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Abstract 

Neural stem cells are capable of self-renewal and multilineage differentiation into 

the main cell types of the central nervous system, which are the neurons, astrocytes, and 

oligodendrocytes. These properties make neural stem cells an attractive cell source for 

potential cell-based therapies; however, thoroughly describing their gene expression 

programs is required to predict their safety and efficacy. In this study, we reveal that 

mouse embryonic day (E14) forebrain-derived primary neural stem cells have an 

astrocytic gene expression profile. We show that the NOTCH and BMP signalling 

pathways exhibit transcription profiles that are specific to the proliferation and 

differentiation of this neural stem cell source. Finally, we report the expression patterns 

of the Hox and TALE family homeobox genes in the E14 forebrain, E14 forebrain-

derived primary neural stem cells, and their differentiating progeny. Protein expression 

analysis suggests that PREP2 is involved in neural stem cell proliferation and 

neuronogenesis, and that MEIS1 is involved in astrocyte differentiation. This is the first 

report on the expression patterns of TALE genes in forebrain-derived NSC differentiated 

in vitro, which provides a starting point to investigate the role of TALE genes in 

forebrain neurogenesis. 
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1.1 Introduction 

The aim of this work is to contribute to our knowledge of stem cell biology and the 

potential of these cells for regenerative therapy and disease research. Since the successful 

isolation and culture of mammalian pluripotent stem cells in 1981 
1
, the stem cell field 

has rapidly expanded. During this time, significant advances have been achieved 

including the identification of different types of stem cells, stem cell culture systems and 

stem cell based therapies in animal models that have shown varying degrees of 

improvement 
2-6

. Current methods in genetics and biochemistry enable us to describe the 

character of these cells at a depth previously unattainable. These new technologies better 

equip us to predict both the beneficial and the dangerous outcomes of stem cell 

implantation. Our work contributes to describing the genetics of neural stem cell (NSC) 

self-renewal and differentiation in vitro using RNA and protein expression analysis, with 

a focus on homeodomain transcription factors. Neural stem cells provide a source of self-

renewing primitive cells with the ability to give rise to all three major cell lineages of the 

central nervous system (CNS): neurons, astrocytes and oligodendrocytes 
2,7-8

. In vitro 

culture of these cells provides a means to generate vast quantities of cells required for cell 

screening, transplant techniques, and for studying the effects of pharmacological agents 

on specific CNS cell types. A detailed understanding of cell environmental response and 

the cell fate decision process is first required before therapeutic NSC delivery should be 

attempted. 
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1.2 The Stem Cell Hierarchy 

The stem cell hierarchy identifies different types of stem cells and places them in 

order based on the degree of their differentiation and lineage restriction (Fig. 1). Atop the 

hierarchy are totipotent stem cells which have the capacity to give rise to all of the cell 

types necessary to generate the entire organism. In the case of mammals, this includes the 

embryo proper as well as the supportive extraembryonic tissue. Proceeding down the 

stem cell hierarchy, cell potential becomes more lineage restricted. Below totipotent stem 

cells are pluripotent stem cells, which have the capacity to generate all of the cell types 

that make up the mature organism. Next are multipotent stem cells that are restricted to 

specific germ layers or cell lineages, and can produce the cells necessary to generate 

specific organs or tissues 
9
. Examples of multipotent stem cells include neural stem cells, 

mesenchymal stem cells and haematopoietic stem cells 
10-12

. More restricted cell types 

include oligopotent (few cell types), bipotent (two cell types) and unipotent (one type of 

progeny) cells.  

1.3 Embryonic Stem Cells 

Embryonic stem cells (ESC) are pluripotent, and arguably have the greatest potential 

for experimentation, development, and regeneration. After fertilization of the oocyte, the 

zygote undergoes several rounds of symmetric cell divisions. The cell mass created by 

these cell divisions is known as the morula, and at the 32 cell stage compaction occurs 

leading to the definition of a compact inner cell mass (ICM), and a surrounding cell layer 

comprising the trophectoderm. The ICM gives rise to the embryo proper and the 

trophectoderm generates the supportive extraembryonic tissues 
13

. This structure is 
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Figure 1. The stem cell hierarchy. This is a hierarchical arrangement of the types of 

stem cells based on differentiation potential. The most primitive cells, totipotent stem 

cells, are capable of generating the most cell types and are at the top of the hierarchy. 

Differentiation potential is more restricted in the cells positioned lower in the hierarchy, 

until fully differentiated cells are generated from either multipotent stem cells directly or 

via more restricted stem/progenitor cells. In this case, the differentiated neural cell types 

(neurons, astrocytes, and oligodendrocytes) are generated from multipotent neural stem 

cells. (Including adaptations from Olynik and Rastegar, in preparation.) 
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known as the blastocyst and it is the ICM cells within the blastocyst that are the source of 

pluripotent embryonic stem cells 
14-15

. There are a variety of assays used to verify the 

pluripotent character of isolated embryonic stem cells. In cell culture, surrogate assays 

include detecting the expression of so-called “pluripotency genes” such as Oct4 and 

Nanog, which display their strongest expression in pluripotent stem cells and play key 

roles in maintaining the ESC state 
16-17

. In culture, addition of the alkaline phosphatase 

(ALP) substrate ρ-nitrophenyl phosphate will produce a robust yellow colour when 

dephosphorylated by ALP, which is strongly expressed in pluripotent cells 
18-19

. 

Functional assays include transplantation of these cells into immunodeficient mice to 

determine whether these cells can generate teratomas that include cell lineages of all 

three germ layers 
1,20

. The best demonstration of pluripotency comes from the formation 

of chimeric mice and contribution to all three germ layers within the chimera. This is 

done by introducing the cells into a blastocyst and allowing the chimeric embryo to 

develop in a pseudopregnant host, then subsequently detecting ESC progeny within all 

three germ layers via a transgene reporter 
21

. 

In the absence of extrinsic signals or serum in vitro, ESC undergo neural 

differentiation, which is described as the default mechanism 
22-23

. Studies have shown 

that this differentiation produces cells of mainly telencephalic (forebrain) identity 
24-25

. 

When cultured at low density and in the presence of leukemia inhibitory factor (LIF), a 

small percentage of embryonic stem cells produce NSC colonies, and passaging of these 

leads to fibroblast growth factor 2 (FGF2) dependence and many characteristics shared 

with adult brain derived neural precursor cells. This includes the in vitro neural 

differentiation patterns of the cells and their in vivo differentiation patterns upon 
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transplantation 
22-23,26

. It has been found that combining serum and all trans-retinoic acid 

(RA) can accelerate neuronal maturation and suppress cell proliferation of embryonic 

stem cells. This practice is common in ESC experimentation 
27-29

. Electrophysiological 

experiments show that the differentiated neurons include functional excitatory and 

inhibitory neurons, and protocols have been modified to produce specific neuron types 

such as dopaminergic, motor, and cerebellar neurons 
30-33

. The use of RA has also been 

shown to decrease the telencephalic identity of the differentiating cells and induce a 

caudalization of cell identity based on gene expression profiles 
25,28

. The genes found to 

be induced under the influence of RA included several Hox genes, and in vivo studies 

report the caudalization of neural structures under the influence of retinoic acid during 

development, indicating that ESC neural differentiation may provide a reliable cell source 

for region specific nervous system repair in the future 
34-36

.  

While embryonic stem cells may provide a cell source capable of indefinite self-

renewal in vitro, with differentiation characteristics similar to those observed in vivo, 

there are significant ethical concerns regarding collection and use of human embryonic 

stem cells 
37-38

. Some of the strongest resistance comes due to the fact that deriving 

human embryonic stem cells from the ICM involves destroying the embryo. Recent 

developments in somatic cell reprogramming towards an ESC-like state offer one 

approach to overstep this ethical hurdle 
39

. 

1.4 Induced Pluripotent Stem Cells 

Early experiments involving the transfer of somatic cell nuclei into enucleated 

oocytes demonstrated the generation of genetic clones 
40

. It was observed that 
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unidentified factors within the enucleated oocyte were able to influence the state of the 

somatic nucleus toward that of a more primitive pluripotent state. In 2006, Takahashi and 

Yamanaka reported their findings that a set of four genes (Oct4, Sox2, Klf4, c-Myc) were 

capable of reprogramming mouse embryonic or adult fibroblasts into a pluripotent state, 

when introduced by retrovirus vectors 
3
. The technique was subsequently performed in 

human cells 
41

, but recognizing the risks of viral integration, alternative reprogramming 

approaches have since been developed including plasmid transfection, episomal vectors 

and direct transduction of chimeric proteins 
42-44

. There are now numerous ways to de-

differentiate somatic cells into what are known as induced pluripotent stem cells (iPS 

cells). 

 It has also been shown that less differentiated cell types, although difficult to isolate, 

are more readily reprogrammed to an ESC-like state than differentiated cells. 

Experimental results have shown a higher number of successful reprogramming events 

and the need for introducing fewer reprogramming factors when generating iPS cells 

using less differentiated cells 
45-47

. These findings suggest that there are intrinsic 

programs determining the extent of differentiation regardless of tissue type, and that less 

differentiated cells can be more easily reprogrammed to the pluripotent stem cell state. 

The concept of iPS cells was a significant advancement for the field of regenerative 

medicine as it provided a source of pluripotent cells that did not require the destruction of 

a blastocyst. This removes a considerable ethical hurdle in the pursuit of pluripotent stem 

cell based therapies. Other advantages include their ability to generate patient specific 

stem cells that can be differentiated into specific cell types to recapitulate diseased cell 

phenotypes or provide a cell source for autologous transplants. The advantage of 
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autologous cell transplants is that there is a reduced chance of immunoresistance to the 

therapy as compared to exogenous cell transplants. Challenges thus far include the 

efficiency of reprogramming and the quality of the reprogrammed cells 
41,48-49

. The 

success rate in producing iPS colonies is very low and there is mounting evidence that the 

gene expression profile is actually very different from embryonic stem cells 
50-52

. This 

means that data generated in the ESC field will not necessarily apply to iPS cells and all 

experiments must be repeated to best describe each pluripotent stem cell source. Data 

from neural stem cell research such as ours will provide an excellent comparison for 

pluripotent cells being used for neural differentiation. The primary neural stem cells used 

in our lab progress through embryonic development, acquiring their neural lineage 

restriction and genetic programming in vivo.  

1.5 Transdifferentiation and Cell Plasticity 

Transdifferentiation or lineage conversion refers to the capacity of cells from one 

lineage to directly convert to functional cells of another lineage, without reprogramming 

through a pluripotent state. Studies in this field are gradually revealing the true extent of 

cellular plasticity. Examples of this include the following: forced expression of neural-

lineage-specific transcription factors Ascl1, Brn2 and Myt1l converted fibroblasts into 

neurons 
53

, the same combination of factors convert differentiated hepatocytes to neurons 

54
. The conversion of fibroblasts into brown fat cells and contracting cardiomyocytes has 

been achieved using specific combinations of transcription factors 
55-57

. Transcription 

factors in particular have a significant influence on cell phenotype with respect to fate 

specification and lineage potential. This is likely due to the ability of these proteins to 

directly influence gene expression, which makes their activity more efficient than for 
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example, a protein that works upstream of a signalling cascade. This is why our 

investigation into the genetic programming of neural stem cell fate decisions centers 

around transcription factors. Furthermore, the homeobox transcription factors are well 

recognized for their essential roles in early development and cellular identity. This 

includes specification of cells within the central nervous system 
58

. 

1.6 Central Nervous System Patterning 

At approximately one week post fertilization of the mouse oocyte, gastrulation occurs 

in the developing mouse embryo. This is a process of cellular rearrangements and tissue 

folding in the blastula and defines the endoderm, mesoderm and ectoderm.  All 

subsequent tissues of the adult mouse are traceable back to these three germ layers or 

lineages. Cell lineages derived from the endoderm include those of endocrine glands as 

well as epithelial linings of the digestive and respiratory tracts. The mesoderm gives rise 

to connective tissue, muscle, and bone, and the ectoderm gives rise to the epidermis and 

nervous system 
13

. Positional identity along the anterior-posterior axis, in the mesoderm 

and ectoderm is specified by homeobox genes. These are highly conserved 

developmental genes, with axial patterning roles retained throughout evolution from fruit 

fly to humans 
58

. During the gastrulation process, the neural plate structure is specified 

from the ectoderm on the dorsal surface of the embryo. It is from the neural plate that all 

cells of the nervous system are derived. Near the end of gastrulation the neural plate folds 

into the neural tube and during this time neural crest cells migrate away from the neural 

tube. Neural crest cells give rise to the peripheral nervous system and the neural tube 

gives rise to the central nervous system: the brain and spinal cord 
13

. Neural tube 

induction in vertebrates has been linked to FGF signalling and inhibition of bone 
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morphogenic protein (BMP) signalling 
13,59-61

. It is within the neural tube that a 

succession of spatial and temporal specification events regionalizes the primordial central 

nervous system along dorso-ventral and anterior-posterior axes 
62-63

.  

The floor plate of the neural tube, situated above the notochord, actively expresses 

sonic hedgehog (SHH) and receives retinoic acid (RA) input from the adjacent 

mesoderm. The concentration of factors secreted from the floor plate decreases towards 

the dorsal neural tube or roof plate. These inputs promote the specification of 

motoneurons from the ventral neural tube 
64-65

. The number of neurons generated is 

further influenced by WNT protein signalling, which appears to occur in a gradient 

descending from the dorsal to ventral neural tube 
66

. The dorsal plate secretes BMP4 and 

BMP7 which are required for specification of dorsal interneurons 
67

. The concentrations 

of BMP decrease when approaching the ventral neural tube from the dorsal plate source 

(Fig. 2(A)). These opposing molecular gradients are critical for dorso-ventral patterning 

of the spinal cord and the neuronal networks derived from here. The anterior-posterior 

patterning of the spinal cord is initiated by FGF signalling in the neural tube, which is 

strongest in the caudal regions and weaker progressing rostrally 
68

. FGF signalling 

stimulates Hox gene expression which is also influenced by RA signalling in the anterior 

spinal cord 
69-70

. These signals establish the expression profiles of transcription factors 

such as HOX and homeodomain proteins of the LIM (named after Lin11, Isl-1 and Mec-3 

proteins) family, which then specify neuronal identity along the anterior-posterior axis 
71-

72
. 
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1.7 Forebrain Development 

Neural tube regionalization gives rise to the forebrain, midbrain, hindbrain and spinal 

cord regions. Within these regions primitive cells of the neurectoderm lineage exist, 

which exhibit mixed degrees of differentiation potential and propensity for self-renewal 

73
. The stem and progenitor cells within this region are responsible for constructing the 

vertebrate nervous system. The region of the neural tube adjacent to the ventricle (lumen) 

is known as the ventricular zone (VZ). The VZ is a region of cell proliferation and 

contains the neural progenitor cells that generate neurons and glia, the two main cell 

types of the nervous system. In the telencephalon (anterior forebrain) region of the neural 

tube, the VZ lines the lateral ventricles, where the multipotent neural progenitor cells are 

situated. Cells isolated from the VZ have the capacity to self-renew and differentiate into 

the three main cell lineages of the nervous system 
74-75

. These are the properties that 

define neural stem cells.  

The dorsal region of the telencephalon is the pallium and the ventral region is called 

the subpallium. Distinct progenitor cell populations in these regions give rise to the 

cerebral cortex, and the striatum which includes the lateral (LGE) and medial (MGE) 

ganglionic eminences under the guidance of transcription factors 
76

. As early as E8.5 in 

mouse embryos, Pax6 expression is detectable in progenitor cells of the pallium. 

Transcription factors such as NGN2, DBX, TBR1 and TBR2 accompany PAX6 in 

defining pallial progenitors, versus subpallial progenitors that are actively expressing the 

transcription factors GSX2, NKX2.1, DLX1, DLX2, VAX1, MASH1 and SIX3 among 

others (Figure 2.(B)) 
77-83

. These transcription factors actively maintain regional identity  
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Figure 2. Early development of the vertebrate central nervous system. Morphogen 

gradients establish the identity of cells in the dorsal-ventral axis of the developing neural 

tube (A). These include BMP and WNT from the roof plate and SHH from the floor 

plate. Restricted expression patterns of transcription factors in the dorsal-ventral axis of 

the developing telencephalon establish the identity of progenitors that develop in the 

forebrain (B). 
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of progenitor spatial domains. Pax6 and Gsh2 appear to be particularly important in 

maintaining the pallial-subpallial interface. PAX6 is concentrated in the pallium but 

expression also overlaps with GSH2 in the dorsal most region of the subpallium. In  

Pax6
-/-

 embryos, the subpallial transcription factor expression boundaries are lost and 

there is a loss of physical distinction between pallium and subpallium, with lateral 

ganglionic eminences developing at the cost of ventral pallium 
81

. In Gsh2
-/-

 embryos, 

there is a ventral expansion of pallial gene expressing cells at the cost of subpallial gene 

expressing cells from the striatum 
78

. It has been proposed that the mechanism by which 

transcription factors maintain regional boundaries is by regulating expression of 

extracellular proteins such as cadherins, which regulate cell-cell adhesion 
84

.  

Some of the progenitor cells lining the ventricles include the so-called radial glial 

(RG) cells because of characteristics that are shared with glial cells, and a radial 

morphology that includes processes reaching from the ventricles to the cortical plate 
85

. In 

the mouse embryo, corticogenesis begins at approximately E9 and at this time the 

neurepithelial cells of the VZ undergo morphological changes. The cell body remains in 

the ventricular zone but processes maintain contact with ventricular and pial surfaces, and 

in doing so elongate as neurogenesis ensues. These processes provide the scaffold for 

neuronal migration from the ventricular zone into the cortical plate 
86-87

. During the 

neurepithelial to radial glia phenotypic change, the cells also begin to express astroglial 

markers GLAST, BLBP, RC1, RC2 and TN-C, and neurepithelial tight junctions are 

replaced by adherens junctions 
88-90

. 

The RG cells of the ventricular zone undergo either symmetric or asymmetric rounds 

of division. Symmetric divisions increase the pool of progenitors, and asymmetric 
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divisions maintain the progenitor pool, while also generating neurons at first and then 

glial cells as development proceeds. Forebrain development proceeds by generating 

consecutive layers of neurons on top of the ventricular layer. Neuronal progeny of 

asymmetric divisions are post-mitotic and migrate outward from the luminal lining to 

establish what is called the pre-plate 
86

. The pre-plate is a sheath of neurons and each 

subsequent layer of neurons derived from the VZ migrates outwards to situate itself 

between two cell layers of the pre-plate. The multiple layers that are generated between 

the pre-plate layers are known as the cortical plate. The mammalian cortex is ultimately 

composed of six identifiable layers that are generated through repeated rounds of cell 

divisions and migrations from the ventricular zone. Dividing radial glia cells can give rise 

to neurons directly or via intermediate progenitor cells (IPC) that divide symmetrically, 

but are lineage restricted, giving rise to either two IPCs or two neurons. Neuronal IPCs 

occupy the embryonic subventricular zone (SVZ) and contribute to the process of 

neurogenesis 
91

. Evidence suggests that NOTCH signalling activated by the surrounding 

cells antagonizes differentiation and maintains the proliferative state of the progenitor 

cells as well as radial glia 
92-93

. 

1.8 Neural Stem Cells 

Neural stem cells are the founding cells of the functional nervous system. These cells 

exhibit the properties of multipotent stem cells capable of self-renewal and differentiation 

into multiple cells types including neurons, astrocytes and oligodentrocytes that comprise 

the nervous system (Fig. 3) 
94-95

. Recent studies have revealed that NSC have more  
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Figure 3. Neural stem cell differentiation in vitro. Neural stem cells can be derived 

from the embryonic or adult organism as well as pluripotent stem cells. Neuronal and 

glial differentiation can be promoted by the addition of different factors and subsequently 

identified by their expression of specific cell type markers. (Olynik and Rastegar, in 

revision, 2012.) 
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plasticity than originally presumed, and that given the correct combination of inductive 

cues, may be driven towards other lineages as well 
96-98

. However, in vivo the 

developmental role of NSC is restricted to the nervous system. In the adult, there remains 

multipotent NSC within the nervous system, capable of continuous neurogenesis. These 

cells are localized to specific niche regions that provide the appropriate environment for 

survival and preventing differentiation 
99

. Within the adult forebrain region, there are two 

main regions where neural stem cells reside; these are the SVZ and the dentate gyrus 

(DG) of the hippocampus 
100-101

. The hippocampus is responsible for learning and 

memory, and neurogenesis here is presumed to be involved in memory formation 
102

. 

Studies have shown that the rate of new neurons being born has associations with the 

time of day as well as participation in learning tasks 
103-105

. In the adult brain, the SVZ is 

the main site of neurogenesis. New neurons born here migrate to the olfactory bulbs to 

replace interneurons which frequently turn over 
86

.  

The ventricular walls of the lateral hemispheres, particularly during development, 

provide a rich source of NSC to be studied. Both the ventricular zone and the 

subventricular zone are very complicated regions with respect to the extracellular 

environment, which includes vasculature, cerebral spinal fluid and a mix of different cell 

types performing distinct functions 
106

. This is in addition to the inherent complexity of 

neural stem cells that respond differently to stimuli depending on the stage of 

development. An example of this is BMP signalling in early development, which 

promotes the formation of neurons, while later stage BMP signalling encourages glial 

differentiation from progenitors 
107-108

. In vitro cell culture conditions do not recapitulate 

this environment. However, providing the minimum means necessary to support the 
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neural stem cells generates an excellent model system to study gene expression patterns 

involved in the environmental response and phenotypic changes of the cells. For 

example, NSC can be cultured and subsequently differentiated along specific lineages, 

given the correct inductive cues, and the gene expression profiles can be assayed during 

acquisition of various cell fates. Previous studies have been effective in identifying 

signalling pathways and transcription factors important for NSC self-renewal and 

differentiation 
109-111

.  

Neural stem cells can be cultured in monolayer or as floating aggregates called 

neurospheres. The dissociated cells of dissected embryonic VZ/SVZ are cultured in 

serum free media with the supplemented mitogens fibroblast growth factor 2 (FGF2) and 

epidermal growth factor (EGF). Monolayer culture requires an adhesive coating such as 

fibronectin, while neurospheres are generated in uncoated cell culture plates. The 

proliferation rate is higher in neurospheres which is advantageous for conducting 

experiments that require cell bulk 
112

. However, a disadvantage is that the composition of 

neurospheres is difficult to analyse due to their large cluster formation. The neurospheres 

are heterogeneous, composed of NSC, progenitors and more differentiated cell types 
113

. 

Still, as a functional assay the neurosphere culture has significantly impacted our current 

knowledge about NSC regulation. Serial passaging and limiting dilution assays are quite 

effective for measuring proliferation and self-renewal capacity of neural stem cells 
114-115

. 

Serial passaging involves passing the cells indefinitely while measuring the frequency 

and size of neurosphere formation in culture. The limiting dilution assay involves 

determining the minimum number of cells required to produce a specific number or 

frequency of neurospheres. The impact of exogenous factors or expression levels of 
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particular genes can be correlated with outcomes in these assays, to see how these 

variables impact NSC self-renewal. The multipotency of NSC can also be assayed by 

placing neurosphere cells into differentiation conditions with or without first dissociating 

the spheres. When mitogen is withdrawn and serum is added to the culture, 

differentiation ensues, producing neurons, astrocytes, and oligodendrocytes 
116

.  

There are variations of differentiation protocols that have been found to influence 

lineage acquisition. Neuronal differentiation can be promoted by including platelet 

derived growth factor (PDGF) in the cell culture media. Including thyroid hormone T3 

has been shown to promote oligodendrocyte differentiation, and ciliary neurotrophic 

factor (CNTF) supports astrocyte differentiation 
117-118

. The developmental stage of NSC 

isolation can influence lineage output. Neural stem cells harvested earlier, during periods 

that correspond with neurogenesis (E10) in the developing mouse give more neurons 

upon differentiation, whereas NSC isolated from the gliogenic period (E14) give rise to 

more astrocytes proportionally 
119

. Neurospheres differentiated as aggregates also 

generate more neurons whereas dissociated cells in monolayer generate more astrocytes 

proportionally. The manipulation of intrinsic factors has also been achieved using viral 

vector transduction to induce lineage specific gene expression programs and promote 

differentiation of specific neuron subtypes 
120-121

. 

The intrinsic identity of neural stem cells also appears to have a significant impact on 

the character of differentiated cell types, including their gene expression patterns and 

capacity to integrate upon transplantation. Lineage tracing experiments using reporter 

mice have revealed distinct NSC populations that give rise to specific progeny and 

replacement cells for specific regions of the central nervous system 
122-123

. It has been 
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shown that primary NSC retain a spatial identity based on the region of the nervous 

system from which they are isolated, even after in vitro expansion. Upon transplantation, 

however, neural stem cells have been reported to either retain their regional identity, 

giving rise to the same cells regardless of where they are transplanted 
124

, or respond to 

local inductive cues to generate neurons specific to the site of transplantation 
125-126

. 

Other studies have shown that the degree to which neural stem cells retain their regional 

identity in culture depends on the culture conditions 
125,127-128

. 

The character of a neurosphere is quite variable depending on many factors. 

Developmental stage of the host, tissue of origin, cell confluency, sphere passage 

number, media composition and the frequency of media replacement may all influence 

the neurospheres either genetically or functionally 
126,129-133

. It is therefore very important 

to maintain consistency within an experimental set for comparison between 

experimentals and controls. 

Neural stem cells may be propagated in culture to generate vast quantities of cells 

with the ability to differentiate into the different cell types of the nervous system. These 

properties make NSC arguably the best source of material for potential cell-based 

therapies targeting the nervous system. The endogenous plasticity of the CNS provides 

some optimism that primary or ESC-derived neural stem cells expanded in vitro will be 

able to contribute to tissue regeneration under the influence of the local environment. 

Endogenous progenitors have been shown to proliferate and generate new hippocampal 

neurons in response to ischemia 
134

, oligodendrocyte precursors proliferate and 

differentiate more rapidly in regions of neurodegeneration in amyotrophic lateral 

sclerosis mice 
135

, and quiescent astocytes begin to proliferate and differentiate into glia 
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upon injury 
136

. Transplantation experiments in rodents have shown promising results for 

the ability of local tissue to accept and integrate transplanted neural stem cells. Examples 

include neural progenitors transplanted into rat hippocampus, where the cells integrated 

as region-specific neurons and were functional. Neural stem cells also differentiated at 

lesion sites in rodent models of multiple sclerosis, brain ischemia and haemorrhage. Such 

transplant experiments have even reported cases of functional recovery in the animal 

model, including motor recovery in spinal cord injury 
137-140

.    

Translation to the clinic has been hampered by the complexity of these cells and 

challenges in controlling other types of stem cell based therapies 
141-143

. A more complete 

description of the genetic programs behind NSC self-renewal and lineage specification 

will better enable us to develop protocols for cell selection, integration, and transplant 

assessment. Neural stem cells have great potential with respect to regeneration and repair. 

Stem cell-based therapy in the haematopoietic system has yielded positive results for 

years 
144

. A thorough assessment of the genetic programming in proliferating and 

differentiating NSC is essential before attempting NSC-based therapy, so as to prevent 

any potential negative consequences for the patients. 

1.9 Neural Stem Cell Signalling Pathways 

Specific cell signalling pathways have been documented to influence neural stem cell 

fate. For instance the EGF and FGF pathways promote NSC survival and propagation 
145

. 

The NOTCH signalling pathway acts to antagonize NSC differentiation, though further 

studies are required to delineate the specific roles of each ligand and receptor variant 

belonging to this pathway 
146

. Activation of the PDGF and vascular endothelial growth 
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factor (VEGF) pathways is known to promote oligodendrocyte generation and NSC 

migration respectively, while BMP activity is associated with astrocyte versus neuronal 

lineage commitment 
108,147-148

. Temporal and regional context influence how cells 

respond to these signalling pathways.  This makes it important to investigate the role of 

these pathways at different stages of development, in NSC located in different regions, 

and during differentiation of the neural stem cells. 

NOTCH signalling. Vertebrate Notch signalling involves direct cell-cell interactions 

through four receptors NOTCH1-4, which interact with ligands of the delta-like ligand 

(Dll) and jagged (Jag) family Dll1, Dll3, Dll4, JAG1 and JAG2. Upon interacting with 

the ligand, the notch receptor is cleaved extracellularly by a metalloprotease TACE, and 

intracellularly by gamma-secretase. The cleavage by gamma-secretase at the internal cell 

membrane releases NOTCH intracellular domain (ICD) from the transmembrane portion 

of the receptor, which then translocates to the nucleus to activate NOTCH target genes. In 

the nucleus, ICD recruits transcription activators to convert the CSL (suppressor of 

hairless) mediated transcription repressor complex into a transcription activator 
149

. Notch 

is associated with neural progenitor maintenance and it is believed this occurs by 

preventing differentiation. It is proposed that maintenance of the progenitor pool occurs 

through a process known as lateral inhibition. When a mother cell divides asymmetrically 

during neurogenesis, a differentiating daughter cell expressing NOTCH ligands is 

produced and interacts with NOTCH receptors on the other daughter progenitor cell to 

antagonize differentiation and maintain a progenitor state. This lateral inhibition ensures 

that a sufficient pool of progenitors is maintained to generate the quantity of cells 

necessary for CNS development. This concept was well described in Drosophila 
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melanogaster notch signalling originally 
150-151

 and since then in NSC neurogenesis 
152-

154
. 

Target genes of NOTCH signalling include HES1 and HES5 protein encoding genes, 

which are active in neural stem cells. HES1 and HES5 are bHLH transcription factors 

and have been shown to suppress neurogenesis by silencing proneuronal bHLH 

transcription factors such as Mash1 and Neurogenin 
155

. In promoting this cascade of 

events, NOTCH signalling prevents neuronal differentiation in favour of NSC 

maintenance, but also permits astrogliogenesis. If NOTCH signalling is impaired through 

loss of Notch, Hes1 or Hes5, the result is premature neuronal differentiation and impaired 

proliferation. The effects of NOTCH signalling in neural stem cells are dependent on 

Hes1 and Hes5. Mice lacking these genes do not have progenitor maintenance restored 

with constitutively active NOTCH signalling 
156

. 

Bone Morphogenic Protein (BMP). BMPs are secreted proteins belonging to the 

TGFβ superfamily of secreted polypeptide growth factors. They are ligands of serine-

threonine kinase receptors types I and II. Upon interaction with receptor heteromers, 

there is a transactivation between receptors and a cascade ensues whereby SMAD 

proteins are activated and translocate to the nucleus to regulate gene transcription. 

Myriad cellular processes are influenced by these pathways 
157

. In mouse embryonic stem 

cells, the BMP4-SMAD cascade works to antagonize differentiation via Id (inhibitors of 

differentiation) proteins 
158

. In the early embryo, opposing gradients of SHH and BMP 

work to pattern the neural tube. These factors act as morphogens evoking different 

developmental responses based on their concentrations. The signalling activities regulate 

transcription factors that work to specify neuronal cell types in the developing nervous 
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system. BMP signalling has been shown to have an effect on NSC differentiation towards 

neurons versus oliogodendrocytes. See et al. observed reduced astrocyte differentiation of 

NSC in BMP-receptor double knockout mice 
159

. Increasing BMP7 levels has been 

shown to drive astrocyte differentiation from radial glia in embryonic mice. The same 

group revealed that in vivo BDNF instructs neurons to express BMP7 which then 

contributes to the gliogenic phase of radial glia in embryos midgestation 
160

. In vitro, 

BMP4 induces neurosphere adhesion, astrocytic differentiation, and migration 
161

.  

1.10 Homeobox Genes 

The homeobox is a well conserved 180 base pair deoxyribonucleic acid (DNA) 

sequence that encodes for the 60 amino acid homeodomain common to all of the 

homeobox gene superfamily of transcription factors. The homeodomain structure 

includes three alpha helices involved in DNA binding, with one helix sitting in the DNA 

major groove and the other two helices lying over top, providing stability and indirectly 

participating in the DNA binding function 
162-163

. The homeobox superfamily is 

comprised of clustered Hox genes and other non clustered homeobox genes. Hox genes 

are distinct from other homeobox genes based on their linear arrangement in paralog 

groups that are found within clusters on separate chromosomes. The 39 mammalian Hox 

genes are arranged in 13 paralog groups in four clusters. Hox genes exhibit spatial and 

temporal collinear expression. Genes located more 3’ in a cluster are expressed earlier 

and more anteriorly along the anterior-posterior axis. Genes situated more 5’ in each 

cluster are expressed later and more posteriorly 
58

.  
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Homeobox genes are master regulators of development and Hox genes are essential in 

axial segmentation of the developing embryo, providing instructions for cell identity, 

survival, apoptosis and differentiation 
164-169

. These genes were originally discovered 

when their misexpression was found to be the cause of homeotic transformation in 

Drosophila. A homeotic transformation is an event whereby aberrant gene expression 

causes a segment of an embryo to take on the identity of another 
170-171

. Hox genes are 

also involved in proximal distal patterning of developing limbs in vertebrates 
172-174

.  

Functional redundancies are common among Hox genes, making it difficult to study 

the role of these genes through overexpression or knock down experiments. Overlapping 

expression patterns of HOX proteins has revealed a posterior dominance or phenotypic 

suppression effect. This concept describes the situation where HOX proteins derived 

from more 5’ paralogs can overrule the instructions of more 3’ situated HOX when 

generating spatial phenotype 
175-176

. Recent work has revealed that DNA elements that are 

mutually targeted by several HOX proteins will be occupied by the HOX protein that has 

a stronger association with the DNA-binding cofactor(s) when situated on the DNA. In 

the fly it was shown that the HOX ortholog AbdA has a motif that is absent in the 

ortholog Src, which enables it to form more stable complexes with the DNA binding 

cofactor Exd at the DNA recognition sequence 
177

.  

The recognition sequence for HOX proteins is a simple ATTA/TAAT motif, which is 

found frequently throughout the genome, making the identification of specific HOX-

DNA targeting rather challenging. The interaction with cofactors such as PBX (Exd) and 

MEIS (Hth) has been shown to influence the specificity of HOX DNA binding and has 

aided in identifying some of the target genes that are regulated by HOX transcription 
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factors. It has been shown that multimer complexes of these proteins impact DNA 

binding affinity for specific sites and transcriptional activity 
178-182

.  

The most anterior region of Hox activity in the developing mouse is the hindbrain 

region. Correct expression of Hox genes is essential for proper segmentation of the 

hindbrain into regions of distinct gene expression profiles that develop into the 

rhombomeres, which are the site of origin for specific cranial nerves belonging to the 

peripheral nervous system. Aberrant Hox expression in this region leads to craniofacial 

abnormalities that are traceable back to incorrect segmentation of this region 
183-185

. Hox 

gene expression occurs posteriorly from the hindbrain and throughout the spinal cord. 

Neural stem cells that are derived from different regions of the CNS maintain a regional 

identity and this is reflected in the Hox profile of the cultured cells 
126

. Interestingly, RA 

induced neuronal differentiation of embryonal carcinoma P19 cells activates expression 

of Hox genes, despite having no CNS regional identity 
181,186

. This begs the question 

whether Hox expression may be induced in differentiating NSC derived from Hox-free 

regions. Due to their strong association with specifying cell identity, the Hox family of 

transcription factors are a good benchmark to compare cells cultured in vitro to their in 

vivo counterparts, for which they are raised to replace in stem cell therapy. 
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1.11 TALE Proteins 

The name three amino acid loop extension (TALE) protein is derived from an extra 

three amino acids in the loop between helix 1 and 2 of the homeodomain in this family of 

homeodomain transcription factors. The TALE genes are further categorized into 

subfamilies based on the conservation of their sequences. Two of these subfamilies are 

the PBC or PBX and the MEINOX or MEIS/PREP families. TGFβ-induced factor 

(TGIF) proteins form a third subfamily of the TALE factors; however, they are not 

known as cofactors of HOX transcription factors 
187

. PBC and MEINOX proteins 

commonly participate in transcription factor dimers and multimers cooperatively with 

HOX proteins, whereby the TALE proteins provide complimentary DNA binding 

specificity. PBX1 interacts with HOX paralogs 1-10 while MEIS1 interacts with paralogs 

9-13 
188-189

. These proteins have important roles in providing regional information and 

axial patterning. But they are also important for cell proliferation, differentiation and 

organogenesis 
190-193

. 

PBX is the conserved mammalian ortholog of Drosophila Exd 
194

. Originally PBX 

was identified in pre-B cell leukemia due to a chromosomal translocation that generated 

the E2A-PBX1 fusion protein 
195-196

. The mammalian homologs include PBX1-4 
197-198

. 

Pbx1 and Pbx3 null mice die at E15.5 and soon after birth, respectively. Pbx1 null mice 

exhibit a wide array of hypoplastic organ phenotypes due to loss of cell proliferation and 

aberrations of peripheral nervous system development, while Pbx3 null mice die 

specifically of respiratory failure 
199-200

. Long-term survival is unaffected in Pbx2 null 

mice and they display no detectable abnormalities 
201

. Meis1 has a known role in 

leukemia stem cell self-renewal 
202

.  



26 
 

 MEIS/PREP proteins are orthologs of Drosophila Hth 
203

. Meis1 was originally 

isolated as a viral integration site for murine leukemia virus in BXH-2 mice 
204

. 

Mammalian homologs include Meis1-3 and Prep1-2. Studies in Meis1 knock out mouse 

models have shown that Meis1 is essential for development and embryos survive to 

maximum gestation of E14.5. Defects occur in eye development, maintenance of 

definitive hematopoiesis, and angiogenesis 
205-206

. Expression profiling of Meis2 suggest 

it may have a role in development of the forebrain striatum 
207-208

, the midbrain 
209

 and 

the retina 
210

. Meis3 is involved in vertebrate hindbrain patterning 
211-213

. The Prep1
-/-

 

knockout mouse is embryonic lethal at around embryonic day E7, when cell expansion 

fails to proceed due to p53-dependent apoptosis 
214

. Mice homozygous for a hypomorphic 

Prep1
i/i

 mutation reveal that Prep1 functions as a tumor suppressor and maintains 

genomic stability 
215-218

. Prep2 mRNA has been detected in mouse oocytes and shows a 

restricted expression pattern in adult mouse tissues 
219-220

. A function for PREP2 has yet 

to be verified; however, PREP2 dimerizes with PBX proteins, and is expressed in 

multiple isoforms that show regulated subcellular localization dependent on cytoskeletal 

systems 
220-221

.  

It is well documented that Pbx1, Meis1, Prep1 and Prep2 are expressed in the brain 

207,220,222
. In contrast, no information exists regarding TALE expression in neural 

stem/progenitor cells or their differentiating progeny. Of these genes, only Pbx1 a 

definite role in vivo that relates to neurogenesis
223224224

. PBX1 has been observed in the 

caudo-rostral migratory tract of rats, where it is expressed in migrating and maturing 

neurons that are bound for the olfactory bulb 
223

. Both PBX1 and MEIS1 are expressed in 

the VZ and SVZ of the developing mouse brain, which houses neural stem cells 
207

. The 
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exact location and timing of PREP1 and PREP2 protein expression in the central nervous 

system has yet to be studied. 

1.12 TALE Protein Expression and Function 

Independent mutations involving PBX1 and MEIS1 proteins are associated with 

leukemia. The chimeric E2a-PBX1 protein causes pediatric pre-B cell leukemia and can 

induce myeloid and T-lymphocyte leukemia in mice 
224-225

. MEIS1 is commonly over-

expressed in acute myeloid leukemia (AML) and acute lymphoblastic leukemia (ALL), 

which is associated with HOXA9 deregulation 
226-229

. In addition MEIS1 over-expression 

is capable of accelerating leukemogenesis and its levels are associated with 

hematopoietic stem cell self-renewal 
230

. The Pbx1
-/-

 mouse displays severe anemia and a 

reduction in hematopoietic progenitor proliferation. In human adipocyte progenitors, loss 

of PBX1 reduces proliferation and promotes adipocyte differentiation. Reduced 

progenitor proliferation has also been observed in chondrocytes and in the spleen anlagen 

during skeletal and spleen development, respectively, in association with reduced PBX1 

activity 
231

. These findings suggest a potential role for the TALE factors in regulating 

stem cell phenotype that is not specific to tissue type. 

There is a high degree of cooperation and interdependence among TALE and 

HOX proteins. The earliest evidence of this came from observations that mutations in 

Exd lead to homeotic transformations in Drosophila 
232-233

. Early studies on PBX/MEIS 

interactions have revealed that in certain cell types, dimerization occurs in the cytoplasm, 

which is required for PBX translocation into the nucleus and subsequent interactions with 

HOX proteins 
234-237

. However, recent studies have shown that PBX1 nuclear localization 
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can occur independent of interaction with MEIS. Other determining factors of subcellular 

localization are PBX1 phosphorylation state, which can be regulated by Protein Kinase 

A, and cell cycle stage 
238-239

. There also appears to be cross-regulation of protein levels 

between the TALE proteins. In F9 cells, PREP1 stabilizes PBX2 by decreasing its 

proteasomal degradation 
240

. In Prep1
i/i 

mutant
 
mice, reduced PBX1, PBX2 and MEIS1 

protein levels are observed relative to wild type, but there are no differences in the 

mRNA levels detected 
192

. 

MEINOX and PBX also interact in complex with DNA. Together, MEIS1 and 

PBX1 interact with the promoter of Sox3 to regulate its expression in NT2/D1 cells 
241

. In 

pre-B cells a specific DNA element is bound by PBX1/MEIS1 and PBX1/PREP1 dimers, 

but the E2a-PBX1 fusion significantly decreases the formation of these dimers as well as 

their association with this DNA element 
242

. Dissection of the Hoxb1 auto-regulatory 

enhancer has revealed multiple PBX-HOX and PBX-MEINOX binding sites. In vivo, the 

combinations of these sites have been shown to modulate reporter expression in 

transgenic mice and chick embryos. TALE dimers composed of PBX1-MEIS1 and 

PBX1-PREP1 can interact at these DNA sites, as well as dimers of PBX1-HOX proteins. 

Furthermore, ternary complex formation has been detected, involving PREP1-PBX-

HOXB1, which has demonstrated sensitivity to retinoic acid 
179,243-245

. Oncogenic roles 

for specific HOX proteins also rely on interactions with TALE proteins. HOXA9-TALE 

complexes have been isolated from leukemic cell lines, and these protein associations are 

required for HOXA9 immortalization of myeloid progenitors 
246

. An oncogenic role for 

HOXB7 in human breast cancer is dependent on interaction with the correct TALE 

cofactors, and oncogenicity of HOXA1 relies on interaction with PBX1 
247-248

. It is also 
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known that over-expression of MEIS1 accelerates lukemogenesis induced by HOXA9, 

and this is dependent upon the C-terminal transactivation domain of MEIS1. A chimera 

composed of the MEINOX protein PREP1 and this domain confer leukemogenic 

properties upon PREP1 
249

.  

Retinoic acid regulates the activation and expression of Hox and TALE 

developmental programs that include multimers, cross-regulation and autoregulatory 

feedback loops. These gene programs are complicated even further by the recent 

discovery of HOX and TALE regulation of RA synthesis. In mouse embryos, 

retinaldehyde dehydrogenase-2 (Raldh2) codes for an enzyme responsible for RA 

synthesis 
250-251

. In Pbx1/Pbx2 null mice and Hoxa1/Pbx1-deficient embryos there are 

reduced levels of Raldh2 and RA activity. It was recently discovered that a HOXA1-

PBX1/2-MEIS2 complex binds a Raldh2 regulatory element in vivo and this element is 

required for the appropriate transcriptional regulation of Raldh2 
191

. 

Despite the neural expression patterns in vivo and in vitro, it has been shown that 

PBX1 is dispensable for neural differentiation of mouse embryonic stem cells 
252

. The 

undefined involvement of PBX1 in neurogenesis makes Pbx1 a target of interest to 

investigate the mRNA and protein expression patterns in neurospheres and differentiating 

neural stem cells. The patterns of MEINOX expression in this system is of interest due to 

their CNS expression patterns and developmental roles.  

In vitro culture of primary NSC provides an opportunity to investigate the 

expression patterns and roles of specific genes during neurogenesis. The results of such 

experiments, however, must be considered as context specific due to the sensitivity and 
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variation among NSC sources and culturing methods. As previously mentioned, the 

effects of cell signalling molecules in vivo, for example, are dependent on the stage of 

embryonic development. Our current knowledge about the roles of TALE genes lead us 

to believe that our study, investigating the expression patterns of TALE genes during 

NSC differentiation, will result in novel findings with significance to CNS development 

and cell based therapeutics. These genes have important roles in development and stem 

cell regulation. The data we generate will provide the foundation for functional studies 

regarding the role of TALE genes in NSC fate decisions and forebrain development. 

 

Table 1. TALE gene knockout mouse model phenotypes. The lethality of TALE gene 

knockout models make primary NSC culture a viable alternative to study the roles of 

these genes in neural development. The majority of these genes are expressed in the 

developing forebrain and have roles in cell proliferation and stem cell regulation, making 

them genes of interest for forebrain NSC regulation. 
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2.1 Rationale 

Neural induction of pluripotent ESC and embryonal carcinoma cells using retinoic 

acid leads to activation of Hox and TALE genes. Modulating the expression of these 

genes influences ESC-derived neural stem cell fate decisions as well as their essential 

roles in central nervous system development 
191,243,253

. Aberrant expression of homeobox 

genes for instance is associated with developmental abnormalities including homeotic 

transformations, hypomorphic organs and human cancer including forebrain-derived 

tumors 
170,199,254

. Phenotypes such as these strongly suggest aberrations in stem cell fate 

determination and proliferation. TALE proteins have been detected in the developing 

forebrain, including the VZ and SVZ, where neural stem cells and transient amplifying 

progenitor cells exist 
207

. Hox gene expression has not been detected in the forebrain. 

However, in vitro primary NSC culture is dependent on the use of mitogens including 

FGF and EGF, and during CNS development Hox genes are activated in response to FGF 

13,116
.  The expression of Hox and TALE genes in forebrain derived primary NSC and 

their in vitro differentiated progeny has not been investigated in detail. There is a need for 

more extensive data on NSC gene expression programs and their relative expression 

levels in the developing forebrain, versus the neurosphere culture and the in vitro 

differentiating progeny. The in vitro study of forebrain-derived neural stem cells offers 

the opportunity to investigate the expression of these genes and identify correlations 

between their expression levels and cell lineages or NSC self-renewal.  

Forebrain NSC culture also offers an accessible system for studying the 

expression of TALE transcription factors, which may be independent of the HOX 

proteins. HOX proteins cooperate with TALE factors in binding DNA, and there are 
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many redundancies observed amongst the functions of 39 HOX proteins 
58

. Our system 

provides a means to identify potential roles of TALE transcription factors in NSC fate 

decisions, which may be exercised independently, or in complex with non-HOX DNA-

binding cofactors that have not yet been identified.  

Our findings will directly extend our knowledge of the gene expression programs 

involved in forebrain NSC neurogenesis, with special emphasis on the profiles of TALE 

gene expression. This knowledge is essential for predicting the efficacy and safety of the 

different stem cell sources available for clinical applications in nervous system repair. 

We investigated the expression profiles of important NSC signalling pathways and CNS 

developmental transcription factors in E14 forebrain-derived primary NSC, in the context 

of astrocyte differentiation. Astrocytic differentiation of neural stem cells occurs during 

this stage of development in vivo, and our NSC differentiation system is strongly biased 

towards astrocyte generation. Our use of primary generation neurospheres for 

differentiation minimizes the amount of time the cells are in culture, while at the same 

time generating sufficient numbers of cells for our experiments. This approach was used 

to ensure that the associations we draw between gene expression and cell fate in vitro are 

consistent with the situation of neural stem cell neurogenesis in vivo. 
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2.2 Hypothesis 

The three amino acid loop extension (TALE) homeodomain transcription factors 

are expressed in embryonic day E14 forebrain-derived neural stem cells, and the 

expression profiles of these proteins during NSC differentiation is associated with 

specific cell type lineages. 

2.3 Objectives  

1. To reveal the gene expression profiles of important neural stem cell signalling 

pathways in the E14 developing forebrain, E14 forebrain-derived primary NSC, and their 

differentiating progeny. 

2. To determine the transcript expression patterns of genes encoding for HOX 

transcription factors as well as genes that are important for neuronal development; in the 

E14 developing forebrain, E14 forebrain-derived primary NSC and their differentiating 

progeny. 

3.  To determine the expression profile of TALE gene mRNA transcripts and proteins in 

the E14 developing forebrain, E14 forebrain-derived primary NSC and their 

differentiating progeny. 
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2.4 Materials and Methods 

Ethics statement and animal care  

Animals were treated according to the standards of the Canadian Council on 

Animal Care. The described experimental protocols were performed in accordance with 

animal experimentation guidelines, and the mice were obtained from an approved source 

(Central Animal Care Services, University of Manitoba). 

Neural stem cell isolation, expansion and differentiation  

Timed pregnant female C57 BL/6 mice were humanely euthanized by CO2 gas 

followed by cervical dislocation and embryos were removed. The day of the positive 

vaginal plug was considered as E0.5 of pregnancy and embryos were collected at E14.5 

and placed in GIBCO® phosphate buffered saline (PBS) (1.06 mM KH2PO4, 155.17 mM 

NaCl, 2.97 mM Na2HPO4-7H2O) solution on ice. The embryos were transferred to ice-

cold artificial cerebral spinal fluid (ACSF) (0.124M NaCl, 5 mM KCl, 1.3 mM MgCl2, 

26.2 mM NaHCO3, 10 mM glucose, 1.99 mM CaCl2, antibiotic/antimycotic) where the 

brains were removed, and then forebrains were dissected from embryonic whole brains. 

Forebrains from one litter (approximately 8 embryos) were mechanically dissociated by 

fire-polished pasteur pipettes in 2 ml Basic NSC media (DMEM:F12, 10mM HEPES, 

antibiotic/antimycotic, 0.6% glucose). Full NSC media (Basic NSC media, 2 µg/ml 

heparin, 20 ng/ml rhEGF, 20 ng/ml bFGF and hormone mix (5X stock: DMEM:F12, 

0.6% glucose, 1 mg/ml transferrin, 0.25 mg/ml insulin, 0.097 mg/ml putrescine, 0.3µM 

sodium selenite, 0.2 µM progesterone) was added to a total volume of 10 ml and the 

media with dissociated cells was run through a 40 μm filter to remove meninges particles 

and ensure a single cell suspension. Trypan blue exclusion assay was used to verify 
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viable cells, and viable cell counts were used for plating. Cells were plated on uncoated 

tissue culture plates at a density of 10
5
/cm

2
, in serum free Full NSC media. The cells 

were expanded in these conditions for 7 days, and were fed every other day with fresh 

media. At the end of 7 days, neurospheres were gently dissociated by Accutase (Sigma-

Aldrich, Oakville ON) treatment and single cell suspension was verified by microscopy. 

The cells were counted using trypan blue, and added to tissue culture plates coated with 

Growth Factor Reduced Matrigel™ (BD Biosciences, Mississauga ON) at a density of 

10
5
 cells per cm

2
 in DMEM containing glutamine, antibiotic/glutamine and 15% heat 

inactivated fetal bovine serum. The cells were cultured in this condition for 8 days of 

differentiation, and the media was refreshed every other day throughout the 

differentiation. 

Cortical neuron isolation and culture 

Postmitotic cortical neurons were isolated from E18.5 mouse embryos. First, 

cortices were isolated from whole brain into cold Hank’s balanced salt solution (HBSS) 

(1.26 mM CaCl2, 0.493 mM MgCl2-6H2O, 0.407 mM MgSO4-7H2O, 5.33 mM KCl, 

0.441 mM KH2PO4, 4.17 mM NaHCO3, 137.93 mM NaCl, 0.338 mM Na2HPO4, 

5.56mM D-Glucose, GIBCO®). The tissue was dissociated using a combination of 

digestion by Earle’s balanced salt solution (EBSS)- based (5.33 mM KCl, 26.19 mM 

NaHCO3, 117.24 NaCl, 1.01 mM NaH2PO4-H2O, 5.56 mM D-Glucose, GIBCO®) papain 

solution (0.1 mg/ml cysteine, 0.51 nM EDTA, 10 U/ml papain), and mechanical 

dissociation by pasteur pipette
255-256256-257256-257256-257255-256

. Papain solution (3 ml) was 

added to one litter of dissected cortices for 20 min at 37°C and the reaction was stopped 

with 300 μl of 10/10 solution (10 mg/ml BSA and 10 mg/ml ovomucoide in EBSS). The 
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cells were precipitated by centrifugation at 1000 rpm for 10 seconds and the supernatant 

was aspirated. The cells received 3 ml of 1/10 solution (10/10 solution diluted 10x in 

EBSS) and 0.1% DNase (Calbiochem®) and were mechanically dissociated by pasteur 

pipette. The 10/10 solution was added at 1:1 volume with the cell suspension, followed 

by centrifugation for 2 min at 1000 rpm. The supernatant was removed and cells were 

suspended in neuronal culture media (Neurobasal™ media, (Life Technologies, 

Burlington ON), 1% v/v penicillin/streptomycin, 2% B27 supplement, 500 μM L-

Glutamine), followed by counting of the cells and plating at a density of 5 x 10
4
/cm

2
 on 

coverslips in neuronal culture media. On day 3 after plating, we removed half of the 

media volume and replaced this with neuronal selection media (neuronal culture media, 7 

μM cytosine arabinoside). Two days later, half of the media volume was removed and 

this was replaced with neuronal culture media. Two days later, on day 7, the cells were 

fixed in 4% paraformaldehyde (PFA) for immunofluorescent labelling, as detailed below.  

Fixation and immunofluorescent labelling 

Neurospheres were rinsed with PBS and fixed with freshly polymerized PFA 

(0.16 M sodium phosphate buffer, pH7.4 and 2% PFA) for 20 min at room temperature to 

cross-link proteins, then rinsed with cryoprotectant (25 mM sodium phosphate buffer, 

pH7.4, 10% sucrose, 0.04% NaN3). Fixed samples were incubated at 4°C in 

cryoprotectant solution for at least 24 hours (h). Neurospheres were mounted in optimal 

cutting temperature compound (OCT) and cryosections (8-10 µm) were obtained on 

gelatinized slides and stored at -20°C.  

Cells differentiating on matrigel coated glass coverslips were rinsed with PBS and 

fixed in 4% PFA for 15 min at room temperature, while adhered to the coverslips. The 
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cells were subsequently rinsed in PBS and stored in PBS at 4°C until used in 

immunofluorescent labelling experiments.  

Cryopreserved slides were air-dried for 20 min, and soaked in 0.3% Triton X-100 

(tr) tris buffered saline (TBS) (50 mM Tris-HCl, pH 7.4, containing 1.5% NaCl) solution  

for 20 min. Permeabilization and pre-blocking of neurosphere sections were performed 

with TBS-tr containing 10% normal goat serum (NGS). For immunofluorescent labeling, 

primary and secondary antibodies were diluted in TBS-tr containing 10% NGS (refer to 

tables 1 and 2 for antibody dilutions). Primary antibody incubation was done overnight at 

4°C (200 L/slide). Following primary labeling, the slides were washed three times with 

TBS-tr (20 min), and incubated in a humidity chamberbox for 1h at room temperature 

with 200 L/slide of secondary antibody. Slides were washed once with TBS-tr (20 min) 

and twice with Tris-HCl (50 mM) buffer, pH 7.4 (20 min). For negative controls, primary 

antibody omission and IgG (mouse and rabbit derived antibodies) or IgY (chicken 

derived antibody) whole molecule incubations (1 µg/ml) were used in the protocol along 

with the corresponding secondary antibodies. For immunofluorescence staining of cells, 

permeabilization was performed with 2% NP-40 in PBS for 10 min at room temperature, 

and pre-blocking was performed with PBS containing 10% normal goat serum. Primary 

antibody incubation was performed one hour at room temperature followed by rinses with 

PBS and secondary antibodies were applied (1:800 dilution) at room temperature for one 

hour. Primary and secondary antibodies were diluted in PBS containing 10% normal goat 

serum. Following antibody incubations, coverslips were slide mounted with glycerol anti-

fade medium containing DAPI counter stain (0.5 µg/ml) (Calbiochem, EMD Chemicals, 
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Gibbstown NJ) and incubated at room temperature for 1h in the dark before observation 

or storage in the dark at -20°C.  

Microscopy and cell quantification 

 Immunofluorescence was detected using an Axio Observer.Z1 inverted 

microscope from Carl Zeiss. The illumination system was composed of the Zeiss Colibri 

LED system and a HXP-120 mixed gas lamp. The software used for detection, imaging 

and image processing was AxioVision 4.8 (Carl Zeiss). For quantification of cells in the 

neurospheres, a minimum of two labelling experiments were performed. From each of 

those two experiments a minimum of 2 sphere sections were selected and divided in half 

at random to provide a total sample of 4 half-spheres for quantification. All of the cells 

were counted in the 4 half-spheres based on the detection of DAPI stained nuclei. The 

minimum total number of cells counted was 500 for each protein of interest. The cells 

were quantified for detection of the protein of interest, to estimate the proportion of cells 

that expressed the protein of interest, within the total cell population of the neurosphere 

cultures. For quantification of differentiating cells, randomized frames of 3 separate 

immunolabeling experiements were collected. A total of 500 cells were counted from 

these frames based on DAPI signal, and the number of cells expressing the protein of 

interest was recorded.  

Reverse transcription and real-time polymerase chain reaction (PCR) 

Total RNA was extracted from the whole E14.5 forebrain (FB), primary 

neurospheres (D0) and differentiating cells at day1 (D1) and day8 (D8) of differentiation. 

The RNeasy Mini Kit (Qiagen Sciences, Maryland) was used for RNA extraction and 

cDNA synthesis was done with the RT
2
 First Strand Kit (Qiagen). Real-time PCR was 
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performed in customized RT
2
 Profiler PCR Array 96 well plates from SABiosciences 

(Qiagen), using SABiosciences SYBR Green-based RT
2
 qPCR Master Mix in an Applied 

Biosystems (ABI) 7500 Real-Time PCR machine. Primer sequences were designed by 

SABiosciences™ and were not disclosed by the company. These are designed to give 

uniform cycling conditions to each gene within the plate, while detecting every transcript 

of the gene, but avoiding complementation with other regions of the transcriptome. The 

standardized cycling program provided by the company was used each time a plate was 

run in the real-time PCR machine. Two housekeeping genes were included for 

normalization, Gapdh and Actin, and three internal controls were provided in the plate 

design to address genomic DNA contamination, reverse transcription performance and 

PCR cycling performance.  For each sample of interest (FB, D0, D1 and D8) three (n=3) 

plates were run and the difference in threshold cycle values (ΔCt) were calculated for the 

gene of interest minus the housekeeping gene Gapdh. The students t-test was used to 

detect significant differences between the ΔCt values for FB, D1 and D8 versus D0, 

based on a p-value of 0.05 (*), 0.01 (**) and 0.001 (***).  Analysis was performed using 

Microsoft Excel 2007 and SABiosciences™ web-based RT
2
 Profiler PCR Array Data 

Analysis. The graphs presented in the results section report the average fold change in 

transcript expression levels for FB, D1 and D8 versus D0, with bars representing standard 

error, based on the sample size of n=3. 

Total cell extracts and western blot (WB) 

Total cell protein extracts were prepared using neural stem cell salt shock protein 

extraction buffer (50 mM tris pH 8.0, 150 mM NaCl, 5 mM EDTA, pH 8.0, 0.2% sodium 

deoxycholate, 1% NP-40, 50 mM NaF, 1 mM sodium orthovanadate, Roche Complete 
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Cocktail protease inhibitor). The isolated protein concentration was determined by 

Bradford assay using BioRad Protein Assay Reagent and the SpectraMax M2
e
 96-well 

plate spectrophotometer (Molecular Devices) with SoftMax® Pro v5.3 analysis software.  

Protein samples were denatured by boiling for 5 minutes in loading buffer (50 

mM Tris-HCL pH 8.0, 2%SDS, 10% glycerol, 1% β-Mercaptoethanol, 12.5 mM EDTA 

and 0.02% bromophenol blue). Proteins were run in polyacrylamide gel by 

electrophoresis to separate based on their molecular weight. A 4% acrylamide gel (0.125 

M Tris-HCL(pH 6.8), 0.1% SDS, 0.05% Na2S2O8, 0.001% TEMED)  was used for the 

stacking gel and 10% acrylamide gel (0.375. Tris-HCL (pH 8.8), 0.1% SDS, 0.1% 

Na2S2O8, 0.0004% TEMED) for the separating gel. Electrophoresis was performed with 

the gels at 200V, at 4°C, in electrophoresis running buffer (25 mM Tris, 192 mM glycine, 

0.1% SDS, pH 8.3). The proteins were transferred to nitrocellulose membrane in transfer 

buffer (192 mM glycine, 25 mM Tris, 0.05% SDS, 20% methanol) at 100V for 1 h at 

room temperature with a cooling pack in the chamber.  

For immunolabelling, membranes were pre-blocked in 5-10% milk/TBS for 1 hr 

at room temperature and primary antibodies were applied in 1-5% milk/TBS-Tween20 

(0.2%) for either 1h at room temperature or overnight at 4°C. Chemilluminescence 

detection was performed using horseradish peroxidase (HRP) conjugated secondary 

antibody (applied 1 h room temperature in 1-5% milk/TBS-Tweeen20) and Immobilon 

Western Chemiluminescent HRP Substrate solution (Millipore™) containing luminol and 

peroxide. Exposures were captured on film and by the Fluor-S™ MAX Multimager 

(BIO-RAD), and quantification was performed using the Quantity One® 1-D v4.6.9 

analysis software (BIO-RAD).  
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Antibodies  

 

Table 2. List of primary antibodies. The primary antibodies used in the studies are 

presented with the dilutions used for each application, a description of the type of 

antibody, and the companies from which these were sourced. 
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Table 3. List of secondary antibodies and immunoglobulin whole molecules. The 

scondary antibodies and immunoglobulin whole molecules used for isotype controls are 

pesented with the dilutions used for each application, a description of the antibody type, 

and the companies from which these were sourced. 

 

 



43 
 

3 Results 

3.1 Mouse embryonic day E14.5 forebrain-derived neural stem cells generated 

neurospheres that expressed an astrocyte lineage gene expression profile.  

Neurosphere formation is a standard assay used to verify the presence of neural 

stem cells, and to describe the proliferation characteristics of these cells. Neurospheres 

are known to consist of neural stem cells, progenitors and more differentiated cells. 

Depending on the NSC culture conditions used, the cell type composition of the spheres 

will be impacted 
112

. In order to establish the character of our neurosphere and NSC 

differentiation system, we performed immunofluorescent (IF) labelling and real-time 

PCR experiments to detect the expression levels and frequencies of specific cell-type 

markers. These data could then be used to associate the expression levels of NSC 

signalling pathways and transcription factors detected in the differentiating cells, with 

NSC fate decisions. We used IF labelling of specific cell type markers in sectioned 

neurospheres, to describe the differentiated and undifferentiated cell type composition of 

the neurospheres. We counted a minimum of 500 cells (identified by DAPI
 
stained 

nuclei) for each marker by randomly dividing the sectioned spheres in half and counting a 

minimum of 4 halves from four different spheres, from a minimum of two separate 

labelling experiments. We confirmed the presence of NSC, neurons and glia in the 

sectioned neurospheres. The transcription factor SOX2 is a stem cell marker expressed in 

ESC and neural stem cells with established roles in attenuating self-renewal 
257

. We 

found that 82% of cells in a given neurosphere express detectable levels of SOX2 and 

these cells co express the NSC marker NESTIN, which is an intermediate filament 

protein (Fig. 4). To detect neurons and astrocytes we used NEUN and GFAP  
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Figure 4. (A) SOX2 and (B) NESTIN expression in embryonic primary 

neurospheres. The neural stem cell marker SOX2 is expressed in the nuclei of 

approximately 82% of neurosphere cells (A). The signal for the neural stem cell marker 

NESTIN overlays with SOX2 positive regions (B). DAPI counterstain labels nuclei (C) 

and the merged image reveals the overlapping expression of SOX2 and NESTIN (D). 

Scale bar = 50 μm. 
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respectively, to label mature cells of these lineages. We found 5% of cells in our 

neurosphere assay were positive for NEUN (Fig. 5) and 4% were positive for GFAP 

expression (Fig. 6). Mature oligodendrocyte markers CNPase and O4 were not detected 

in the neurospheres. As was reported by Hack et al. (2003), our embryonic forebrain-

derived neurospheres also expressed high levels of OLIG2 (60% of cells), which has an 

unknown role in neurospheres (Fig. 7) 
128

. Because of its association with neuronal and 

oligodendrocyte differentiation from neurospheres, we traced OLIG2 expression through 

differentiation to provide evidence as to the number of oligodendrocytes being generated 

and maintained in culture. To control for non-specific signal in our immunofluorescent 

labelling experiments, we labeled the sectioned neurospheres with the immunoglobulin 

whole molecules that are isotype specific for the primary antibodies used (Fig. 8), and we 

labeled sectioned neurospheres with the secondary antibodies alone (primary omission 

control Fig. 9). 
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Figure 5. (A) SOX2 and (B) NEUN expression in embryonic primary neurospheres. 

SOX2 expression appears to be predominantly in the periphery of the neurospheres (A), 

while the mature neuron marker NEUN is detected in the core region (B). Appoximately 

5% of cells are positive for NEUN. DAPI counterstain labels nuclei (C) and the merged 

image reveals the nonoverlapping expression of SOX2 and NEUN (D). Scale bar = 50 

μm. 
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Figure 6. (A) SOX2 and (B) GFAP expression in embryonic primary neurospheres. 

SOX2 expression occurs more frequently in the periphery of the neurospheres (A), while 

the mature astrocyte marker GFAP is detected in the core region (B). Appoximately 4% 

of cells are positive for GFAP. DAPI counterstain labels nuclei (C) and the merged image 

reveals the nonoverlapping expression of SOX2 and GFAP (D). Scale bar = 50 μm. 
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Figure 7. (A) OLIG2 and (B) NESTIN expression in embryonic primary 

neurospheres. Approximately 60% of nuclei label positively for OLIG2 in the 

neurosphere cells (A). The expression of NESTIN overlays with OLIG2
+
 regions (B). 

DAPI counterstain labels nuclei (C) and the merged image reveals the overlapping 

expression of OLIG2 and NESTIN (D). Scale bar = 50 μm. 
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Table 4. Expression of cell-type markers in primary neurospheres. The neurospheres 

are comprised of mainly stem cells and progenitors as indicated by the number of cells 

expressing SOX2. Differentiated neurons and astrocytes are also detected at much lower 

numbers. The majority of cells also express OLIG2, which frequently labels precursors in 

neuropheres, but has no established role in neurosphere cells. 
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Figure 8. Immunoglobulin (Ig)G isotype control for antibodies used in 

immunofluorescent labeling of neurospheres. Rabbit (Rb) IgG (A) and mouse (Ms) 

IgG (B) adhere to the sectioned neurospheres very rarely and in a pattern that does not 

resemble that of the primary antibodies derived from these species (rabbit anti-SOX2 and 

anti-OLIG2, mouse anti-NESTIN, anti-NEUN and anti-GFAP). DAPI counterstains the 

nuclei (C) and the merged image shows the pattern of nonspecific immunolabeling (D). 

Scale bar = 50 μm. 
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Figure 9. Primary antibody ommission control for immunofluorescent labeling of 

neurospheres. Without primary antibody there is labeling of the neurosphere cells by 

neither αRb Alexa488 (conjugated secondary antibody used for SOX2 and OLIG2 

detection) (A) nor αMs RedX (conjugated secondary antibody used for NESTIN, NEUN 

and GFAP detection) (B) conjugated secondary antibodies. In both channels 

autofluorescence is visible mainly in the tissue periphery. DAPI counterstain labels nuclei 

(C) and the merged image shows overlapping regions of autofluorescence (D). Scale bar 

= 50 μm. 
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After one week in culture, the neurospheres were dissociated and the cells were 

plated in differentiation conditions for a period of 8 days. Protein and mRNA expression 

studies were carried out on neurospheres (D0) and cells that were differentiating for 1 day 

(D1) and 8 days (D8). At D8, 3% of the the differentiated cells derived from the 

dissociated neurospheres stained positive for the neuronal marker βTUBIII. Labelling 

with the astrocyte marker GFAP showed that approximately 80% of cells were positive 

for this marker. OLIG2 stained approximately 10% of cells including a portion of the 

GFAP
+ 

cells (Fig. 10), indicating that these were mature astrocytes. Astrocytes that 

express GFAP have previously been shown to express OLIG2 at decreasing levels while 

maturation occurs, while oligodendrocytes have been shown to maintain their level of 

OLIG2 expression 
258

. Differentiated cells that were positive for OLIG2 at D8, and 

expressed neither βtubIII nor GFAP, were designated as oligodendrocytes. Appoximately 

2% of cells were OLIG2+/GFAP- indicating that an estimated 2% of differentiated cells 

were of oligodendrocyte lineage. Previous reports on neurosphere differentiation indicate 

that this is an expected percentage for oligodendrocytes in the differentiated population of 

cells 
126

. The isotype control was performed using immunoglobulin whole molecules 

mouse IgG, rabbit IgG and chicken IgY for the anti-GFAP, anti-OLIG2 and anti-βtubIII 

antibodies, respectively (Fig. 11). 
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Figure 10. Immunofluorescent detection of cell type markers in differentiated 

neural stem cells. The astrocyte marker GFAP labelled approximately 80% of cells at 

D8 (A) and the neuron marker βtubIII labelled 3% of the D8 cells (B). OLIG2 was used 

to label and estimate the proportion of D8 cells that are oligodendrocytes; however, it 

was commonly co-expressed in GFAP
+
 astrocytes (C). DAPI counterstain labels the 

nuclei and the merged image shows the heterogeneous differentiated cell population at 

D8. White arrow heads point to the βtubIII
+
 neurons  and the white arrow points to an 

OLIG2
+
 astrocyte colabelled with GFAP (D). Scale bar = 50 μm. 
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Figure 11. Immunoglobulin isotype control for antibodies used in 

immunofluorescent labelling of D8 differentiated cells. Mouse (Ms) IgG (A), Chicken 

(Ch) IgY (B) and Rabbit (Rb) IgG (C) adhere to differentiating cells very rarely and in a 

pattern that does not resemble that of the specific primary antibodies derived from these 

species (mouse anti-GFAP, chicken anti-βtubIII, rabbit anti-OLIG2). DAPI counterstains 

the nuclei and the merged image shows the pattern of nonspecific immunolabeling (D). 

Scale bar = 50 μm. 
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We next assayed the mRNA expression profile of the neurospheres, as well as the 

forebrains from which they are derived, and their differentiating progeny (Fig. 12). The 

purpose of this was to determine when lineage specific gene expression profiles were 

induced, indicating that the fate of the cells had likely been restricted. Given the presence 

of differentiated cells in the neurospheres and the sensitivity of the neurospheres to 

culture conditions, we did not restrict our analysis to cells in differentiation conditions 

and chose to include neurospheres. We found that Gfap was expressed at significantly 

higher levels in the neurospheres relative to the whole forebrain. In contrast, βtubIII and 

the oligodendrocyte lineage marker Mbp were expressed at significantly lower levels in 

the neurospheres relative to the whole forebrain. During the differentiation process 

between D1 and D8, Gfap detection continuously increased, which we attribute to 

differentiation of primitive cells along the astrocyte lineage as well as dividing astrocytes 

within the D1 and D8 populations. At D8, levels of βtubIII and Mbp were unchanged 

relative to the neurospheres, indicating there was no further differentiation of cells along 

these lineages from the neurospheres. The fold change results of the real-time PCR 

experiments are based on the averages of n=3 trials for E14.5 forebrain, E14.5 forebrain-

derived neurospheres, D1 differentiating cells and D8 differentiating cells. Interestingly, 

Sox2 expression at D8 showed a two fold increase over neurosphere levels. Given these 

findings, it appears that neurospheres cultured from the E14 forebrain, in the presence of 

EGF and FGF2, have an innate gene expression program that suggests their commitment 

to the astrocyte lineage. Furthermore, permitting the differentiation of these cells in 

minimal serum-containing conditions leads to increasing levels of Gfap transcript and 

protein, while leaving neuronal and oligodendrocyte marker transcripts unchanged. 
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Figure 12. Fold change detection of specific cell type marker transcripts by real-

time PCR. The mRNA transcript levels of Gfap, βtubIII and Mbp were detected as 

indicators of gene expression profiles of astrocytes, neurons and oligodendrocytes 

respectively. Sox2 was assayed as an indicator of the neural stem cell gene expression 

profile. All transcripts were detected by real-time PCR in forebrain (FB), neurospheres 

(D0) and differentiating cells at day1 (D1) and day8 (D8) of differentiation. Threshold 

cycle (Ct) values were normalized to gapdh and the students t-test was used to detect 

significant differences between the normalized Ct values (ΔCt) at D0 versus FB, D1 and 

D8 based on a sample size of n = 3. (* ) P ≤ 0.05, (**) P ≤ 0.01, (***) P ≤ 0.001. Fold 

change in transcript levels is reported with standard error bars. 
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3.2 Differentiation of primary neural stem cells was accompanied by changes in the 

mRNA transcript levels of NOTCH and BMP signalling pathways. 

In order to determine the activity of important NSC signalling pathways in our 

system, we performed real-time PCR to detect transcript levels of NOTCH receptors, 

ligands and downstream effectors, as well as BMP signalling molecules (Bmp2, Bmp4 

and Bmp7). These two pathways are particularly important to NSC self-renewal, 

differentiation specifically in our system, and neurogenesis in vivo and in vitro 
95,259

. The 

specific roles of individual ligands and receptors, however, have yet to be determined. 

We observed minor changes in the mRNA expression of NOTCH receptors Notch1 and 

Notch3, while much larger changes were observed in the expression of Notch2 and 

Notch4 (Fig. 13). There was a very small decrease in Notch3 levels in neurospheres 

relative to the forebrain, and at D8 neither Notch1 nor Notch3 levels were significantly 

different from those detected in the neurospheres. Notch4 was significantly decreased in 

neurospheres 12-fold relative to the whole forebrain while Notch2 levels were relatively 

stable. The level of both transcripts significantly increased during differentiation and by 

D8 Notch2 levels had increased 16-fold while Notch4 levels increased but did not reach 

the levels that we detected in the forebrain. The diverse expression profile of the 

receptors in our system suggests that there are specific roles for the different receptor 

variants in the context of NOTCH signalling in neural stem cells. 
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Figure 13. Fold change detection of NOTCH signalling pathway transcripts by real-

time PCR. The mRNA transcript levels of Notch receptors (Notch1-4) , Notch ligands 

(Jag1, Jag2 and Dll1) and downstream effectors (Hes1, Hes5 and Stat3) were detected as 

indicators of relative NOTCH pathway activity levels in neurospheres versus forebrain 

and differentiating cells. Threshold cycle values were normalized to Gapdh and the 

students t-test was used to detect significant differences between the ΔCt values at D0 

versus FB, D1 and D8 based on a sample size of n = 3. (* ) P ≤ 0.05, (**) P ≤ 0.01, (***) 

P ≤ 0.001. Fold change in transcript levels is reported with standard error bars. 



59 
 

The transcript levels of NOTCH pathway ligands Jagged1 (Jag1) and Jagged2 

(Jag2) were significantly decreased in neurospheres relative to forebrain, and these levels 

remained relatively unchanged throughout differentiation from neurospheres to D8 cells. 

The delta-like ligand Dll1 was unchanged in neurospheres relative to forebrain but 

showed decreased levels in differentiated cells compared to neurospheres, and this was 

significant at D1 but not D8. The downstream effecter Hes1 was relatively unchanged 

throughout the analysis but Hes5 was largely and significantly reduced in the D8 samples 

compared to the neurospheres. Further to this, no change in expression levels was 

detected by D1 of differentiation, indicating that the effect on the Hes5 transcript was 

delayed in comparison to the effects seen in the receptors and ligands. Stat3 is known to 

interact with the NOTCH pathway and the expression of this gene is significantly higher 

in the neurospheres relative to the whole forebrain and significantly higher yet in D8 cells 

relative to the neurospheres. Again, the change in the transcript level during 

differentiation goes undetected until D8 as D1 levels are unchanged relative to 

neurospheres. 

The expression profiles of Bmp transcripts also suggest non-redundant roles in the 

propagation and differentiation of neural stem cells. We detected increased levels of 

Bmp2 in the forebrain and differentiating cells relative to neurospheres (Fig. 14). The 

differences were not significant with the exception of the very modest increase in 

expression levels detected in D1 cells. We detected significantly lower levels of Bmp7 

transcripts in the forebrain and differentiating cells relative to neurospheres and the fold 

decrease were very similar for forebrain and differentiating cells. Bmp4 was significantly 

higher in the forebrain relative to neurospheres, and the transcripts greatly and 
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Figure 14. Fold change detection of BMP signalling molecule transcripts by real-

time PCR. The mRNA transcript levels of Bmp signalling molecules were detected as 

indicators of relative Bmp signalling activity levels in neurospheres versus forebrain and 

differentiating cells. Threshold cycle (Ct) values were normalized to gapdh and the 

students t-test was used to detect significant differences between the ΔCt values at D0 

versus FB, D1 and D8 based on a sample size of n = 3 . (* ) P ≤ 0.05, (**) P ≤ 0.01, (***) 

P ≤ 0.001. Fold change in transcript levels is reported with standard error bars. 
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significantly increased during differentiation relative to neurospheres.  

In summary, differentiation of E14 forebrain-derived primary NSC was 

accompanied by specific changes in the mRNA expression of the NOTCH and BMP 

pathways, suggesting non-redundant roles amongst the receptors, ligands, downstream 

effectors and signalling molecules within these distinct pathways. While the canonical 

pathways are well understood, we have added to the evidence indicating that there are 

specific roles for the different variants of NOTCH receptors and the variants of BMP 

signalling molecules.  

3.3 Mouse embryonic day E14.5 forebrain derived neural stem cells expressed lower 

mRNA transcript levels of genes important for forebrain neuronal development.  

 Based on the astrocyte gene expression profile we detected in the neurospheres, 

we were interested in detecting the relative expression levels of genes important to 

forebrain neuronal development in the E14.5 forebrain, neurospheres and differentiating 

cells (Fig. 15). These data would indicate the extent to which forebrain derived NSC in 

our system repress neuronal genes in neurospheres and during differentiation. These 

factors are important in deriving neurons from the progenitors in the ventral forebrain, 

and have important roles in neuronal maturation. Active repression of these genes, 

therefore, prevents neuronal differentiation. For instance, active NOTCH signalling has 

been shown to prevent the expression of the pro-neuronal gene Mash1. When NOTCH 

signalling is inhibited, Mash1 expression is permitted, which leads to neuronal 

differentiation 
260

. We found that the Mash1 transcript levels did not change significantly 

between the different samples assayed. Pax6, Dlx2 and Dlx5 were detected at  
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Figure 15. Fold change detection of developmentally important neuronal forebrain 

transcripts by real-time PCR. The mRNA transcript levels of several transcription 

factors involved in neuronal development in the embryonic forebrain were detected in 

neurospheres versus forebrain and differentiating cells. Threshold cycle (Ct) values were 

normalized to gapdh and the students t-test was used to detect significant differences 

between the ΔCt values at D0 versus FB, D1 and D8 based on a sample size of n=3. (* ) 

P ≤ 0.05, (**) P ≤ 0.01, (***) P ≤ 0.001. Fold change in transcript levels is reported with 

standard error bars. 
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significantly lower levels in neurospheres relative to forebrain and then at higher levels in 

the differentiating cells relative to neurospheres. The Dlx genes showed very large and 

significant fold decreases in transcript levels when compared to Pax6. When Pax6 

transcript levels increased again, they did so continuously through D1 and D8, while the 

Dlx transcripts increased at D1, to a fraction of what they were in the forebrain, and then 

decreased to levels that are just above the neurosphere levels. We also assayed for the 

expression of Nkx2-2, a gene associated with oligodendrocyte development 
261

. The 

pattern of Nkx2-2 was a sharp contrast to the neuronal genes, showing significantly lower 

levels in forebrain and D8 differentiated cells relative to neurospheres, although D8 

levels were not much different from those in neurospheres. In summary, a group of 

transcription factors that have cooperative roles in ventral forebrain neurogenesis in vivo 

show temporally non-overlapping mRNA expression patterns in our NSC culture and 

differentiation system in vitro. 

3.4 Three amino acid loop extension (TALE) gene mRNA transcripts and proteins 

were detected in the forebrain, neurospheres and differentiating cells. 

It has been previously shown that TALE gene transcripts and proteins have been 

detected in the VZ and SVZ of the developing mouse forebrain 
207

. In order to determine 

the expression level of the TALE transcription factors in our system, we performed real-

time PCR for the PBX and MEINOX families in the whole forebrain, neurospheres and 

differentiating cells (Fig. 16). In all instances the expression of these transcripts was 

significantly lower in the neurospheres relative to the whole forebrain. At D8 of 

differentiation there was no significant difference in Pbx1 and Pbx2 levels relative to 

neurospheres, but Pbx3 transcript levels approximately tripled. By D8 of differentiation  
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Figure 16. Fold change detection of TALE gene mRNA transcripts by real-time 

PCR. The mRNA transcript levels of the Pbx, Meis and Prep families of TALE genes 

were detected in neurospheres versus forebrain and differentiating cells as predictors for 

the relevance of these genes in forebrain development and NSC fate determination. 

Threshold cycle (Ct) values were normalized to gapdh and the students t-test was used to 

detect significant differences between ΔCt values at D0 versus FB, D1 and D8 based on a 

sample size of n=3. (* ) P ≤ 0.05, (**) P ≤ 0.01, (***) P ≤ 0.001. Fold change in 

transcript levels is reported with standard error bars. 
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Meis1, Meis2 and Meis3 levels were increased, however the change was not significant 

for Meis1. The levels of Prep1 returned to forebrain levels during differentiation, 

increasing relative to neurospheres, but Prep2 levels were unchanged during 

differentiation. In all samples, the TALE gene transcripts assayed were expressed at 

detectable levels, indicating that functional TALE proteins are potentially expressed in 

the forebrain as well as neurospheres and differentiating cells. 

We chose to investigate the expression of PBX1 and MEIS1 proteins in our NSC 

culture system due to previously published data indicating that these proteins are present 

in the neurogenic regions surrounding the ventricles of the developing forebrain. Also, 

our transcript detection data indicates that these genes are actively expressed in the 

system we are studying. We further chose to investigate the expression of PREP1 and 

PREP2 based on the transcript detection data we generated, as well as the lack of data 

that exists regarding the expression patterns and functions of these TALE genes. We also 

proposed that if the TALE proteins are expressed in a system that does not express the 

Hox genes (results section 3.7), we may introduce a means to study the role of these 

genes in a Hox-independent context.  

Each of the proteins was detected at high levels in the forebrain (Fig. 17). Western 

blot for PBX1 and PREP1 showed a sharp drop in the protein levels from forebrain to 

neurospheres and these levels remained very low. MEIS1 levels also dropped sharply 

from forebrain to neurospheres although not as drastically as PREP1 and PBX1. Unlike 

the formerly mentioned proteins, MEIS1 levels increased during differentiation and were 

detected at their highest levels in the D8 cells. The expression pattern of PREP2 was the  
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Figure 17. Protein level expression of TALE transcription factors detected by 

western blot. Immunoblotting for PREP1 and PBX1 protein revealed that these proteins 

are present in the E14.5 forebrain (FB) but are apparently expressed at very low levels in 

neurospheres (D0) and differentiating cells (D1 and D8). MEIS1 and PREP2 are also 

detected in the forebrain, as well as in the neurospheres and differentiating cells. The 

MEIS1 levels are reduced in neurospheres and significantly increased in differentiating 

cells while PREP2 levels are relatively unchanged. β-Actin and GAPDH act as the 

loading controls. 
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least variable, with strong levels detected in the forebrain, neurospheres and throughout 

differentiation. A higher molecular weight isoform of PREP2 also appears to be 

expressed in the forebrain at relatively lower levels, but this isoform is not detected in the 

other samples. The western blots were performed using a minimum of n=3 different sets 

of forebrains (FB), cultured neurospheres (D0) and differentiating cells (D1 and D8). The 

resulting expression patterns were consistent for each protein and the experiment was 

performed at least twice in each set of samples. When normalizing to GAPDH, there is a 

very small but statistically significant transient increase in PREP2 levels in the D1 cells 

versus D0 cells. MEIS1 levels are also significantly higher in D1 cells versus D0 and the 

level increases in D8 cells, however the difference is not statistically significant in D8 

cells versus the neurospheres (Fig. 18).  

To verify antibody specificities western blot was performed with each TALE 

antibody to detect protein levels in E14.5 forebrain, as well as verified positive and 

negative control samples.  For the PREP antibodies, the positive control was the 293T 

cell line derived from human embryonic kidney (HEK) cells. The negative control used 

for PREP1 and PREP2 were adult heart and kidney respectively 
220,222

 (Fig 19 A). The 

MEIS1 and PBX1 antibodies were verified by western blot using an array of adult tissues 

harvested from C57 BL/6 mice 
223,262

 (Fig. 19 B).  

To summarize, the mRNA transcripts of TALE genes are detectable in the 

forebrain, neurospheres and differentiating cells but show reduced levels in the 

neurospheres. The TALE proteins PBX1 and PREP1 are detected at very low levels in 

the neurospheres and differentiating cells while MEIS1 is detectable at high levels in D8 

cells and PREP2 is detected at high levels in the neurospheres and differentiated cells. 
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Figure 18. Fold change detection of PREP2 and MEIS1 protein by western blot. The 

expression levels of PREP2 and MEIS1 TALE proteins were detected in neurospheres 

versus forebrain and differentiating cells using western blot. Quantitative 

chemiluminescent values for the immunolabelled proteins were normalized to values of 

GAPDH. Fold change in the normalized values are reported with standard error bars. The 

students t-test was performed on the normalized values (n = 3, * indicates P ≤ 0.05). 
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Figure 19. Western blot controls for anti-TALE antibodies. The PREP proteins are 

detectable at varying levels in the FB, D0 and D8 cells, and expressed in 293T cells that 

provide the positive control. Adult heart provides the negative control for PREP1 
222

 and 

adult kidney provides the negative control for PREP2 
220

 (A). We performed 

immunoblotting for PBX1 and MEIS1 in adult mouse tissues and E14 forebrain to verify 

the reliability of our antibodies. The MEIS1 antibody generated the pattern that we 

expected 
262

 and also detected an additional higher molecular weight band in the 



70 
 

embryonic forebrain (~45kDa). PBX1 was detected in adult and embryonic brain as 

expected (~53kDa) 
223

 (B). Previously unreported bands for PBX1 were detected in the 

adult brain at higher molecular weights (~60-65kDa). GAPDH provided the loading 

control. 
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3.5 The three amino acid loop extension (TALE) protein PREP2 was expressed at 

high levels in neural stem cells and neurons. 

We were interested to find out which of the TALE proteins detected by western 

blot in neurospheres were being expressed in the neural stem cells. In order to address 

this, we used IF labelling on sectioned neurospheres to detect the expression of TALE 

proteins that coexpress with NSC markers SOX2 and NESTIN. As expected from the 

western blot data, PBX1 was not detected in the neurospheres (Fig. 20). The western blot 

data suggested that we should detect MEIS1 and PREP1 in either a small subpopulation 

of cells or faintly in a large population of the cells. PREP1 was not detected (preliminary 

data not shown), indicating that the protein levels may be too low or we must modify our 

immunolabeling approach. We detected only low levels of MEIS1 in the neurosphere 

cells above background levels making it difficult to determine the number of cells 

coexpressing NESTIN (Fig. 21). This was also hampered by the cytoplasmic staining 

pattern of NESTIN and the close proximity and overlapping nature of the cells in the 

neurosphere sections. PREP2 was detected in approximately 75% of cells in the 

neurospheres. Colabeling of SOX2 (Fig. 22) and Ki67 (Fig. 23) with PREP2 revealed that 

PREP2 was frequently coexpressed with these markers. Ki67 labelled approximately 

75% of cells. The PREP2 signal was commonly localized to the periphery of the spheres 

which has previously been described as the region of more primitive cells as opposed to 

the core of the sphere where more differentiated cells are located 
263

. 
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Figure 20. (A) SOX2 and (B) PBX1 expression in embryonic primary neurospheres. 

SOX2 labels the majority of cells in the spheres (A) while PBX1 is not detected (B). 

DAPI counterstain labels nuclei (C) and the merged image reveals the exclusive 

expression of SOX2 (D). Scale bar = 50 μm. 
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Figure 21. (A) NESTIN and (B) MEIS1 expression in embryonic primary 

neurospheres. NESTIN labels the majority of cells in the spheres (A) while MEIS1 

appears to be expressed at low levels in some cells (B). DAPI counterstain labels nuclei 

(C) and the merged image reveals the overlapping expression of NESTIN and MEIS1 

(D). Scale bar = 50 μm. 
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Figure 22. (A) SOX2 and (B) PREP2 expression in embryonic primary 

neurospheres. SOX2 labels the majority of cells (82%) in the spheres (A), as does 

PREP2 (75%), in overlapping regions (B). DAPI counterstain labels nuclei (C) and the 

merged image reveals the coexpression of SOX2 and PREP2 (D). Scale bar = 50 μm. 
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Figure 23. (A) Ki67 and (B) PREP2 expression in embryonic primary neurospheres. 

Ki67 labels the majority of cells (75%) in the spheres (A), as does PREP2 (75%) in 

overlapping regions (B). DAPI counterstain labels nuclei (C) and the merged image 

reveals the coexpression of Ki67 and PREP2 (D). Scale bar = 50 μm. 
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Western blot data revealed relatively stable levels of PREP2 protein from D0 to 

D8. Given the heterogeneity and dynamic nature of our culture system from D0 to D8, 

we were interested in investigating what cell types expressed PREP2. We found that cells 

expressing the neuronal marker βtubIII co-expressed PREP2, which was localized to the 

nucleus (Fig 24). We decided to validate our findings in primary neuron and astrocyte 

cultures that are differentiated in vivo (Fig. 25). Our data showed that PREP2 was 

expressed in primary cortical neurons, where its detection was localized to the nucleus, in 

euchromatic regions, and excluded from DAPI-rich heterochromatic regions. PREP2 was 

not detected in the primary cortical astrocyte cultures (preliminary data not shown). 

Primary antibody omission was performed to control for non-specific interactions 

involving the secondary antibodies. (Fig. 26). In summary, the TALE protein PREP2 is 

expressed in neural stem cells, and neurons that are differentiated in vivo or in vitro. 

3.6 Hox mRNA transcript expression was tightly restricted in the developing 

forebrain, neurospheres, and differentiating cells.  

In order to verify the expression levels of Hox homeobox genes in the forebrain 

and the forebrain derived NSC system, we performed real-time PCR analysis of 38 

mammalian Hox genes. Reporter gene and biochemical assays have not previously 

detected expression of Hox genes in the forebrain. Reports of Hox detection in ESC-

derived neural stem cells raised our interest in the potential of Hox genes being expressed 

in the NSC derived from forebrain and cultured in vitro 
264

. The use of FGF2 in the 

culture media also raised the potential that we may see active Hox gene expression in the 

primary neurospheres. In addition to this, the mRNA transcript levels of HOX cofactors 

(TALE genes) were detected at moderate levels within our system, even in instances that 
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Figure 24. (A) PREP2 and (B) βtubIII expression in D8 differentiated cells. PREP2 

(A) positively labels cells most strongly in the regions of βtubIII (B) detection. Much 

weaker signals are detected in nuclei of cells not expressing βtubIII, indicating PREP2 is 

expressed at its strongest levels in neurons. DAPI counterstain labels nuclei (C) and the 

merged image reveals the coexpression of PREP2 and βtubIII (D). The white arrow heads 

point to βtubIII
+ 

neurons strongly expressing PREP2, and the white arrows point to 

βtubIII
- 
cells weakly expressing PREP2. Scale bar = 100 μm. 
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Figure 25. PREP2 expression in primary cortical neurons. Embryonic day E18 

primary cortical neurons were immunolabelled for PREP2 (A) and βtubIII (B). The 

nucleus, indicated by DAPI counterstain (C) is positive for PREP2 expression. The 

merged image (D) reveals that the PREP2 signal is situated throughout the nucleus but 

excluded from the DAPI-rich regions. Graphing the pixel intensity for each channel, 

situated along a single line drawn through the nucleus reveals that the signal for PREP2 

has a profile that is opposite to that of DAPI (E). (Robby Zachariah). 
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Figure 26. Primary antibody omission control for immunofluorescent labeling of 

primary cortical neurons. Omission of the mouse monoclonal anti-PREP2 antibody 

leads to no detectable signal from the anti-mouse IgG Red-X secondary antibody (A). 

Merged image of anti-PREP2 primary omission with DAPI counterstain (B). Omission of 

the chicken polyclonal anti-βtubIII antibody leads to no detectable signal from the anti-

chicken IgY Dylight 649 secondary antibody (C). Merged image of anti-βtubIII primary 

omission with DAPI counterstain (D). (Robby Zachariah). 
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these were barely detectable at the protein level. The Hox transcripts were detected at 

extremely low levels relative to the housekeeping genes and other genes of interest. The 

Ct values for the majority of Hox genes were above 35, our threshold for considering 

transcripts to be expressed (Table 3). A proportion of Hox transcripts were observed to 

have Ct values of between 30-35 and none had Ct values below 30, indicating that they 

were not being actively expressed and suggesting these genes are not involved in the 

forebrain, neural stem cells, nor differentiation programs. More transcripts had Ct values 

below 35 in the whole forebrain than any of the other samples, indicating that expression 

from the Hox loci were even more tightly regulated in the neurospheres and 

differentiating cells. 

Regulators of the Hox genes include the polycomb-group proteins, which are 

involved in chromatin remodelling and were originally identified in the fruit fly as Hox 

gene repressors. Trithorax-group proteins also regulate Hox gene expression, but 

antagonize polycomb-group repression; both protein groups are involved in the formation 

of complexes that modify histone methylation 
265

. In order to investigate the potential role 

of such regulators in our NSC system, we used real-time PCR to analyze the mRNA 

expression levels of a group of epigenetic modifiers including histone methyl transferases 

(Ezh2 and Mll1), histone demethylases (Jmjd3 and Utx) and a mediator of histone 

ubiquitination (Bmi1) (Fig. 27). We did this to see whether the expression pattern of these 

genes could be associated with the changing levels of TALE transcription factors in 

forebrain, neurospheres and differentiating cell samples. There was a significant decrease 

in the transcripts of all epigenetic modifiers in the neurospheres relative to the whole 

forebrain with the exception of the histone demethylase Jmjd3. During differentiation, the 
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transcripts were significantly increased in D1 and D8 cells. Jmjd3 showed approximately 

the same fold change pattern as the other histone modifier genes, but the results were not 

statistically significant. In summary, the Hox genes were found to be active in neither 

forebrain-derived NSC nor their differentiating progeny. We also found that cultured 

primary neurospheres, in general, showed decreasing expression of TALE homeobox 

genes and epigenetic modifiers, when compared to the whole forebrain and 

differentiating cells. 
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Table 5. Hox mRNA transcript threshold cycle (Ct) values from real-time PCR 

analysis. Real-time PCR analysis revealed that no Hox gene transcript had a Ct value 

below 30 in the E14 forebrain (FB), neurospheres (D0) or in differentiating cells (D1 and 

D8). Each Ct value presented is the average of three Ct values derived from three 

separate experiments. 
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Figure 27. Fold change detection of epigenetic modifier mRNA transcripts by real-

time PCR. The mRNA transcript levels of several histone modifiers were detected in 

neurospheres versus forebrain and differentiating cells. Threshold cycle (Ct) values were 

normalized to gapdh and the students t-test was used to detect significant differences 

between the normalized Ct values (ΔCt) at D0 versus FB, D1 and D8 based on a sample 

size of n=3. (*) P ≤ 0.05, (**) P ≤ 0.01, (***) P ≤ 0.001. Fold change in transcript levels 

is reported with standard error bars. 

 

 

 

 

 



86 
 

4 Discussion 

4.1 Character of E14 forebrain-derived primary neurospheres. 

Embryonic day E14.5 forebrain-derived primary neural stem cells are isolated 

from the developing forebrain at a time when the NSC component is transitioning from a 

state of neurogenesis to gliogenesis 
119

. The neurospheres generated by proliferating NSC 

in vitro have a gene expression profile that appears to be more astrocytic in nature, when 

compared with the whole forebrain. This is not supported by the protein expression 

levels, however, as the percentages of GFAP
+
 and NEUN

+
 cells are very low in these 

neurospheres. The advantage of labelling sectioned spheres versus whole spheres is that 

we can distinguish individual cell nuclei based on the detection of DAPI, for the purpose 

of quantifying the proportion of cells expressing a specific protein. The improved 

resolution when labelling sections versus whole spheres also makes it possible to describe 

the 3-dimensional position of the specific cell type markers. As previously described, the 

differentiated cells were localized to the core region of the neurospheres and the signals 

for neural stem cells were mainly found in the periphery 
263

. In contrast, we observed that 

the OLIG2 signal is localized to the peripheral region where we detected SOX2 and 

NESTIN. This localization indicates that OLIG2 expression is mainly in the 

undifferentiated cells and may have a role in neural stem cell properties in vitro. A 

drawback of sectioning is that detecting cytoplasmic or fibrillary protein for the purpose 

of quantification is difficult due to overlapping cytoplasmic regions and mechanical 

damage from sectioning. This can be seen in the quality of GFAP labelling in the 

sectioned neurospheres when compared with the D8 astrocytes. However, because of the 
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dispersed nature of the GFAP
+
 cells in the neurospheres it is still possible to quantify 

them without the concern of under counting GFAP
+
 cells due to overlapping cytoplasms.   

The embryonic forebrain as a whole, is a heterogeneous environment composed 

of neurons, glia and committed progenitors of different CNS cell type lineages as well as 

neural stem cells. The neurospheres are not pure clonal bodies and may be the product of 

aggregates conjoining in culture. However, they mainly consist of undifferentiated cells 

with the potential to give rise to enriched populations of neurons, astrocytes or 

oligodendrocytes depending on the specific culture conditions 
129,266

. Assessing the 

transcript expression profile of our neurospheres (D0) takes place after one week in NSC 

culture conditions. At this point Gfap expression is significantly increased relative to 

forebrain while expression of the neuronal and oligodendrocyte lineage markers are 

significantly decreased. It would appear that these spheres are programmed to 

preferentially give rise to astrocytes, but they are not fully restricted to the astrocyte 

lineage as others have shown 
267-268

. We suggest that this is attributable to a fate program 

associated with the developmental period from which they are isolated, which is 

maintained during expansion in vitro. The minimalist conditions used for differentiation 

then enables the cells to acquire the differentiated astrocyte fate, as is evident by the large 

majority of differentiated D8 cells positively labelled for GFAP. For consistency of the 

results, we only used primary brain-derived NSC neurospheres and have analyzed neither 

secondary nor tertiary spheres for GFAP protein expression. However, based on other 

reports it appears that translation of the accumulating Gfap transcripts is not permitted or 

is very inefficient, as the number of GFAP
+
 cells detected in the spheres does not increase 

over time with increased passage number 
269

. The fact that these cells maintain the fate 
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acquisition that is observed in vivo during NSC development suggests that our NSC 

culture system is a reliable model for detecting genes that are involved in the propagation 

and differentiation of neural stem cells.  We suggest that the increase in Sox2 expression 

observed in differentiating cells over neurospheres is due to the expanding population of 

astrocytes. It has been shown that non-quiescent astrocytes cultured directly form E13.5 

VZ, or differentiated from E13.5 forebrain-derived NSC express SOX2 
109

. In our system 

we observe an increase in the confluency of astrocytes from day 1 through day 8. 

Therefore, although SOX2 is used as an NSC marker, it is actively expressed in the 

differentiating cells, and these cells are comprised mainly of expanding astrocytes. While 

this should be a caveat to using SOX2 as an NSC marker, it does support the inference 

that the Gfap signal detected by real-time RT-PCR in the neurospheres is largely coming 

from SOX2
+
 precursor cells.  

4.2 Neural stem cell signalling pathways and cell-type lineage associations. 

Our analysis of Notch1-4 transcripts supports the idea that these receptors have 

non-redundant and non-compensatory roles in NSC neurogenesis. A limitation in our 

approach was that the data directly address neither receptor-ligand interactions, nor 

activation of the signalling cascades. We were limited to making associations between 

the changing transcript expression levels of different genes and the different cell sources 

from which the RNA was derived. We would have expected compensation between 

NOTCH receptors if we had detected a decrease in one receptor’s transcripts 

accompanied by the increase of another; however, this was not determined to be the case. 

The largest change seen in receptor expression is the increase in Notch2 during 

differentiation of the cells, which are strongly enriched for astrocytes. The Notch2-
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astrocyte fate association seems to be in agreement with recent findings that Notch2 

expression is reduced in differentiating E14.5-derived NSC that become neurogenic at the 

cost of gliogenesis, when Stat3 is conditionally deleted 
270

. Previous research studies 

show that NOTCH signalling is involved in NSC self-renewal, glial differentiation and 

repression of neuronal commitment 
271-276

. Our results indicate that receptors Notch2 and 

Notch4 may have a larger role to play in glial differentiation versus Notch1 and Notch3, 

based on their expression patterns. Decreased levels of Hes5 are an indicator of 

differentiation in general, but also that this decrease is more pronounced in the context of 

glial differentiation versus neuronal. Hes5 was also decreased in the differentiating NSC 

with the Stat3 conditional deletion, which allows for increased expression of some 

neuronal genes but not Mash1. We also see no increase in Mash1 despite the down-

regulation of Hes5. Astrocyte differentiation is known to be induced by Stat3 in E14.5 

neural precursor cells 
277

 and our results show that Stat3 induction is apparent in the 

neurospheres derived from E14 embryos, once again suggesting that the gliogenic nature 

of the neural stem cells in culture has already been established before isolation. Using 

NSC derived from the adult hippocampus, Tanigaki et al. (2001) demonstrated that 

Notch1 and Notch3 activation promotes astrogliogenesis in a Stat3 independent manner, 

and this is accompanied by activation of Hes1 
274

. In our system, we find that Notch1, 

Notch3 and Hes1 expression are relatively static indicating that these genes may compose 

a NOTCH signalling mechanism that is specific to adult hippocampal derived NSC fate 

as described by Tanigaki et al., while Notch2 and Notch4 might be the receptors involved 

in E14.5 forebrain-derived neural stem cell differentiation. While STAT3 potentiates 

expansion of E12.5-derived NPC via activation of Dll1 
278

, we observed no increase in 
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Dll1 in neurospheres relative to forebrain despite the selection for self-renewing NSC and 

the significant increase in Stat3 transcript expression. Dll1 is activated by pro-neuronal 

genes like Mash1 so that differentiating neurons induce NOTCH signalling in adjacent 

NSC and prevent their neuronal differentiation (lateral inhibition) 
279

. This could be one 

reason why in our system where neuronal differentiation is nearly absent, we see 

decreasing Dll1 expression during differentiation. A similar argument is made for the 

decline in Jagged ligands, as it was recently shown that in the developing E14 brain Jag1 

is co-expressed with proneuronal genes 
280

. We show NOTCH receptors either maintain 

or increase their mRNA expression levels during astrocyte differentiation, which 

corroborates previous evidence implicating NOTCH signalling in astrocyte fate 

commitment as well as astrocyte differentiation 
281-282

. It is possible that the receptors that 

increase during differentiation are more involved in the later task of promoting astrocyte 

differentiation, whereas Notch1 and Notch3 are more involved in repressing neuronal 

differentiation. Each of the ligands show decreasing levels, which does not suggest that 

the variety of receptors and ligands implement specific receptor-ligand interactions with 

exclusive roles in the context of E14.5 forebrain-derived NSC self-renewal and 

differentiation. The declining levels of ligand transcripts do suggest that the ligands are 

not maintaining NSC populations via activation of NOTCH receptors when the cells are 

placed in differentiation conditions.  

While BMP2 is involved in promoting astrocyte differentiation 
283-284

, we detect 

only a very minor increase in the expression of Bmp2 in our system. This suggests that in 

our system BMP4 might be a much more relevant factor for differentiation as there is a 

drastic increase in its transcripts. BMP4 is known to be involved in generating astrocytes 
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from neural stem cells, and promoting the survival of astrocyte precursor cells 
161,285-286

. 

The increase in Bmp7 in neurospheres raises interest in whether BMP7 may be involved 

in the astrocyte commitment of neural stem cells versus the astrocyte differentiation 

process, in our system. It was recently shown that BMP7 activation was capable of 

inducing astrocyte differentiation from radial glia and this involved an increase in 

transition of radial glia (RG) to committed glial precursor cells 
160

. In the study, the 

activation of BMP7 was the result of BDNF treatment and the induction was observed in 

neurons, possibly explaining why we see a decrease in Bmp7 expression upon 

differentiation. In the context of primary NSC derived from the E14 forebrain, Bmp4 may 

have a prevailing role in astrocyte differentiation with respect to BMP-induced astrocyte 

differentiation, and the role of Bmp7 may be specific to early commitment of the neural 

stem cells. 

Changing transcript levels can be used to draw associations with cell processes 

occurring simultaneously in culture. To go beyond this analysis, and draw conclusions 

regarding the impact of these gene expression changes requires further descriptive and 

functional assays. Detection of the signalling pathway protein levels as well as expression 

of target genes would be a starting point to reveal the activity level of these pathways at 

different stages. It is cautioned that, as discussed above, the role of these pathways is 

context dependent and our results are specific to the E14 primary forebrain-derived NSC 

differentiated in vitro, under fixed conditions. 
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4.3 In vitro expression of forebrain transcription factors in forebrain-derived 

neurospheres and their differentiating progeny. 

The genes that we investigated due to their important roles in forebrain neuronal 

development were actively transcribed in our system. Dlx2 is involved in later stages of 

striatal neuronal development. It has been shown that Dlx2 expression is induced through 

repression of NOTCH signalling in the lateral ganglionic eminence and potentially 

repression of the early neuronal commitment gene Mash1 
287

. Dlx5 is essential for 

development of the olfactory bulb and postnatal neuronogenesis 
288-289

. Like the neuronal 

marker βtubIII, there is a transient increase in the expression levels of these neuronal 

transcripts. This may have to do with the differentiation of the few neurons that arise in 

our system. While the levels of these transcripts are significantly reduced in the 

apparently astrocyte-committed neurospheres, a small percentage of cells likely still 

mature as neurons under our differentiation conditions. Pax6 has long been studied for its 

role in neural stem cells and neuronogenesis in the forebrain; therefore, the decrease in 

Pax6 in neurospheres relative to whole forebrain is understandable due to the contrast 

between the astrocyte committed neurospheres and neuron-rich forebrain samples. The 

rise in Pax6 levels during astrocyte differentiation is in agreement with a recent discovery 

that Pax6 expression is critical for forebrain NSC astrocyte differentiation 
290

. Nkx2-2 is 

important for the establishment of oligodendrocytes; however, a role for its expression 

specifically in the forebrain has not been deciphered. Despite the rare occurence of 

oligodendrocytes in differentiating cells, Nkx2-2 showed increased expression levels in 

neurospheres over forebrain. The rise in Nkx2-2 levels in neurospheres over forebrain 

may be due to the glial versus neuronal commitment of the cell populations being 
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assayed. This may be part of a transcription program that includes the expression of 

Olig2. Upon differentiation towards astrocytes, we therefore see an overall decrease in 

Nkx2-2 levels relative to the neurospheres, when the glial precursors become astrocytes 

and not oligodendrocytes. Alternatively, Nkx2-2 may have a specific role in early 

commitment of astroglia, but not in the process of astrocyte differentiation. 

4.4 Forebrain-derived NSC provide a convenient model system to study the role of 

TALE genes in neural development. 

Previous reports indicate that human and mouse ESC-derived neural stem cells 

and their differentiating progeny express Hox genes 
264,291

. In vivo, there is no evidence to 

suggest that Hox genes are expressed in the forebrain or involved in its development. 

Because of the detection of Hox in ESC-derived neural stem cells and the fact that their 

DNA binding cofactors, the TALE proteins are expressed in neurogenic regions of the 

developing forebrain, we decided to investigate the expression levels of Hox transcripts 

in forebrain derived primary NSC and their differentiating progeny. Detection of Hox 

transcripts was negative, indicating that Hox gene expression in ESC-derived neural stem 

cells is in contrast to primary NSC derived from the developing forebrain. The findings 

suggest that ESC may harbour intrinsic vulnerabilities to gene expression programming, 

making them a poor consideration as a cell source for regenerative therapies, particularly 

for forebrain insults. Retinoic acid, which is used to induce neuronal differentiation from 

ESC is a known inducer of Hox gene expression and it may be that the differentiating 

ESC, are suited for repair of other CNS regions 
253,292-293

, which involve regulated 

expression of Hox genes. The findings also indicate that a developmental role for TALE 

genes in the forebrain would be independent of interactions with HOX proteins. 
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Therefore, primary forebrain-derived neural stem cells may provide a convenient system 

to study the HOX-independent role of TALE genes. 

To begin studying Hox-independent roles for TALE genes, it is first necessary to 

identify the TALE factors which are expressed in this system. MEIS1 and PBX1 have 

been described as being associated with the neuronal lineage. In the rat, PBX1 has been 

detected in proliferating cells of the post-natal SVZ and their neuronal progeny in the 

caudal-rostral migratory stream that is exploited by neurons replenishing the olfactory 

bulb 
223

. MEIS1 is activated upon neuronal differentiation in P19 cells and has been 

detected in neuroblastoma 
294-296

. MEIS1 and PBX1 proteins were detected at low levels 

by western blot and IF in the neurospheres, which we have described as astrocyte-

commited. Therefore, based on this evidence it would appear that these TALE proteins 

are involved in the regulation of cells that are already commited to a neuronal fate. 

However, this does not address the role of MEIS1 detected in D8 cells. Previous data on 

the Prep genes make it difficult to speculate on what role they may play in NSC 

characteristics such as self-renewal and differentiation. PREP1 was not detected in the 

neurospheres, but the cells expressing PREP2 in neurospheres coexpressed the NSC 

marker SOX2 and the proliferating cell marker Ki67. We conclude that PREP2 is 

expressed in actively dividing cells of the neurospheres including neural stem cells, 

potentially implicating PREP2 as a regulator of these undifferentiated cells. 

All of the TALE genes were expressed at significantly higher levels in the whole 

forebrain relative to the neurospheres and detection by real-time PCR showed specific 

expression patterns for the TALE transcripts in neurospheres and differentiating cells. 

However, many of the changes observed were not statistically significant. Increasing the 
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sample size would be one way to see whether the observed changes are significant. 

Recognizing that the transcripts were still detectable despite being down-regulated in 

neurospheres relative to the whole forebrain, we assayed the protein expression of these 

genes using western blot. PBX1 and PREP1 were barely detectable from D0 to D8, while 

MEIS1 showed an increase by D8. Based on their transcript levels we expected to detect 

PBX1 and PREP1 protein, but the lack of detection by western blot and IF labelling could 

be due to post transcriptional regulation whereby translation of the transcript is 

prevented, or active degradation of the protein as it is translated. The high levels of 

MEIS1 detected in the D8 differentiated cells indicate that MEIS1 may have a role in the 

late stages of astrocyte differentiation. We have attempted IF labelling experiments in D8 

cells using anti-MEIS1 antibody; however, no MEIS1 signal was detected. The detection 

in neurospheres and sectioned E14.5 forebrains (data not shown) but not in D8 

differentiated cells may be the result of the epitope being masked in differentiated cells. 

Protein modification in the context of D8 cells could be a reason for this, as could 

protein-protein interactions. The next step for investigating MEIS1 function in astrocyte 

differentiation is to verify the cell-type expression of MEIS1 in the D8 cells. Alternative 

approaches to do this include attempting antigen retrieval or using an antibody targeting a 

different epitope within the protein.  

PREP2 was detected at much higher levels than the other TALE genes and this 

expression was relatively unchanged from D0 to D8. From our IF experiments the cell 

population that remains unchanged from D0 to D8 are neurons detected by NEUN and 

βtubIII staining. The neuronal lineage represents a small proportion of cells and can not 

explain the percentage of NSC and progenitors labelled positively by IF, for PREP2 in 
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the neurospheres. Mature astrocytes are ruled out as the source of PREP2 in the blots, 

since mature astrocytes overtake the cell population from D0 to D8 indicating that 

PREP2 detection would increase drastically. It is also apparent that PREP2 does not 

function eclusively as a self-renewal gene in NSC since there is an increase in PREP2 

levels relative to GAPDH, upon differentiation. The PREP2 protein may have more than 

one role in the context of NSC development. In the neural stem and progenitor cells, 

PREP2 may be involved in maintenance or proliferation, and during differentiation it 

may have a role in lineage restriction. In initial experiements, western blots were 

performed for each TALE factor and normalized to β-Actin; however, we found that the 

levels of this housekeeping gene were variable making for a poor loading control. We 

found that GAPDH levels were less variable and chose to use this as our loading control 

for normalization and quantitative analysis. The GAPDH loading control data for PBX1 

and PREP1 was not performed, a decrease in the levels of both of these proteins in the 

neurospheres and differentiating cells relative to the whole forebrain is evident. 

Immunofluorescent labeling of PREP2 in D8 cells indicate that it is strongly 

detected in nuclei of neurons labelled with βtubIII
+
. Co-labelling experiments in E18-

derived primary cortical neurons showed that the PREP2 signal was co-localized with 

DAPI-poor regions and excluded from DAPI-rich regions in both the in vitro and in vivo 

differentiated neurons. This indicates that PREP2 protein in the nucleus is likely localized 

to euchromatic versus heterochromatic regions, which is characteristic of transcription 

factors actively involved in transcriptional regulation. We detected very faint PREP2 

expression in non-neuronal cells, but have yet to perform successful colabelling 

experiments to determine in which cell types PREP2 is expressed. Given the proportion 
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of GFAP
+
 cells in the population, it is reasonable to predict these are astrocytes. The 

subnuclear expression pattern was the same as neurons but the signal was very faint in 

comparison. These findings support the notion that PREP2 is involved in transcriptional 

regulation in neurons, and that in vitro neuronal differentiation of forebrain NSC is a 

reliable system to study the role of PREP2 in cortical neurogenesis. The absence of Hox 

and expression levels of PREP2 detected by our experiments suggest that there is an 

effective reconstruction of the in vivo expression programs of these genes, within our in 

vitro system. 

Our results also indicate that the primary forebrain-derived NSC system would allow for 

experiments regarding the effect of aberrant Hox gene expression in the forebrain-derived 

neural stem cells. Studies have revealed that forebrain-derived tumours aberrantly 

express Hox genes 
297-298

. In the context of ESC-derived neural stem cells, HOXB1 

expression increases self-renewal capacity and resists differentiation 
253

. Inducing Hox 

genes in forebrain-derived NSC in vitro would allow for investigating the effect of 

aberrant Hox expression on NSC proliferation rate and their inclination to differentiate. 

Deregulated Hox and TALE gene expression has been associated with leukemia and other 

cancers, and the interplay between these families of genes was shown to be important 
246-

248
. Introducing the potential for these proteins to interact and influence gene expression 

where they do not normally interact, for example HOX and PREP2 in the forebrain, could 

have a drastic effect on cell phenotype. One hypothesis is that this would lead to 

increased proliferation of stem cells and progenitors, reminiscent of cancer phenotypes. 

This would provide an in vitro system to study tumourogenesis in the context of NSC 

transformed by aberrant Hox gene expression.  
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Figure 28. Proposed model of TALE protein influence on cell-type lineages. E14 

forebrain-derived NSC differentiate into mainly astrocytes as depicted by the thicker 

arrow, and to a lesser extent neurons as indicated by the thinner arrow. Proposed roles for 

TALE proteins, as well as NOTCH and BMP proteins are indicated by the broken arrows. 

The solid arrow indicates the established role of PBX1 in neuron development. 
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5.1 Conclusion 

 We have shown that E14.5 forebrain-derived primary NSC cultured in vitro have 

an intrinsic astrocytic gene expression profile. These cells preferentially give rise to 

astrocytes. The TALE homeobox genes are actively transcribed in E14.5 forebrain-

derived primary neural stem cells; however, expression at the protein level is tightly 

regulated. The expression profile of PREP2 suggests that this protein may have a role in 

NSC proliferation and neurogenesis, while the expression pattern of MEIS1 is suggestive 

of a role in astrocyte differentiation.    

5.2 Future Directions 

 To more fully describe the association between the TALE genes and neural 

lineages acquired in vitro, we will perform triple immunofluorescent labelling for each of 

the TALE proteins with GFAP and βtubIII in the D8 differentiated cells. We will also 

perform co-labelling experiments, for each TALE protein and the neural stem cell 

markers in E14.5 forbrain sections, to verify in vivo whether the TALE proteins are 

expressed in neural stem cells. Similarly, the TALE proteins will be co-labelled with the 

astrocyte, neuron and oligodendrocyte markers in forebrain sections to compare their in 

vitro and in vivo expression patterns.  

To investigate the role of PREP2 in neuronal differentiation we will begin by 

detecting the expression of PREP2 in P19 cells that have been treated with all trans-

retinoic acid for neuronal differentiation. This system provides a convenient system to 

knock-down Prep2 expression by means of siRNA plasmid transfection, if PREP2 is 

found to be expressed during or after neuronal differentiation. A role for PREP2 in P19 
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neuronal differentiation will further rationalize investigating the effects of lentivirus-

mediated knock-down of PREP2 in primary neural stem cell. Similarly, lentiviral knock-

down targeting MEIS1 in differentiating neural stem cells will reveal the role of MEIS1 

in astrocyte maturation. 

The results of these studies would describe the involvement of TALE genes in 

NSC fate decisions and increase our knowledge of how transcription factors can regulate 

the acquisition of specific cell types in vitro. This knowledge is important for 

regenerative therapies based on cell transplantation, as well as understanding the genetic 

programs involved in CNS development. The information acquired from these in vitro 

studies and mouse modelling can be used in conjunction with what is known about 

human disease and development to better predict not only the safety and efficacy of cell 

transplant therapies, but also the etiology of human disease. 
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