 

differentiation process to know for sure. Longer experiments should be conducted to assess the 

time it takes for our cells to fully differentiate. Based on the length of time reported in previous 

protocols, I suggest culturing cells for up at 12 weeks. Addition of PM or RA could also cause 

NSCs to proliferate, rather than differentiating as seen evidenced by the high density of nestin 

positive cells. EGF/PM/RA yielded 20% nestin positive cells compared to approximately 45% 

positive nestin positive cells in EGF/PM and PM/RA conditions. 

EGF/PDGF-α and PDGF-α /RA flow cytometry analysis shows that less than 5% of cells 

were DCX positive and approximately 20-25% of cells were positive for nestin (Fig.3.12). This 

could mean that the EGF/PDGF-α combination is not enough to push the cells to differentiate. It 

could also mean that PDGF-α slows down differentiation and keeps the cells as NSCs which is 

supported by evidence that PDGF-α is important in temporal control of differentiation. 
62

 

Reporter Preparation 

 We were able to prepare a lentiviral differentiation reporter for neuronal differentiation. 

The DCX promoter reporter lentivirus was verified using bioluminescence imaging and 

observations of co-localization of DCX and luciferase expression in single cells using 

immunofluorescence.  

 When testing the optimal MOI for transduction of H9-derived NSCs, MOIs ranging from 

1-5000 were tested using two different methods (Fig.3.18). Since NSCs are sensitive to 
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environmental changes, I set up an experiment to see if there was a difference between changing 

the half the media three times at four hour intervals or changing all of the media at once to get rid 

of virus. There was little difference in GFP expression between the two methods, so either way is 

acceptable. However, since NSCs are sensitive to environmental changes, it is recommended to 

change half media three times every four hours following transduction. The optimal MOI 

appears to be between 100 and 1000 virus particles per cell. Since we want to use the smallest 

amount of virus possible I tested MOI of 100, 250 and 500 on lentivirus differentiation reporters. 

MOI of 500 appears to be sufficient at transducing NSCs based on luciferase expression as seen 

with bioluminescence imaging (Fig. 3.19). 

From the differentiation protocols discussed above, I decided to culture the cells with just 

RA to get a high number of DCX expressing cells before transducing the cells with the DCX 

virus. Using imaging, we were able to verify that NSCs transduced with the DCX reporter 

lentivirus were co-expressing luciferase and DCX.   We verified this virus using 

bioluminescence and immunofluorescence imaging. Bioluminescence images showed positive 

luciferase expression for cells transduced with DCX lentivirus differentiation reporter (Fig 3.19). 

Double immunostaining for DCX and luciferase was performed on cells transduced with the 

virus. There was approximately 85% of co-localized staining for DCX and luciferase antibodies, 

verifying that the cells are expressing DCX and luciferase. To see if there are any false positives 

or negatives, I counted cells in three different areas of cells double stained for luciferase and 

DCX. There was 15% false negative reading for luciferase cells and 0% false negative for 

luciferase. This means that approximately 15% of the time cells that express DCX did not 

express luciferase. This could be due to low transduction; more lentivirus can be used next time 

to see if that decreases the false negative reading. Zero percent false positive means that all cells 
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expressing luciferase are also positive for DCX expression. For future applications, we would 

rather underestimate the number of cells we have in the population than over estimate what we 

have.  

Cells transduced with nestin and GFAP reporters did not express luciferase. I can 

confidently say that the NSCs nestin-positive at time of transduction. This is confirmed by 

positive Sox 2 and nestin immunostaining as well as nestin-positive cells counted with flow 

cytometry (Fig. 3.2 and 3.4).  Ideally, the nestin promoter reporter lentivirus would be producing 

luciferase when the cells are staining positive for nestin. However, the nestin reporter was not 

being upregulated when transduced in these cells as seen by the lack of luciferase expression. 

The reason the nestin promoter did not is most likely due to experimental error during cloning. A 

mutation could have occurred or the nestin promoter was inserted into a region of the pGF 

backbone that is not the MCS.   

Cells transduced with GFAP promoter reporter to indicate astrocyte differentiation also 

did not appear to express luciferase.  Since we did not get any positive GFAP staining, it is 

possible that the cells were not becoming astrocytes and therefore not expressing luciferase even 

if the reporter is robust. This virus will be tested again in cells that stain positive for GFAP, such 

as the astrocyte-like Neu7 cell line. We recently received a batch of cells called Neu7 are an 

astrocyte-like cell line and express GFAP. These could be used to test the new GFAP antibody 

and the GFAP lentivirus differentiation reporter.  

Olig2 and CNPase cloning is still in progress. The PCR conditions have been optimized 

by extending primers and decreasing the amount of primers added to PCR reaction. (Fig.3.14 and 

3.15). The ligation process is still ongoing. To increase the probability that the ligation is a 

success I tried out various methods and made a cloning flow chart. DNA obtained following gel 
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extraction appeared to be impure so I tried methods to decrease the number of DNA gel 

extractions performed. To do so, I used a PCR clean up kit on the PCR product once 2ul of the 

product was verified on the gel as being clean (Fig.3.15). It appears as though the pGF plasmid 

might be contaminated or mutated so that the inserts are randomly inserting. 

CONCLUSIONS AND FUTURE DIRECTIONS 

Based on this preliminary data, I can make a few observations and suggestions for future 

experiments. It appears as though the H9-derived NSCs’ default pathway is to become neurons. 

Addition of extrinsic factors is necessary in order to push them to differentiate into 

oligodendrocytes or astrocytes. Three weeks in differentiation conditions may not be enough 

time to fully observe how the cells will differentiate. In the future, longer time points should be 

tested at 7 and 9 weeks.  

Based on the three and five week data we do have, EGF appears to be an important 

growth factor in proliferation. There were approximately 100 times more cells in conditions with 

EGF and RA compared to cells cultured with PDGF. It appears that the addition of PM or RA to 

EGF decreases the amount of cells expressing DCX, meaning that less cells are becoming 

neurons, which is what we want. Therefore, in the future, I would design more experiments 

incubating NSCs with EGF, PM and RA over longer time periods, as long as 16-20 weeks. It is 

important to note that maybe the majority of H9-derived NSCs are unable to differentiate into 

cells other than neurons as suggested in previous literature.
36

 If that is the case, the cells should 

be cultured with EGF and RA or PM for at least three weeks because those conditions expressed 

a significant amount of positive NG2 staining. Those NG2 positive cells could be selected for 

with flow cytometry and cultured separately to see if we can get more mature oligodendrocytes. 
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NG2 is an important marker for OPCs in vivo so it is critical to make sure that the cells are 

positive for this marker for future in vivo studies.
50

 

I experimentally determined the optimal MOI and protocol for transducing H9-derived 

NSCs. I also verified that the DCX virus specifically reports for DCX expression. This has set up 

methods for verification of future viral reporters. Due to the difficulty I had with cloning the 

Olig2 and CNPase inserts into the pGF backbone, I would recommend using a different 

backbone. I think a smaller backbone would work better when cloning since the pGF backbone is 

large (around 9000 b.p.) and the inserts are around 1000b.p.. A smaller backbone might also 

increase transduction efficiency because smaller plasmids can be up-taken by cells more easily. 

Right now we need a MOI of 500 virus particles/ cell which is a lot of virus when performing 

many experiments. It would be helpful to have a more efficiently transducing lentivirus reporter.  

Since a MOI of 5000 may have a toxic effect, future experiments should involve 

cytotoxicity studies of the lentivirus on NSCs. This can be done using a live/dead stain on cells 

transduced with lentivirus at MOIs varying from 1 to 5000. An experiment with MOIs of 100, 

200, 500 and 1000 should be run to demonstrate that there is not much of a difference between a 

MOI of 500 and a MOI of 1000.  

This project is moving towards using lentiviral differentiation reporters in combination 

with TF lentivirus reporters to determine which TFs are upregulated during oligodendrocyte 

differentiation. In order to do so, an oligodendrocyte differentiation protocol needs to be 

optimized and lentivirus differentiation reporters need to be constructed and verified. I have 

contributed to this project by comparing a few soluble factors and their effect of H9-derived 

NSC differentiation. I have also shown that using the IVIS 200 to image biolimunescence and 



  60 
 

double staining for DCX and luciferase is an accurate way of verifying lentiviral reporters for 

NSC differentiation.  
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