
























































Introductiou 

1.2.6.2 In vivo studies oJthe effects oJFGF-2 on cerebral cortex 

The effects of FGF-2 on neuronal development in vivo have been studied by several groups and their 

findings are summarized in Table 1.2. Fgf-2 knock-out mice are viable, have normal organogenesis but 

display defects in the cerebral cortex (Ortega et al., 1998; Dono et al., 1998; Vaccarino et al., 1999; 

Raballo et aI., 2000; Korada et aI., 2002). 

These studies have shown that the absence of the gene causes defects in the developing cortex and not 

the basal ganglia which are derived from the ventral telencephalon (Ortega et al., 1998; Korada et al., 

2002). Mutant mice were characterized by significant reduction of proliferating progenitor cells in the 

dorsal VZ , which will give rise to the cerebral cortex (Vaccarino et aI., 1999; Raballo et al., 2000). 

This leads to decreased neurogenesis of the glutamatergic pyramidal neurons in the anterior regions of 

the cortex (Korada et al., 2002). The number of neurons within the developing basal ganglia or 

hippocampus were not affected by the missing Fgf-2. This suggests that the absence of Fgf-2 was 

either compensated for by other signalling molecule or it was not critical for the developing basal 

telencephalon (Raballo et al., 2000; Korada et al., 2002). However, Tao and co-workers have shown 

that injecting recombinant FGF-2 in vivo led to a 50010 increase in [3H] thymidine incorporation in 

granule cell precursors in the hippocampus and this could be negated by injecting with FGF-2 

neutralising antibodies (Tao et al., 1997). 

In agreement with the Fgf-2 knock-out studies, injection of recombinant FGF-2 into lateral ventricles 

of adult rat caused expansion of the SVZ by increasing the number of progenitors that incorporated 

BrdU. This had a stimulatory effect on the generation of olfactory bulb neurons (Kuhn et al., 1997). 

These studies demonstrate that FGF-2 stimulates cell proliferation in the cerebral cortex, resulting in an 
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increased number of neural progenitor cells and a subsequent mcrease m neurons during cortical 

development. 

Table 1.2 A summary of the effects ofFGF-2 on neuronal development in vivo. 

Reference Type of 
experiment 

Donoetal.,1998 Fgf-2knock-out 

Korada et al., Fgf-2 knock-out 
2002 

Kuhn et al., 1997 fufusion of recombinant 
FGF -2 into lateral 
ventricless of adult rat 

Ortega et al., }?gf-2 knock-out 
1998 

Raballo et al., Fgf-2 knock-out 
2000 

Tao et al., 1997 Peripheral injection of 
recombinant FGF-2 

Wagner et aI., fujection ofFGF-2 
1999 neutralizing antibody 

Vacearino et al., Micro-injection of 
1999a recombinantFGF-2 at 

El5.5 

fujection at E20.5 

Fgf-2 knock-out 

Atfected 
region (8) 

Cerebral cortex 
Hippocampus 
Spinal cord 

Cerebral cortex 

SVZ 
Hippocampus 
Olfactory bulb 
(OB) 

Cerebral cortex 

Cerebral cortex 

Hippocampus 

Cerebellum 
Hippocampus 

Cerebral 
ventricles 

Effect 

Proliferation of neuronal progenitors normal 
Fraction of neuronal progenitors fail to reach target in cerebral 
cortex 
Thickness of cerebral cortex reduced by 10% 
Compressed differentiating cortical layers 
Very few differentiated large pyramidal neurons 
Reduced paravalburnin-positive neurons in adult cortical layers 
Ectopic paravalbumin-positive neurons in hippocampus 
Reduced neuron number in spinal-cord 

40% reduction in cortical glutamatergic pyramidal neurons 
Decreased number and size of neuronal population in anterior 
cortex layers 
Cortical cell migration and aggregation into specific layers not 
affected 
No significant difference in hippocampal pyramidal and 
granule cell layers 

Expansion of the SVZ and increase in the number of 
Brdlf progenitor cells 
Stimulatory effect on generation ofOB neurons 
Proliferation and differentiation of hippocampus progenitors 
not affected 
Number of glia cells not altered 

Reduction in neuronal density in most layers of motor-cortex 
No neuronal defects in striatum and hippocampus 

60% decrease in the total number ofBrdlf cells in dorsal PVE 
50% reduction in neuronal number in the cortical plate. 
Development of basal telencephalon not affected 

50% incrcase in [~ thymidine incorporation in granule cell 
precursors 

53% reduction in cerebellar granule precursor mitosis 
60% reduction in DNA synthesis 

fucrease in cortical volume and total cell volume 
70% increase in cortical plate neurons 
No significant increase in glial cell numbers 

Significant increase in glial cells when injected at E20.5 
Total number of neurons not affected 

Total cell population in adult ./. mice half that in wild-type 
Mutant mice showed reduced BrdU labeling at EIl.S 
No change in length of cell cycle 
General decrease in neurons 
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In their study also using Fgf-2 mutant mice, Dono et al. (1998) showed that FGF-2 is essential for 

migration and differentiation of specific neocortical neurons (Table 1.2). A fraction of progenitor cells 

failed to reach their targets in the cerebral cortex and very few differentiated large pyramidal neurons 

were observed. In contrast to other knock-out studies, this group found that proliferation was not 

affected in these mutants since there was no difference in [3H]thymidine incorporation when compared 

with the wild type animals. In addition to the effects observed in cortex, there was also neuronal deficit 

in the spinal cord and both cortical neuron and glial numbers were low (Dono et al 1998), suggesting 

FGF-2 was required for the development of these structures. 

It has been suggested by in vivo studies that FGF-2 may regulate the timing of neuronal differentiation, 

after proliferating progenitor cells have exited the cell cycle. Expression of both FGF-2 and FGFR-l is 

down-regulated during mid-neurogenesis and disappears towards the end of this process, possibly to 

allow differentiation to take place (Vaccarino et al., 1999a; Raballo et al., 2000; Lukaszewicz et al., 

2002). Secondly, the effects ofFGF-2 on neuron and glial differentiation in vivo were also found to be 

critically dependent on the stage of corticogenesis. When recombinant FGF-2 was injected at Et5.5 

when the earliest neurons are generated in the cortex, the number of neurons increased by 700/0 and 

there was no significant increase in glial cell numbers. When injected at E20.5, the time when 

neurogenesis has ended and glial progenitor cells are still actively dividing in the SVZ, a large increase 

in the total number of glial cells was observed (Table l.2, Vaccarino et al., 1999). 
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1.2.6.3 In vitro effects ofFGF-2 on cell lines 

Cell lines have been used as in vitro model systems to study the effects of FGF-2 on neuronal 

development. The rat pheochromocytoma cell line, PC12 is the best characterized model system to 

date (Vaudry et aI., 2002). When treated with FGF-2, PC12 cells extend neurites and differentiate into 

a sympathetic neuron-like phenotype (Hadari et al., 1998; Skaper et al., 2000). Another cell line, H19-

7, derived from E17 rat hippocampal cells has also been used as a model system for both neuronal 

differentiation and cell survival induced by FGF-2. H19-7 cells were immortalized with the 

temperature sensitive SV40 large T antigen (Eves et aI., 1992). When treated with FGF-2 at 39°C the 

non-permissive temperature at which the large T antigen is inactivated, H19-7 cells extend neurites, 

differentiate and express neuronal markers (Kuo et al., 1996). Both these cell lines have also been very 

useful for dissecting out the signalling transduction pathways involved in neuronal differentiation 

induced by FGF signals. Several pathways have been implicated. Sustained activation of the MAPK 

pathway was required for the neurite extension and differentiation ofPC12 cells in response to FGF-2. 

This was mediated by the recruitment of the protein tyrosine phosphatase Shp2 by FRS2 into a 

complex with Grb2, and Sos (Fig 1.4). Expression of a mutant FRS2 with a reduced association with 

Shp2 in PC12 cells allowed a transient but not sustained activation of ERK. This resulted in a 

decreased neurite outgrowth induced by FGF (Hadari et al., 1998). FGF-2 has been found to activate 

both MAPK-dependent and -independent pathways during neuronal differentiation of H19-7 cells 

(Kuo et al., 1996; Kuo et al., 1997; Chung et aI., 1998; Corbit et al., 1999). PKCO which likely acts 

downstream ofPLC-y, was shown to mediate FGF-2 induced neuronal differentiation ofH19-7 cells by 

activating the MAPK pathway at the level ofMEK (Corbit et aI., 1999) (Fig. 1.4). The Src kinase was 

activated in response to FGF-2 and its activation was found necessary for neuronal differentiation of 
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H19-7 cells (Kuo et aI., 1997). The three signalling pathways (MAPK, Src and PI3K) were shown to 

stimulate CREB phosphorylation and the subsequent CRE (cAMP response element) mediated gene 

activation in H19-7 cells in response to FGF-2. CREB phosphorylation and activation in these cells 

was mediated by the protein BTK (Sung et aI., 2001; Yang et al., 2004) (Fig. 1.4). In addition to 

activating CREB, PI3K was found to activate its target Akt to inhibit apoptosis in differentiating H19-7 

cells (Eves et al., 1998). It is clear therefore that FGF-2 has multiple effects on neural progenitor cells 

and that several signalling pathways are activated to mediate these effects. 

1.2.6.4 Identity ofFGFRs that transmit FGF-2 signals during neurogenesis 

The FGFRs that mediate FGF-2 actions during neurogenesis have not been well characterized. This is 

mainly because FGFR knock-out mice die early (Deng et aI., 1994). However, FGFR-1 is likely to be 

the receptor that may mediate FGF-2 signals. Signalling through the FGFR-l was found critical for the 

proliferation of FGF-2 dependent neural stem cells in vitro (Tropepe et aI., 1999). Although the 

immortalized E10 mouse neuroepithelium 2.3D cell line expresses both FGFR-l and FGFR-3, the 

mitogenic effect ofFGF-2 was found to be transduced exclusively by FGFR-l (Brickman et al., 1995). 

Additionally, a study of chimeric mice has shown that FGFR-l is critical for neural tube development 

(Deng et al., 1997). It is not clear though which FGFR-1 isoform is required for these activities. Thus 

the generation of FGFR isoform-specific knock-outs would help in the understanding of FGF-FGFR 

function during neurogenesis. 
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1.3. INTRINSIC MOLECULES REGULATING NEUROGENESIS 

1.3.1 Basic belix-Ioop-belix transcription factors 

Neurogenesis in vertebrates involves sequential activation of transcription factors of the large family of 

evolutionary conserved basic helix-loop-helix (bHLH) family that regulate both determination and 

differentiation of neural progenitor cells. These are vertebrate homologues of the bHLH genes 

achaete-scute complex and atonal originally identified in Drosophila. The relationship between the 

various neural bHLH transcription factors is summarized in the phylogenetic tree shown in Fig. 1.5. 

The pro neurogenic members of this family include the mammalian achaete-scute homolog 1 (Mashl), 

Neurogeninl, 2 and 3 (Ngnl, Ngn2, Ngn3) which are involved in the specification of neural precursor 

populations, and the mammalian atonal homologs MathI, Math2, Math3, and NeuroD which are 

required for the terminal differentiation into neurons (Kageyama et aI., 1997). These transcription 

factors display tissue-specific expression patterns in both the CNS and the PNS. They form hetero­

dimers with the ubiquitously expressed bHLH proteins E2-2, HEB, El2 and E47 and bind to E box 

(CANNTG) containing promoter sequences via their basic domains to activate transcription of tissue­

specifc target genes to promotes neurogenesis. Involvement of the bHLH proteins in neurogenesis has 

been studied by looking at their patterns of expression during nervous system development, the 

phenotype of tissues following targeted disruption of the gene (loss-of-function) in mice and also 

ectopic expression inXenopus embryos (gain-of-function). 
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zfNgnl achaete 

mNgnl 

Math3 

mNgn3 
tap/biparous 

Figure 1.5 A radial phylogenetic tree of the various neural bID...n transcription factors. Full-length sequences of mouse 
(m), Xenopus (X), zebrafish (zf) and Drosophila (achaete, taplbiparous) orthologues were aligned using the Clustal W 
software (Thompson et al., 1994). The tree was constructed using the PhyloDraw drawing tool (Choi et aI., 2000). 
GenBank accession numbers: zebrafish NgnI, AF017301; atonal, L36646; mouse neuraD, U28068; Xenopus Ngnr-I, 
U67778; Ngn2, Y0762 I ; Ngn3, Y09167; Ngnl; Y09166; Math3, 085845; Math2, D44480, MathI, D43694; taplbiparous, 
AF022883;Mashl,~_008553;achaete,~_057476. 

1.3.1.1 Mash! 

In situ hybridization, northern hybridizations and immunocytochemical studies have shown thatMashl 

is transiently expressed during development of neural precursor cells in both the CNS and PNS. In the 

CNS Mashl transcripts were found in the ventral telencephalon of E13.5 rat forebrain, including the 

ventral thalamus, hypothalamus, and the ganglionic eminence but not in the dorsal telencephalon 

(Casarosa et aI., 1999; Torri et al., 1999; Schuurmans and Guillemot 2002). A northern blot analysis 

using mouse embryos revealed that Mashl transcripts are present as early as E8.S and levels increase 

until E17.5 (Guillemot and Joyner, 1993). Cells expressing Mashl in the PNS are represented by 

autonomic (but not sensory) neuronal progenitors and precursors in the olfactory epithelium (Guillemot 

and Joyner, 1993; Kageyama et al., 1997). 
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Targeted gene disruption studies have been conducted to obtain insights into the functions of Mashl in 

neurogenesis. Mutant mice display a severe loss of neuronal populations in the OE and the autonomic 

nervous system, suggesting that Mashl plays a critical role in the neuronal lineages in the PNS 

(Guillemot et al., 1993). Consistent with this, forced expression of the Mashl protein in neural crest 

stem cells led to neuronal differentiation (Lo et al., 1997). In the CNS Mashl mutant mice fail to 

generate committed neuronal precursors in ventral forebrain and there was a deficit of neurons in the 

mantle zone (Casarosa et al., 1999; Torn et aI., 1999). Loss of the neuronal progenitor cell population 

suggests that Mashl has a determinative function in these cells. 

1.3.1.1 Ngnl and Ngn2 

The Ngnl and Ngn2 transcription factors represent a subfamily of bHLH factors which are closely 

related to the Drosophila tap/biparous gene and distantly to atonal (Guillemot, 1999; Hassan and 

Bellen, 2000) (Fig. 1.5). Like Mashl, Ngnl and Ngn2 are expressed specifically at early stages of 

neurogenesis. The transcripts are found in sensory neuronal precursors of the neural crest (perez et ai, 

1999). In the CNS both are expressed by neuroepithelial precursor cells in the cortical VZ during early 

neurogenesis (Sun et al., 2001). Knock-out mice show defects in neural tissues and a lack of sensory 

neurons in both dorsal root and cranial ganglia (Ma et al., 1996). Expression of downstream bHLH 

genes like neuroD and Math-3 was also negatively affected by these mutations. On the other hand, 

ectopic expression of Xenopus neurogenin related-l (Xngnr-l) in Xenopus embryos induced ectopic 

primary neurogenesis and the expression of neuroD, thus demonstrating a proneural function of this 

protein (Lee et al., 1995). In chick, forced expression ofNgnl was shown to induce a neuronal identity 

even in cells not fated to be neuronal (the mesoderm) (Perez et al., 1999). 
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1.3.1.3 NeuroD 

NeuroD is thought to positively regulate neuronal development at the level of post-mitotic 

differentiation. In situ hybridization in mice did not reveal any expression in cells of the VZ. Instead, 

expression was detected in subpopulations of fully differentiated neurons, including the hippocampus, 

dentate gyrus, and pyramidal neurons of the cerebral cortex (Schwab et aI., 1998; Lee et al., 2000). 

Ectopic expression in Xenopus embryonic neural ectoderm cells resulted in premature neuronal 

differentiation and inhibition of the alternative epidermal fate (Lee et al., 1995). NeuroD also inhibited 

the formation of glia in the retina (Morrow et al. 1999). A severe neurological phenotype results in 

knock-out mutant due to a failure of cerebellar and hippocampal granule cells to differentiate (Miyata 

et al., 1999). 

1.3.2 Cascades of proneural bHLH transcription factors in neuronal differentiation 

bHUI transcription factors are known to function in well co-ordinated cascades to control 

determination, commitment, proliferation and differentiation of progenitor cells. These cascades have 

been revealed by ectopic expression, loss-of-function experiments and patterns of expressions of the 

bHUI proteins. They have been observed in a few neuronal developmental contexts, including 

primary neurogenesis in Xenopus (Ma et at., 1996; Dubois et aI., 1998; Pozzoli et al., 2001), sensory 

neuron lineage in the PNS (reviewed by Anderson, 1999), the developing telencephalon (reviewed by 

Schuurmans and Guillemot, 2002) and in the OE neurogenesis [see Chapter 5, (Cau et aI., 1997; 2000; 

2002]. In primary neurogenesis and in the sensory lineage the bHLH have been shown to interact with 

members of the repeat HLH (rHLH) superfamily, particularly the Early B cell factor/olfactory 

transcription factor (EBF/OLF) subfamily (Dubois et al., 1998; Anderson, 1999; Pozzoli et at., 2001). 
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To date, 3 mouse genes have been cloned, namely ebjl/OE-l; ebj2/0E-3; and ebj3/0E-2 and these 

share at least 75% overall identity. Orthologs of the ebj2/0E-3 and ebj3/0E-2 have been identified in 

Xenopus as Xcoe2/Xebj2 and Xebf3, respectively. 

In primary neurogenesis, X-ngnr-l has been proposed to have a determinative function It is expressed 

before the formation of the primary neurons in the neural plate. Overexpression of Xngnr-l results in 

ectopic neuronal differentiation in nonneural ectoderm and also results in ectopic expression of 

XneuroD (Ma et a!., 1996). A1though XneuroD can also induce ectopic neuron formation when 

overexpressed (Lee et ai., 1995), it cannot reciprocate the ectopic expression of Xngnr-l (Ma et aI., 

1996). This therefore suggests that both XNgnr-l and XneuroD function in a unidirectional cascade 

with XNgnr-l operating upstream of XneuroD. The expression of the rHLH factor Xcoe2lXebj2 has 

been shown to represent an intermedate step, functioning downstream of XNgnr-l and upstream of 

XneuroD to control primary neurogenesis (Dubois et ai., 1998). Overexpressed Xngnr-l results in 

ectopic Xcoe2 mRNA and Xcoe2 can in turn induce ectopic expression of Xngnr-l in a positive 

feedback loop and of the later gene XneuroD (Dubois et a!., 1998). Xcoe2lXebj2 has therefore been 

suggested to maintain the expression of the earlier gene Xngnr-l thus enforcing the commitment of 

progenitors to the neuronal fate and also promoting the neuronal differentiation. The homolog of 

Xcoe2/Xebj2. Xebj3 has recently been shown to be expressed during primary neurogenesis, but 

downstream of XneuroD (Pozzoli et al., 2001 ). Overexpression of XneuroD leads to ectopic 

expression of Xebj3, but Xebj3 cannot induce XneuroD in tum Instead, overexpression of Xebj3 

causes ectopic expression of the neuronal specific markers NCAM, N-tubulin, and neurofilament 

(Pozzoli et ai., 2001). These results would therefore deflne the following cascade during Xenopus 

primary neurogenesis: Xngnr-l-+Xcoe2IXebf2-+ XneuroD-+Xebf3 (Fig 1.6). 
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X-Tf 
Xebf2/XCoe2 

1 
XNeuroD 

1 
XebD 

1 
NCAM, N-tubulin, NF-M 

Figure 1.6 Model of transcriptional cascades implicated in different neuronal development. In primary neurogenesis 
during Xenopus development the expression of X-ngnr-l induces neuronal differentiation by activating Xebf2lXcoe2 which 
in turn induces the expression of XneuroD. Xebf2lXcoe2 can also cause expression of Xngnr-l in a positive feedback loop 
(shown by the green arrow) thus maintaining its expression. Downstream of XneuroD is the XebD protein which promotes 
neuronal differentiation by activating the expression of neuronal specific markers NCAM, N-tubulin and neurofilament. 
Overexpression ofNeuroD can also induce expression of neuronal markers. 

1.3.3 Involvement of proneural bHLH transcription factors in neuronal versus glial fate 

determination 

It has come to light through recent data that in addition to positively promoting neuronal 

differentiation, proneural bHLH factors actively inhibit gliogenesis and thus regulate the timing of glial 

differentiation. Analysis of mice deficient for proneural bHLH transcription factors Mash} and Math3 

has shown increased glial differentiation and severely reduced neurogenesis in the tectum, hindbrain 

and retina. In these mutants, cells that normally give rise to neurons become astrocytes (Tomita et al. , 

2000). Likewise, premature generation of astrocytes at the expense of neurons during cortical 
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development was in observed in embryonic mice with a double mutation of the Mash] and Ngn2 genes 

(Nieto et al., 2001). Ectopic glial differentiation in these mutant mice indicate that the proneural 

factors may actively inhibit glial differentiation. 

In an important experiment Sun et al. (2001) described a mechanism by which proneural bHLH 

transcription factors actively regulate gliogenesis. Astrocytic differentiation is initiated when 

signalling molecule CNTFILIF binds and activates the receptor associated tyrosine kinase Jakl, 

followed by phosphorylation of transcription factors STATI and STAT3. The two transcription factors 

then dimerize and get translocated to the nucleus where they cooperate with Smads signalling 

molecules via the coactivator proteins p300/CBP to activate glial specific gene expression from STAT 

binding elements in glial promoters (Figure 1.7). It was found that Ngnl prevented binding to STAT 

elements by sequestering the p300/CBP-Smad complex away from glial promoters and re-directing it 

to neuron-specific promoters. Additionally, it was found that Ngnl prevented the phosphorylation of 

the STAT transcription factors by an unknown mechanism (Sun et al., 2001). These results imply that 

proneural factors may determine the timing of both neuro- and gliogenesis. However, it is currently 

unknown whether other proteins use the same mechanism These studies suggest that the proneural 

bHLH transcription factors not only determine neuronal fate via transcriptional up-regulation of 

neuron-specific target genes e.g NeuroD, but may also actively inhibit glial differentiation by reducing 

their response to extrinsic signalling molecules, such as BMP and/or CNTF. 

27 

Univ
ers

ity
 of

 C
ap

e T
ow

n



LlF/CNTF 

J akl receptor 

~ It---
STA~AT3 

1· / 
GFAP 

! 
Glial differentiation 

BMP receptor 

• 
Osmadl 

Smadl • 

! 
Neuronal 
differentiation 

Introduction 

Figure 1.7 Mechanisms by which Ngnl promotes neuronal differentiation (green arrows) while inhibiting glial 
differentiation (blue arrows). Ngnl inhibits activation ofSTATI13 transcription factors and sequesters the CBP/p300-Smad 
transcriptional co-activator complex and re-directs it towards E-box containing promoter sequences to activate transcription 
of neuronal-specific genes e.g. NeuroD to promote neuronal differentiation. 

1. 4. LATERAL INHIBITION 

Lateral inhibition is a process by which one cell out of a cluster of cells with the potential to 

differentiate into neuronal cells (the proneural cluster), is selected to be a neuronal progenitor cell, 

while the rest are inhibited from acquiring the same fate (Figure 1.8A). This process is mediated by the 

genes encoding for the single-transmembrane receptor Notch and its ligand Delta., also a single-

transmembrane protein. At ftrst, all cells in the proneural cluster are capable of becoming neuronal 

progenitor cells and express equivalent levels of both Notch and Delta. An imbalance occurs and one 
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cell expresses higher levels of Delta than its neighbours, leading to an increase in Notch signalling in 

the adjacent cells thus inhibiting their differentiation along the same pathway (Fig 1.8B). 

A 

B 

Proneural cell cluster 

Mash I 
Ngnl 

1 
Mash! 
Ngnl 

Lateral 
Inhibition 

1 

Ngn\ 

----+ 

Neuronal 
precursor cell 

Post mitotic 
neuron 

1 
MASH) 
NON) 

Cel1 becomes a neuron 
1 

Cell becomes non-neuronal 

Figure 1.8 The process of lateral inhibition and its molecular components. (A) Each cell in the proneura) cluster has the 
potential to become a neuron but only one cell is selected (shown in green) to become a neuroblast and inhibits its 
neighbouring cells from becoming neurons. (B) Two cells in contact are shown. At first, both cells express equivalent 
levels of Notch and Delta. Soon, the prospective neuron expresses higher levels of the ligand, Delta and activates Notch 
signalling in the other cell. The expression of proneural genes is turned off in this cell and as a result this cell is inhibited 
from acquiring a neuronal identity. On the other hand, the prospective neuron does not receive Notch signalling and the 
proneural genes (Mash! and Ngn\) are expressed at high levels, leading to expression of NeuroD and neuronal 
differentiation. 

Binding of Delta to Notch leads to activation of the Notch signalling pathway which is initiated by the 

proteolytic cleavage of the intracellular domain (lCD) of Notch, by the cytoplasmic protease Presenilin 

I (PSI). The ICD is then translocated to the nucleus where it forms a complex with the transcriptional 

cofactor CSL to activate transcription oftarget genes, Hes 1 and HesS which down-regulate the 
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expression of the proneural bHLH proteins (Mashl, NgnI, MathI) that are required for neuronal 

differentiation (Jarriault et al., 1998) (Figure 1. 9). The components of the Notch signalling pathway 

have been identified in mouse, Drosophila, and Caenorhabditis elegans and the names vary according 

to the species (Justice and Jan, 2002). These are summarized in Table 1.3. 

Responding cell 

Notch NotchICD 

\ Nuclear translocation 

Presenilin 1 

Nucleus 

CSL 

Hesl 
Hes5 

~ 
~ 

1 
Mashl 
Ngni 
Math I 

Figure 1.9 The Notch-Delta signalling pathway. The ligand Delta interacts with the receptor Notch via their extracellular 
regions. The intracellular domain (lCD) of Notch is cleaved by Presenilin 1 and translocates to the nucleus where it 
complexes with the CSL transcriptional co-activator. They then bind to regulatory sequences of Hes I 1Hes5 to activate their 
transcription. HES llHESS then inhibit the transcription of the proneural bHLH proteins (Mash I, Ngn 1 etc). 

1.4.1 Role of Notch-Delta signalling 

The role of Notch signalling in the generation of the various cell types in the vertebrate nervous system 

has been addressed using both gain-of-function studies and mutant analyses of the various components 

of the pathway. Historically, Notch was thought to maintain the progenitor pool by keeping the cells in 
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an undifferentiated state, but recently has been found to also influence neural cell fate decisions in both 

the eNS and PNS. 

Table 1.3 The orthologues of the components of Notch signalling pathway. Shown in brackets are the 
number of orthologous genes found in each species (Justice and Jan, 2002). 

Components Drosophila Mouse C. elegans Consensus 
of the 2athwaI 

Receptor Notch (1) Notch (4) Lin-12 (2) Notch 

Ligand Delta, Serrate Delta-like-1, Lag-2 (1) DSL 
Jagged (3) 

Protease for dPs (2) Presenilin (2) Sel-12 Presenilin 
cleavege of Notch 

Nuclear Suppressor of CBF-lIRBPJK Lag-1 CSL 
transcriptional hairless Su(li) 

cofactor 

Target gene Enhancer obelit IIes (l) Lin-22 lies 

The role of Notch in maintaining the multipotent progenitor cell population has been shown by 

studying mutants that were homozygous for Hesl, Notchl, RBP-JK or PSI genes (Nakamura et ai., 

2000; Hitoshi et ai., 2002). EID.5 Hesrl
- mice displayed a severe depletion in the number of 

progenitor cells compared to wild-type animals. It was found that their self-renewal capacity was 

disrupted, and the Hesrl
- progenitors went tbrough only one round of cell division before giving rise to 

postmitotic neurons (Nakamura et al., 2000). Similarly, Notchr!·, RBP-JK1
- and PST!- mutants showed 

depleted neural stem cells in the brains and excess neuronal and glial differentiation (Hitoshi et al., 

2002). Although neural stem cells could be generated in the absence of these genes, it was found that 

the mutant progenitors were unable to produce secondary progenitors, suggesting that they could not 

self-renew to maintain their population Introduction of a constitutively active form of Notch could 

rescue the self-renewal ability of the progenitors, suggesting Notch was critical for self-renewal of 

neural stem cells. Taken together, these studies suggest that Notch signalling was not required for the 
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generation of the neural stem cells but rather critical for their maintance and inhibition of the 

differentiation pathway to both neuronal and glial cells (Hitoshi et al., 2002). Consistent with the idea 

of maintaining neural stem cells, gain-of-function experiments as shown by overexpression of 

constitutively active forms of Notch and Delta in neural precursor cells prevented them from 

undergoing neuronal differentiation, instead maintaining a neuroepithelial progenitor morphology 

(Appel et aI., 2001). 

On the other hand, Notch signalling may control the neuronaVglial fate switch of neural stem cells in 

both the CNS and PNS (Gaiano et al .• 2000; Morrison et al.. 2000; Tanigaki et al., 2001; Grandbarbe et 

aI., 2003). Recent gain-of-function experiments in vertebrates have shown that Notch directly and 

instructively induces astrocytic differentiation and inhibits both the neuronal and oliogodendrocyte 

lineage pathways. Overexpression of the constitutively active Notch ICD in E9.5 telencepahalic 

progenitors (before the onset of neurogenesis) forced the cells to adopt a radial glial identity (Gaiano et 

al., 2000). Radial glia are a specialized cell type with glial characteristics and are generated before or 

at the same time as neurons unlike other glial cells that are normally generated postnataly after 

neurogenesis (Gaiano et al. 2000). These cells act as scaffolds along which newborn neurons migrate 

to the cortex (Fig. 1.1). In a similar study using E14.5 dorsal telencephalic progenitors (during mid­

neurogenesis), activated Notch enhanced expression of glial markers at the expense of neuronal 

specific markers (Chambers et al., 2001). 

When adult hippocampus-derived progenitor cells were stably transfected with the retrovirus carrying 

the Notch lCD, the cells were transformed into an astrocytic morphology and began to express GF AP. 

This was accompanied by down-regulation of markers specific for both neurons and oligodendrocytes, 
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suggesting Notch was actively instructing astrocytic differentiation while inhibiting the alternative fates 

(Tanigaki et aI., 2001). Similarly, when chick PNS neural crest cells were electroporated with 

recombinant retroviral vectors carrying the Notch lCD, or when exposed to a soluble form of the Notch 

ligand Delta, an increase in the generation of the glial Schwann cells was observed (Morrison et al., 

2000). 

In vitro experiments conducted by Grandbarbe et al. (2003) have provided a model by which Notch 

activation may control the generation of both neurons and glia from neural stem cells. It would seem 

that Notch acts at two stages during this process (Fig. 1.10). Firstly, it promotes the switch from 

neuronal to glial fate by inhibiting the uncommitted neural progenitor cell from differentiating into a 

neuronal precursor, instead allowing it to become a glial precursor that has the ability to form both 

astrocytes and oligodendrocytes. Secondly, Notch acts on both committed neuronal and glial 

precursors to control their terminal differentiation pathways. A consequence of Notch activation at the 

stage is that the differentiation of both neurons and oligodendrocytes is inhibited and that of astrocytes 

promoted. 

1.4.2 MECHANISM OF NOTCH ACTIVITY 

As in Drosophila, inhibition of neurogenesis by Notch signalling in vertebrates is mediated by the 

direct induction of target transcriptional repressors. Hes 1 is the best characterized antagonistic 

regulator of neuronal differentiation, downstream of Notch activation (Ohtsuka et al., 1999). The 

phenotypes of both gain- and loss-of-function in Xenopus and mice, respectively, are consistent with its 

inhibitory function in neurogenesis. Hesl homozygous mice mutants are characterized by the loss of 

progenitor population and the concomittant premature expression of the neuronal markers MAP2 and 

33 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Introduction 

r)eurofilament in the telencephalon and mesencephalon (Ohtsuka et aI., 1999; Nakamura et aI., 20(0). 

W\t:.n expressed ectopically, Hesl was found to represses neuronal differentiation of neural cells in the 

E:K tricular zone of the telencephalon (Ohtsuka et aI., 2001). Taken together these studies suggest that 

.1 is required to maintain progenitor cells in an undifferentiated state by inhibiting neurogenesis. 

c: 
• stem cell progenitor 

cell 

c: proliferating cells 

1 
precursor cell 

8~O~tro~e 
glial precursor cell r 0 

oligodendrocyte 

Figure 1.10 Model for the role of Notch in controlling both the neuronal/glial switch and terminal differentiation of neuro­
glial cell types of the nervous system. Notch first inhibits the specification of neuronal fate while promoting that of glia. 
During terminal differentiation Notch also inhibits the differentiation of both neurons and oligodendrocytes while 
promoting that of astrocytes. The inhibitory effects of Notch are shown in red while the stimulatory effects are shown by 
green arrows. 

Res proteins are characterized by the presence of two distinct functional domains (for dirnerization and 

for DNA binding) that are essential for their transcriptional repressor activity. The basic DNA binding 

domain contains a proline residue that decreases affinity for the E-box, instead prefering the represssor 

specific DNA site known as the N-box which is defined by the nucleotide sequence CACNAG. The 

second functional domain, represented by the 4 amino acid sequence motifWRPW (Trp-Arg-Pro-Trp) 

at the C-terminus recruits the non-DNA binding transcriptional co-repressor Groucho (Gro) in 
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Drosophila or the mammalian Transducin-like Enhancer of Split (TLE) to mediate active 

transcriptional repression (Castella et aI., 1999; Nuthall et at., 2002). In this complex Hesl functions 

as a DNA binding protein while Gro/TLE provides a transcription repressor function (Fig. 1. 11 A). 

FoxglIBF-l, a winged-helix transcription mctor that has been shown to maintain cell proliferation of 

neural progenitor cells of the telencephalon and inhibit neuronal differentiation (Xuan et al., 1995) has 

recently been shown to interact with Hes 1 and GromE to repress transcription in transfected ceUs 

(Yao et at., 2001). Hesl can also achieve its repressive action in a non-DNA-binding fashion by 

titrating the proneural transcription mctors away from the E-box binding site. This mode of repression 

is achieved by Hesl interfering with the complex between the ubiquitously expressed bHLH proteins 

E12 or E47 and the proneural proteins (Fig 1.11B). 

A B 

( .. ~.~~.~ ..... 
... 

Nbox Mash! 
Hes! 

Mashl 
Math I E2A 
Ngnl 

E box NeuroD 
Math2 
Phox2a 

Figure 1.11 Two ways in which Hesl can repress transcription of prone ural bHLH transcription factors. (A) Hesl represses 
the transcription of target genes (e.g Mash I) by recruiting the GroffLE co-repressor (and possibly BF -1) and by binding to 
the N-box. Hesl may also repress its own transcription in a negative autoregulatory loop. (B) Hesl may also inhibit the 
transcription of positive bHLH proteins by titrating the ubiquitous E-proteins away from promoter sequences that contain 
the E-box consensus sequences. As a consequence, activation of gene expression to promote neuronal differentiation is 
inhibited. 
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Genetic studies of nervous system development have shown that the neuronal commitment bHLH 

proteins Mashl and Ngnl are targets of the Notch-Hes signalling pathway (Chitnis and Kintner, 1996; 

Blader et al., 1997; Chen et aI., 1997; de la Pompa et al., 1997; Castella et al., 1999; Cornell and Eisen, 

2002; Sriuranpong et al., 2002). Overexpression of Hes1 was shown to reduce expression of the 

human homolog of Mas-I (Hash-I) by binding directly to the N-box in its promoter (Chen et al. 1997; 

Sriuranpong et al., 2002). This is consistent with Mashl mRNA up-regulation in various brain regions 

of Note hi knock-out mutants (de la Pompa et al., 1997). 

In an in vitro approach using E17 hippocampal cell cultures expressing exogenous Mashl, Hesl was 

found inhibit the differentiation of these cells (Castella et al., 1999). It was postulated that Hesl 

prevented transcriptional activation initiated by Mash1 by titrating its heterodimer partner E2A away 

from the E-box sequences present in Mashl target genes (Castella et aI., 1999). Recently, it has been 

shown in neuroendocrine lung cancer cells that Notch may use a novel mechanism independent of 

HESl in down-regulating Hash-I. Overexpression of Notchl in these cells increased ubiquitinylation 

of the Hash-l protein and its subsequent degradation (Sriuranpong et al., 2002). 

Expression of Ngnl is also under the control of Notch signalling. Injection of a wild type Deltal into 

Xenopus embryos strongly suppressed the expression of Ngnl mRNA whereas the misexpression of a 

mutant Deltal (equivalent to blocking lateral inhibition) leads to an upregulation of Ngnl expression, 

suggesting Ngnl is a target of lateral inhibition (Blader et aI., 1997). Both Mashl and Ngnl can 

activate the Delta gene. In Mashl mutant mouse embryos, expression of both Deltal and the 

downstream effector Hes5 is lost throughout the ventral telencephalon, spinal cord, and mesencephalon 

where Mashl is normally expressed (Casarosa et al., 1999). Misexpression of Ngnl in both Xenopus 

and zebrafish leads to ectopic expression of Deltal (Ma et al., 1996; Blader et al., 1997). Thus it 
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appears that Ngnl and Mashl control the expression of Delta and are themselves down-regulated by 

lateral inhibition in a negative feedback loop which will help diversify cell types during development 

of the brain (Fig. 1.8B). In contrast, NeuroD, which is required for the terminal differentiation, is 

insensitive to direct inhibition by Notch signalling as demonstrated by the inability of the constitutively 

active Notch ICD to inhibit the ectopic neuronal differentiation when co-injected with NeuroD in 

Xenopus embryos (Chitnis and Kintner, 1996). 

1.5 INTERACTION OF THE FGF AND NOTCH SIGNALLING PATHWAYS 

One significant area that requires a closer examination is whether Notch signalling interacts with FGF-

2 in regulating neurogenesis. It is not clear whether the maintenance of stem cells and cellular 

differentiation of their progeny are regulated independently by the two distinct signals or whether the 

different signals co-operate in specifying these cellular fates. As we have seen above, there is a 

regulatory loop involving Notch and the proneural proteins in controlling the cell lineages in the 

nervous system There are not that many studies that have attempted to look at how FGF or other 

signalling molecules may interact with these. As was reviewed earlier, FGF-2 is primarily mitotic for 

neuroectodermal cells and is therefore possible that it may positively internct with the Notch signalling 

pathway to maintain these cells in a non-differentiated state. It has been shown that FGF-2 may use the 

Notch signalling pathway to inhibit the neuronal differentiation ofElO cortical precursors (Faux et aI., 

2001). FGF-2 increased the expression of Notch and down-regulated the expression of the ligand 

Delta, suggesting that Notch signalling pathway may be downstream of FGF signalling. When 

activation of Notch is inactivated by a null mutation of the Presenilin-l gene or with antisense Notch 

oligonucleotides, treatment with FGF-2 at low concentrations resulted in a profound increase in 

neuronal production (Faux et al., 2001). It has also been found that both pathways influence the fate of 
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the mammalian mouse telencephalon neural progenitors co-operatively. Cells expressing activated 

Notch show a 4-fold increase in their ability to proliferate in response to FGF (Gordon Fishell Lab, see 

URL in reference section). Both these studies suggest that the Notch pathway may be a downstream 

cascade that transduces FGF-2 signals that ultimately result in the inhibition ofneurogenesis. 

On the other hand, FGF-2 may act to inhibit Notch signalling thus allowing neuronal differentiation to 

take place. Currently, there is no direct evidence to support this. However, NGF, via its activation of 

the protein kinase C (PKC) pathway, inhibited the DNA-binding ability of RESI by phosphorylating 

its basic DNA binding domain, thus allowing the PC12 cells to differentiate into neuronal cells (Strom 

et al., 1997). As PKC can transduce FGF-2 signals (Fig 1.4), it is therefore possible that FGF-2 may 

therefore induce neuronal differentiation in a similar manner. 

1.6 OLFAcrORY NEUROGENESIS: A MODEL SYSTEM 

The olfactory epithelium (OE) is well recognized as a simple model system to explore the molecular 

and cellular mechanisms of neurogenesis that have been mentioned above. It has several features that 

make it well suited for such studies. Its peripheral location makes it accessible. Like the neural tube in 

the nervous system, it has an epithelial structure in which neurons are generated. However, the OE has 

a much simpler structure. The tissue is made up of 3 cell types that can be distinguished from each 

other by morphology, their position in the epithelium, and cell type-specific antigenic markers. These 

are the basal cells, neurons, and sustentacular cells. Unlike the brain, the OE is populated by only one 

type of neuron, the olfactory receptor neuron (ORN). The most notable characteristic about this neuron 

is that it is replenished continuously throughout the life of an animal from a maintained population of 

undifferentiated precursor cells at the base of the epithelium, implying that stem cells of the ORN 
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lineage exist in this tissue. It is this regenerative capacity that has rendered the OE an excellent system 

in which to study the molecular and cellular events that occur during neurogenesis. 

1.6.1 Early stages of mouse OE development 

The OE develops from o1factory placodes which are formed at E9.5 from thickened patches of the 

ectoderm on the ventral sides of the head. This is followed by invagination of the placodes at EI0.5, 

forming the olfuctory pits which deepen and form recesses around E11.5. Over the next EI2.5-13.5 

period, the OE gets organized into layers (Farbman, 1994). The OE is stratified and the cell types 

found there are localised into 3 layers, the basal, middle and apical layers (Figure 1.12). The basal 

layer contains 2 types of basal cells that can be distinguished from one another. The cytokeratin 

expressing horizontal basal cells (HBCs) are smalL flat and dark cells found on the basal lamina. 

Superficial to HBCs are the globose basal cells (GBCs) which do not express cytokeratin. The middle 

layer of the OE contains both bipolar immature and mature ORNs. The latter are characterised 

physically by the apical dendritic knob and cilia which are in direct contact with the external 

environment. The ORNs send their axons and synapse directly to the o1factory bulb (OB) in the 

forebrain. In the apical layer, sustentacular cells extend from the epithelial surfuce to the basal lamina. 
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Apical 
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Middle 
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I \ 
I 
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Olfactory Receptor Neuron ----­
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Introduction 

, 
J 

I----AxonofORN 

j 
To olfactory bulb 

Figure 1.12 The diagram of the structure of the olfactory epithelium. The sustentacular cells are located in apical layer of 
the OE while the middle layer is populated by both immature and mature olfactory receptor neurons (ORN's) whose axons 
extend into the olfactory bulb with their dendrites into the nasal cavity, in direct contact with odorants. The basal layer 
contains both horizontal and globose basal cells (OBC) which are mitotically active. 
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1.6.2 The neuronal lineage in the mouse OE 

A model of neuronal lineage in the OE has been proposed via the use of various tissue culture assays 

(reviewed in Calof et al., 2002). The phenotype of the cells at various stages of the differentiation 

process can be characterized by defined markers (Fig 1.13). 

~ 

• • 
Stem Cell Neuronal Immediate 

Progenitor neural precursor 
(INP) 

Mashl+ Mash1-INCAM 

• 

NCAM+ 
OMP+ 

Figure 1.13 The OE neuronal lineage is characterized by 3 stages of actively dividing progenitor populations: the neuronal 
stem cell, the neuronal progenitor that expressed Mash 1, and the last proliferating cells in this lineage, the Mash 1·/NeAM'" 
immediate neuronal precursor. The lNP differentiates into a postmitotic ORN which expresses the olfactory marker protein 
(OMP) and olfactory receptors. 

There are at least 3 distinct sequential stages of mitotically active cells within the lineage. These are 

the neuronal stem cell, the neuronal progenitor cell and lastly, the immediate neuronal precursor (INP). 

To date, the identity of the neuronal stem cell is still unknown. A neuronal colony forming cell (CFU) 

has been tentatively identified as a neuronal stem cell -when grown in vitro on feeder cell layer, 

progenitor cells and ORNs are produced from this cell (Mumm et al., 1996; Calof et al., 2002). Found 

interposed between the postmitotic ORN and the neuronal stem cell are the two transit-amplifyng 

progenitors: the Mash1 expressing progenitor and the INP. The Mashl+ neuronal progenitor cell is 

thought to be the progeny of the stem cell and this cell undergoes one to two rounds of division to give 

rise to MashT INCAM INP, the terminal progenitor cells in the lineage. 
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The INP goes through several symmetrical divisions followed by differentiation of all progeny into 

ORNs. In vivo, the mitotically active cells of the neuronal lineage are found within the GBC 

population, a heterogenous cell population that has been shown to be direct precursors of ORNs. 

Mature ORNs are post-mitotic and express NCAM, proteins of the olfactory receptor transduction 

pathway and the olfactory marker protein. 

1.6.3 Regulation ofOE neurogenesis 

Regulation of OE neurogenesis by both extrinsic and intrinsic signals follows similar themes to that 

reviewed earlier in this chapter. The effects of FGF-2 on this lineage has been studied in vitro using 

explant cultures and cell lines (reviewed in Chapter 3), while studies of regulation by bHLH proteins 

and Notch signalling have been spearheaded by the laboratory of Francois Guillemot (reviewed in 

Chapter 5). 

1.7 AIMS OF THE STUDY 

The general aim of this project has been to study the role of fibroblast growth factors (FGF), 

particularly basic FGF (FGF-2) in olfactory neuronal differentiation, using a novel embryonic cell line 

(OP27) as a model system OP27, together with other similar cell lines (OP6, OP47 and OP55) were 

isolated by infection of primary cultures of olfactory epithelium from EIO.5 mouse embryos with 

retrovirus carrying temperature sensitive alleles of the SV 40 large T antigen (Illing et al. 2002). The 

retrovirus allows the cells to proliferate at the permissive temperature of 33°C, but the cells stop 

dividing when shifted to the non-permissive 39°C when the T antigen is inactivated. This allows us to 
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study the effects of various growth factors at the non-permissive temperature when the cells are not 

under the control of the large T antigen. These cell lines can be used as a model system to study 

neuronal differentiation in the olfactory epithelium in vitro. 

The following approach was used in this study. 

1.7.1. Determine whether FGF receptors are expressed by the cell line 

As we have seen above, one FGF ligand can only activate several FGF receptors. Therefore I sought to 

determine whether the OP6, OP27, OP47, and OP55 cell lines express a limited number or the whole 

repertoire ofFGF receptors. 

1. 7.2. Assay the response of OP27 to FGF-2 and characterise the response 

Having shown that the OP27 cell line does express receptor(s) for FGF-2, tissue culture experiments 

were designed to test whether the OP27 cell line responds to FGF-2 at the non-permissive temperature 

by proliferating or by differentiating to mature olfactory neuronal cells. Markers that characterize the 

different stages of the OE lineage were used to characterize the phenotype of the cells following 

treatment with FGF-2. These included markers that are generic to neuronal cells (NCAM, GAP-43, 

PLCy), and those that are specific to the ORNs (OMP and the proteins involved in the odorant 

signalling pathway e.g. olfactory receptors and Golf,). 
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1.7.3 Analysis of olfactory receptor gene expression in OP27 cells 

ORNs express olfactory receptors during their differentiation and each ORN expresses one or very few 

of these receptors. OP27 cells were investigated whether they express only one or a small repertoire 

of olfactory receptors during their induction with FGF-2. 

1.7.4. Characterization of the transcriptional expression of proneural bHLH transcription factors and 

Notch signalling pathway components in OP27 following treatment with FGF-2 

Lateral inhibition plays an important role in neuronal fate determination. I wanted to find out whether 

FGF signals lead to activation of genes downstream of the Notch signalling cascade. Semi-quantitative 

RT-PCR was used to monitor expression levels of the various components of the Notch signalling 

pathway following treatment with FGF-2. 

1. 7.4. Differential display analysis of the 0P27 cell line 

The technique of differential display was employed to identify novel genes that respond to FGF-2 

treatment and that might play a crucial role in neuronal differentiation. The identification of genes 

involved in the process of neuronal differentiation would provide an important step towards the 

understanding of the underlying molecular mechanisms. These genes would include those that have 

been activated and those that have been repressed, for neuronal differentiation to take place. In 

addition, genes that are good markers of the different stages in neuronal differentiation of olfu.ctory 

sensory neurons may be identified. 
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t Methods 
,I~ 

, ! 

" 
2.1 CELL LINES 

Cell lines (IUing et aI., 2002) were routinely maintained in Dulbecco's modified Eagle medium 

(DMEM, Gibco-BRL) supplemented with 10 % fetal calf serum (FCS, Delta Bioproducts) at 33°C 

under a 10% C02 atmosphere. For passaging, cells were washed once with pre-warmed IX phosphate­

buffered saline (PBS: 0.14M NaCl, 2.7mM KCI, 8 mM Na2HP04, 1.5mM KHzP04), and detached with 

0.25% trypsinJ2.5mM EDTA solution (Gibco-BRL) for 2 min and stopped with the addition of 

DMEMlIO% FCS. After dissociation the cells were centrifuged at 1000min-1 for 5 min in a Hettich 

Rotanta bench centrifuge (Labotech) and the cell pellet was resuspended in fresh DMEMllO% FCS. 

Cells were seeded into tissue culture dishes at a density of lX104 cells/cm2. 

2.2 MULTIPLEX RT -PCR ANALYSIS OF FGFR EXPRESSION IN 0P27 CELLS: 

To determine which of the four FGFRs were present in the 0P27 cells, simultaneous amplification of 

the receptors was accomplished with a multiplex PCR technique using a single primer pair followed by 

a restriction enzyme analysis as described by McEwen and Ornitz (1996), with modifications. 

2.2.1 Isolation of RNA 

Cells grown in culture were harvested by trypsinization and total RNA isolated using the single step 

method of acid guanidium thiocyanate-phenol-chloroform extraction (Chomczynski and Sacchi, 1987). 

Briefly, the cell pellet was homogenised in 500111 solution D (4M guanidine thiocyanate, 25mM 

sodium citrate pH7.0, 0.5% sarkosyl, O.IM mercaptoethanol) followed by the sequential addition of 
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O.1x volume of 2M sodium acetate pH4, Ix volume of phenol pH4, and 0.2x volume of chlorofonn­

isoamylalcohol (24:1). After a 15 min incubation on ice, the samples were centrifuged at 10 OOOg for 

20 min at 4~C. The aqeous phase was mixed with an equal volume of isopropanol in a fresh eppendorf 

and incubated at -70°C for at least one hour followed by centrifugation at 10000g for 20 min at 4°C. 
,;Ifto. 

The RNA pellet was resuspended in 300~1 solution D and precipitated with an eciialyolume of 

isopropanol at ·70°C for at least one hour. Following aspiration of the supernatant, t4~ pellet was 

washed once with 70% ethanol and allowed to dry at room temperature. The RNA was" finally 

dissolved in nuclease-free water and quantitated by UV spectrophotometry. 

2.2.2 DNase! treatment 

Contaminating genomic DNA was removed from total RNA by treatment with DNaseI, followed by 

phenol-chlorofonn extraction and ethanol precipitation. Twenty ~g of total RNA was treated with 20U 

RQI DNaseI (Promega) in a 200~1 volume containing 1 x RQI DNaseI buffer (40mM Tris-HCI pHS.O, 

10mM MgS04, ImM CaCh) and 200U Recombinant RNasin® Ribonuclease inhibitor (promega) at 

37°C for 1 hour. This was followed by extraction with Ix volume of phenol pH4: chlorofonn: 

isoamylalcohol (25:24:1). The aqueous phase was mixed with O.Olx volume of ~Carrier (Molecular 

Research Centre), Ix volume 3M sodium acetate pH 5.2 and 2.5x volume ethanol, and precipitated at-

70°C for at least 1 hour. The RNA solution was centrifuged at 13000RPM for 30 min in a benchtop 

centrifuge at 4°C and the pellet was washed once with 70% ethanol and dried at room temperature. 

The pellet was resuspended in nuclease-free water and quantitated by UV spectophotometry. The 

integrity of RNA was checked by agarose gel electrophoresis. 

2.2.3 First- strand eDNA synthesis 

Five ~g of DNaseI-treated total RNA was heat-denatured at 92°C for 2 min in the presence of 500ng 

random hexamers (promega) in a 20~1 volume, followed by quenching on ice. To each sample, 6~1 of 

5x RT buffer (final concentrations: 50mM Tris-HCI pH 8.3, 75mM KCI, 3mM MgCh, IOmM DTT), 

1.5~1 of IOmM each dNTP, l~l of 40u/~1 recombinant RNasin® Ribonuclease Inhibitor and l~l of 

200U/~1 Moloney murine leukemia virus Reverse transcriptase (M-ML V RT, Promega) were added. 

The samples were incubated at room temperature for 10 min, 42°C for 50 min and 95°C for 5 min. 
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2.2.4 Polymerase chain reaction (peR) 

Four microvtres of the cDNA were amplified in a 50J.lI total volume containing Ix PCR buffer (IOmM 

Tris-HCI pH 9.0, 50mM KCI, 0.1 % Triton X-IOO), 1.5mM MgCh, 0.2mM dNTPs, lOpmol of each 
.;.,... 

D0156 and DOI58 oligonucleotides (Table 2.1), and 1 U Taq polymerase (promega). T~ sarpples were 

then subjected to 30 cycles of 94°C for I min, 55°C for 2 min, and 72°C for 2 min, f6110~e.d by a final 

extension at noc for 5min in the Omnigene thermocycler (Hybaid). The amplification of the expected 
" 

product size (341bp) was confirmed by analysing 5J.lI of the reaction on a 2% agarose gel. Following 

the gel analysis, the PCR reactions were purified using the Wizard PCR Preps DNA Purification 

System® (Promega). 

Table 2.1 RT -PCR primers used to characterize the OP27 cell line. 

Gene Name Primers Sequence 5'-3' Sizes Expected (hpj Reference" 
cDNA size Genomic 

FGFR D0156 TCNGAGATGGAGRTGATGAAb 341 bp >530 McEwen 
D0158 CCAAAGTCHGCDATCTTCATb andOmitz, 

1996 

FGFRI F1189 CTGGTCACAGCCACTCTCTGCAC 823; lO90bp -34700 This study 
Rll90 CCAGGTACAGAGGTGAGGTCATC 
F1l91 ACTTTGCGCTGGTTGAAAAACGGC 

FGFR2 FGFR2-f CCTCCAAGCTGGACTGCC 777bp -21500 This study 
FGFR2-r TGCCACGGTGACCGCCTC 

FGFR3 FR3f CCGGCCAACCAGACAGCC 997bp 3731 This study 
FR3r TTGCAGGTGAGCTGTTCCTC 

FGFR4 FR4f GCTATCTCCTGGATGTGC 936bp 5987 This study 
FR4rp ACACCCAGCAGGTTGATG 

Olfactory ORF3 AGATCTAGATGGCITAYGAYMGITAYGTIGCb 530 530 Ngai et al., 
Receptor ORC GCTCTAGAT ARATRAAIGGRTTIARCATb 

1993 

OMP OMPfp AAGGTCACCATCACGGGCAC 242 242 Barberet 
OMPrp TTTAGGTTGGCATTCTCCAC al.,2000 

~he source of the nucleotide sequences of the primers used in this thesis 

'N=A, C,G or T~ R= A or G; H=A, C, or T; D=A, G, or T; Y=C, or T; M=A, or C; I=inosine 
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2.2.5 Restriction Enzyme digestion of the PCR products 

Eight micn:]litres of the purified PCR products were digested separately with EcoRl, Pstl and Pvull 

(Amersham) by adding 11-11 of the appropriate lOx buffer and 11-11 of the enzyme and incubating at 37°C ,... 

for at least 1 hour. The digested samples were mixed with 2.S1-11 of Sx loading buffer.{50rpM EDTA 

pH8.0, SOmM Tris-HCI pH 8.0,50% glycerol) for non-denaturing PAGE and subsequentlr .~lysed on 

a 12% non-denaturing IX TBE (90mM Tris-borate pH 8.3, ImM EDTA) polyacrylamide gel. After 
1< 

the electrophoresis, the gel was fixed and silver-stained as described previously (Bassam et a!., 1991). 

Briefly, the gel was fixed in 10% acetic acid for 20 min and rinsed in dH20 for 2 min thrice. This was 

followed by impregnating the gel with a freshly made mixture of 0.1% AgN03 and 0.055% 

fonnaldehyde for 30 min. The colour reaction was developed with a solution of 3% Na2C03, 0.055% 

fonnaldehyde and 0.0002% Na2S203.5H20 (sodium thiosulphate) for 2-5 min and stopped with 10% 

acetic acid for 5 min. 

2.3 DETERMINATION OF 0P27 FGFR SPLICE ISOFORMS 

2.3.1 First- strand cDNA synthesis 

cDNA synthesis was perfonned in a 201-11 reaction containing 51-1g heat-denatured (65°C,S min) total 

RNA, 2S0ng random hexamers, ImM dNTPs, Ix RT buffer, 0.11-1g/!!1 BSA, 20U recombinantRNasin® 

Ribonuclease Inhibitor, 500ng oligo-edT) and 200U M-MLV RTase, incubated at 42°C for 1 hour and 

heat-inactivated at 95°C for 5 min. 

2.3.2 FGF receptor 1 RT-PCR 

Twenty 1-11 of the RT reaction were used in a 100!!l reaction volume with Ix PCR buffer (2.SmM TAPS 

pH9.3, 50mM KCI, 2mM MgCh, ImM !3-mercaptoethanol), 1.5mM MgCh, 10pmol of each F-1l89 

and R-1190 oligonucleotides (Table 2.1), 5% DMSO and 2.5U SuperThenn DNA polymerase 

(Southern Cross Biotech.). The reactions were run for 30 cycles at 94°C for I min, 60°C for 1 min and 

72°C for 3 min followed by a 5 min incubation at 72°C. The PeR-amplified products were analysed 

by agarose gel electrophoresis and transferred overnight onto a Hybond W membrane (Amersham) for 
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Southern blot analysis to analyse the specificity of the RT-PCR products. The 3' ECL labelling and 

detection system (Amersham) was used for labelling the internal oligonucleotide, F-1191 (Table 2.1), 

hybridizatiqn and detection as recommended by the manufacturers. The RT -PCR products were cloned 

into the pGEM-T cloning system (promega) and the nucleotide sequence of the inserts was verified by 

automated sequencing. 

2.3.3 FGFreceptor- 2 RT-PCR 

..... , 
., 

" 

PCR amplification of the FGF receptor 2 was performed using an aliquot of 4 J.lI of the above RT 

reaction, Ix PCR buffer, 20 pmol of each forward and reverse primers (Table 2.1), O.2mM dNTP, 3mM 

MgCh and I U SuperTherm Taq in a 50 J.lI reaction volume. The cycling conditions were the same as 

those used for FGF receptor 1 above. The RT -PCR product was cloned into the pGEM-T cloning 

system and verified by partial sequencing of the cloned fragment using the Sequenase 2 sequencing kit 

(USB). 

2.3.4 Restriction fragment analysis of RT-PCR products for detection of FGF receptor splicing 

isoforms 

The RT -PCR products were purified using the Wizard PCR Preps DNA Purification System (promega) 

as instructed by the manufacturers. To discriminate between the lJIb and IIIc isoforms of FGFR 1, 

10111 of the RT -PCR product was subjected to a restriction digestion analysis with the endonucleases 

AccI and VspJ (Amersham) in a 20111 reaction containing IX final concentration of the appropriate 

buffer and incubated at 37°C overnight. F or the FGF receptor 2, EcoRV was used to discriminate 

between the lJIb and lIle isoforms in a similar digestion reaction set up. The digest products were 

analysed on 1 % agarose gel and stained with ethidium bromide. 
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2.4.1 0P27 CELL CULTURE IN FGF-2 

For the FGF-2 experiments, cells were plated in petri-dishes at the density of 5x104 cells/cm2 and 

allowed to grow in DMEMflOOIo FCS until 70% confluence at the permissive temperature (33°C). At 
,,," 

time 0, the cells were shifted to the non- permissive temperature (39°C) in serum-free DME,M: Ham's 

F-12 (1:1, vol/vol) medium containing N2 supplement (5,...g/ml insulin, 50llg/ml transf~rrin, 20nM 

progesterone, 100,...M putrescein, 30nM sodium selenite, all Sigma), 5 Ulml heparin (Sigma) aqd FGF-

2 at 5 ng/ml (a kind gift from John Heath, University of Birmingham, UK). The cells were grown at 

this temperature for different time points. After the specified times at 39°C, images of cells were 

captured using a lOx objective on an Olympus microscope. At least 3 images were captured per dish. 

The analySIS® software (Soft Imaging System GmbH) was used to analyse the digital images. 

2.4.2 QUANTITATIVE ANALYSIS OF FGF-2-INDUCED DIFFERENTIATION OF 0P27 

CELLS 

2.4.2.1 Number a/bipolar cells 

With the help of the analySIS@ package, the percentage of cells with bipolar morphology was 

determined by counting the number of bipolar cells in a field per total number of cells in that field. Ten 

randomly photographed fields from 3-4 plates were counted for each time point and averaged. Bipolar 

cells were defined as cells with neurite-like extensions emanating from either side of the cell body, 

with one neurite longer than the size of two cell bodies. 

2.4.2.2 Survival assay 

104/ml cells were seeded in 6-well tissue culture dishes in DMEMfl0% FCS and allowed to adhere at 

33°C. At day 0, the medium in 3 wells from a dish was replaced with 2ml of serum-free DMEM: 

Ham's F-12 containing N2 supplement, heparin and FGF-2 per well while that in the other 3 wells was 

replaced with the same medium but with no FGF-2 (control cultures). The dishes were shifted to 39°C 

and the medium was replaced with fresh medium after every 2 days. To assess survival, cells from 
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each well were trypsinized, incubated in Trypan blue and unstained cells (live cells) were counted 

using a haemocytometer . 

• 
2.4.2.3 Cell proliferation assay 

OP27 cells were differentiated as mentioned in 2.4.2.1. DNA synthesis was measured by labeling 
.. l 

cultures with CH]thymidine (SCi/mmol, Amersham) at 2!!Ci/ml per well for 24hrs. At the end of the 
" 

24hr-Iabelling period, the medium was removed and each well was washed twice with ice-cold PBS 

followed by 2 washes in ice-cold 5% (vol/vol) trichloroacetic acid and aspirated. The cells were then 

solubilized in 0.5ml of 0.25M NaOH. Incorporated 3H-thymidine was quantified by liquid scintillation 

counting of 400!!1 of solubilised cells. Counts from the triplicate wells were averaged and plotted using 

the Microsoft® Excell 2000 software. 

2.5 WESTERN BLOT ANALYSIS 

OP27 cells were treated with FGF-2 as detailed in 2.4.1. Control and differentiated OP27 cells were 

washed twice with ice-cold PBS, and harvested using cell scrapers. The cell suspension was 

centrifuged at 1400rpm for 5min at 4°C and the cell pellets were resuspended in ice-cold lysis buffer 

(SOmM Tris-Cl pH 7.5, 150mM NaCl, 1 % NP-40, 5mM EDT A, lO!!g/ml aprotinin, 10!!g/mlleupeptin, 

40!!g/ml PMSF). Suspensions were homogenized, incubated on ice for 10 min and .cleared by 

centrifugation at 14 000 rpm for 2min to remove cell debris. Protein assays were performed with the 

Bio-Rad Protein Assay kit (BioRad) based on the Bradford dye-binding procedure. For immunoblot 

analysis, 20!!g of proteins from the control and differentiated OP27 cells were separated by SDS­

polyacrylamide gel electrophoresis in 7.5% resolving gel using the Mini-Protean system apparatus 

(BioRad). Proteins were then electrotransferred to a Hybond P transfer membrane (Amersham) using 

the Mini Trans-blot Electrophoretic Transfer Cell (BioRad). The membranes were then blocked at 

room temperature for lh using TBS (IOmM Tris-HCI pH 7.4, O.SM NaCl) containing S% (w/v) fat-free 

dry milk. The blots were incubated overnight at 4°C with primary antibodies at various dilutions 

(Table 2.2) in TBS containing 2% (w/v) fat-free milk. Membranes were washed 3 times in TBS/O.l % 

Tween-20 for Smin at room temperature and incubated with horseradish perixodase-conjugated 

secondary antibodies for 1 h at room temperature. After 3 washes with TBS/O.I % Tween-20, 
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immunoreactivity for NST, TrkB, PLCy2, Gaolf, and f3-actin was detected by chemiluminescence 

using a commercial kit (pierce), while that for NCAM, TrkC and ACIII was detected as follows: (a) 

13.3 III P-(#)umaric acid (Sigma) (stock solution: 14mg P-coumaric acid Iml DMSO) and 1.66111 of 

30% HzOz were added to 3mI of 100mM Tris-HCI pH 8.5 (b) 30111 of 3-aminophalhydmzin (Sigma) .... 
(stock solution: 44mg/ml DMSO) was added to 3ml of 100 mM Tris-HCI pH 8.0 (c).'botl;t solutions 

were then mixed together and poured over the membrane and incubated for 5 min. The s,ignals for all 

antibodies were visualised by exposing the plastic-wrapped membmnes to X-my film after removal of 
" 

excess substmte. 

Table 2.2: List of antibodies and the dilutions used for immunoblotting (western) and 

immunocytochemistry (ICC) 

Species Source Dilution Dilution 

Primary antibody (Western) (ICC) 

J3-actin8 Mouse monoclonal Sigma 1:5000 

Adenyl cyclase type III (AC-III) Rabbit polyclonal Santa Cruz 1:500 

Neural cell adhesion molecule (NCAM) Rabbit polyclonal Chemicon 1 :5000 

Neuron specific tubulin (NST, J3-IIIt Mouse monoclonal Babco 1:250 

Olfactory G protein (Gas/Olf)8 Rabbit polyclonal Santa Cruz 1:1000 1:1000 

Phospholipase C gannna (PLCy)8 Rabbit polyclonal Santa Cruz 1:500 1:1000 

TrkB8 Rabbit polyclonal SantaCruz 1:500 1:1000 

TrkC Rabbit polyclonal SantaCruz 1:500 1:750a 

HRP conjugated secondary antibodies 

Mouse IgG-HRP Goat Dako 1:2000 

Rabbit IgG-HRP Goat Bio-Rad 1:10000 

Goat IgG (H+L)-HRP Rabbit Molecular Probes 1:1000 

Fluoresceine conjugated secondary antibodies 

Mouse- Alexa 488 Goat Molecular Probes 1:100 

Rabbit- Alexa 488 Goat Molecular Probes 1:100 

Bcarried out in Dr J. Roskams' laboratory, University of British Columbia. 
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2.6 Immunocytochemistry 

2.6.1 Coatiljg slides 

4-chamber slides and 12mm round glass covers lips were coated with the E-C-L cell attachment matrix 
, .... 

(entactin-collagen N-Iaminin) (Upstate biotechnology) at 7.51lg/cm2 and 5 Jlg/cm2
, re1pec~ively, and 

incubated at 33°C for 1 hour. The slides were then rinsed twice with Ix PBS. 

" 
2.6.2 Plating on slides 

OP27 cells were plated onto E-C-L coated 4-chamber slides at 1.5x104/ml and expanded at 33°C. Cells 

were then differentiated at 39°C in the serum-free medium with FGF-2 for the indicated time periods; 

washed with PBS; fixed with 4% PFA for 10 minutes at room temperature; washed 3x5 min in PBS 

and stored at 4°C in 0.1 % sodium azide in PBS until ready for use. Cells were permeabilised with 

0.1% Triton X-I 00 in PBS for 30 min and blocked in 4% normal serum in PBS for 15 min at room 

temperature. Subsequently, cells were incubated overnight at 4°C with primary antibodies (Table 2.2) 

in 2% normal serum in PBS. Negative controls were incubated with 2% normal serum in PBS only. 

After washing with PBS twice for 5 min, the cells were incubated for 1 hr at room temperature in the 

dark with the appropriate fluorescently conjugated secondary antibodies (Table 2.2) diluted 1: 1 00 in 

2% normal serum. The slides were washed 2x 5min with PBS and DAPI (Sigma) was used to visualise 

nuclei at a 1: 15000 dilution of the 5mg/ml stock. The slides were then covers lipped using Vectashield 

mounting medium and images captured. lllustrations were assembled and processed digitally using the 

Adobe® Photoshop® 5.0 software (Adobe Systems). 

2.7 Olfactory Receptor RT -PCR conditions and identification of receptors 

The PCR was performed in a 20111 reaction volume on a GeneAmp ® PCR System 9700 thermocycler 

(PE Biosystems) using 2.51l1 of first-strand cDNA template (-625ng total RNA), O.4U Super-Therm 

polymerase, Ix reaction buffer, 2mM MgClz, O.2mM each dNTP, and 21lM each ORF3 and OR-C 

primers (Table 2.1). The cycling conditions for olfactory receptor (OR) PCR were as follows: 2 cycles 

of denaturation at 94°C for 4 min, annealing at 50°C for 2 min and extension at 72°C for 3 min and 28 

cycles of denaturation at 94°C for 1 min, annealing at 60°C for 2 min and extension at 72°C for 3 min. 
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The PeR was concluded with a 10 min extension at 72°C. The RT-PCR product was gel-purified 

using the GeneClean IT kit (BioRad) and sub-cloned into the pGE~ -T Easy vector system. 

Recombinant plasmids were identified by EcoRI digestion of miniprep DNA and sequence identity of 

clones was determined by automated sequence analysis. Characterization of recepto,[ clones was 

achieved by PCR with SP6 and T7 primers followed by restriction enzyme digest analysis. <. 

2.8 SEMI-QUANTITATIVE RT -PCR 
" 

Total RNA from FGF-2 induced OP27 cells was isolated using TRI REAGENTfM (Molecular Centre) 

and treated with DNase I to remove contaminating genomic DNA Five J.!g of DNase I-treated RNA 

was heat-denatured at 65°C for 5 min and then reverse transcribed in a 20 J.!l reaction volume 

consisting of IX M-MLV reaction buffer, ImM of each dNTP, O.lmg/ml BSA, 0.251lg 0Iigo(dT)15 

primer, 0.251lg random hexamers, 20U recombinant RNasin ribonuclease inhibitor, and 200U M-MLV 

reverse transcriptase, RNase H Minus (promega Corp.). The reaction was carried out at room 

temperature for 10 min, at 37°C for 90 min, and finally at 75°C for 10 min. A negative control reverse 

transcription reaction for each sample was also performed in the absence of reverse transcriptase. 

Semi-quantitative RT -PCR was carried out using 1 J.11 of each RT reaction or negative control 

(equivalent ofO.25J.1g total RNA) with primers for target cDNA and l3-actin in the same reaction tube. 

The PCR reaction contained Ix ~ buffer [16mM ~)2S04, 67mM Tris-HCI (pH 8.8), 0.1% 

Tween-20], 0.2mM each of dNTP, 2!J.M each forward and reverse primer of the target cDNA, 0.05 J.!M 

each l3-actin primer (Table 2.3), 2mM MgClz (1.5mM MgCh for Notch-l amplification), either 5% 

DMSO (for Hes-l, Ngn-l, Gap-43, NeuroD) or 5% formamide (for BF-I) and 0.5U BIOTAQTM DNA 

polymerase (BIOLINE) in a 25 J.!l reaction volume. The annealing temperature for each transcript is 

shown in Table 2.3. The number of cycles for PCR was within the linear range of amplification (26 

cycles). Following PCR, halve of the reaction mixture was analysed on 2% agarose gels and visualized 

by ethidium bromide staining. Images of stained gels were captured using the GeneSnap software 

(Sygene) and saved as TIFF files. Band intensities were analysed with the QuantityOne® software 

(BioRad) by placing rectangular objects over each band and quantitated. Expression levels were 

expressed relative to l3-actin levels. 
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