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ABSTRACT 

 

Recently, a novel protein family, named as neural regeneration peptides (NRPs), was 
predicted across the rat, human and mouse genomes by one of my supervisors, Dr. 
Sieg. Synthetic forms of these proteins have been previously shown to act as potent 
neuronal chemoattractants and have a major role in neural regeneration. In light of 
these properties, these peptides are key candidates for drug development against an 
array of neurodegenerative disorders.  
 
The aim of this PhD project was to provide confirmation of the existence of a 
member of the NRP coding gene family, annotated in the mouse genome. This gene, 
called mouse frameshift nrp (mouFSnrp), was hypothesised exist as a -1bp frameshift to 
another predicted gene AlkB. This project involved the identification of the mouFSnrp 
gene, and the characterisation of its expression pattern and ontogeny during mouse 
neural development. Through the work described in this thesis, the mouFSnrp gene 
was identified in mouse embryonic cortical cultures and its protein coding gene 
sequence was verified. mouFSnrp expression was shown to be present in neural as well 
as non-neural tissues, via RT-PCR. Using non-radioactive in situ hybridisation and 
immunohistochemical colocalisation studies, interesting insights into the lineage and 
ontogeny of mouFSnrp expression during brain development were revealed. These 
results indicate that mouFSnrp expression originates in neural stem cells of the 
developing cortex, and appears to be preferentially continued via the radial glial 
lineage. mouFSnrp expression is carried forward via the neurogenic radial glia into 
their daughter neuronal progeny as well as postnatal astrocyte. In the postnatal brain, 
mouFSnrp gene transcripts were also observed in the olfactory bulb and the 
hippocampus, both of which are known to have high neurogenic potential. In 
general, the radial glial related nature of mouFSnrp expression appears to be a hallmark 
of the mouFSnrp expression pattern throughout neural development. 
 
This thesis provides the first confirmation of the existence of a completely novel 
gene, mouFSnrp, and its putative -1 translational frameshifting structure. Further, 
preliminary data presented in this thesis regarding the mouFSnrp in situ expression 
pattern during mouse brain development may suggest a key role of the gene in 
neuronal migration and neurogenesis in mice.  
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Chapter 1 Chapter 1 
 

PREFACE 

 

 

Over 450 million people around the world are estimated to be suffering from mental 

and neurological disorders (World Health Organisation website). These disorders 

include epilepsy, headache, dementias (such as Alzheimer's disease), multiple 

sclerosis, Parkinson's disease and other hyperkinetic disorders, stroke, pain 

syndromes, and brain injury. Traditional epidemiological studies usually measure the 

mortality rates due to these conditions, and do not take into account disability rates. 

This has resulted in a significant underestimation of the burden due to neurological 

disease around the world.  

 

The Global Burden of Disease report has shown that while mental and neurological 

disorders are responsible for about one per cent of deaths, they account for almost 11 

per cent of disease burden globally (World Health Organisation website). 

Furthermore, with the growing life expectancy around the world, the probability of 

the onset of neurological damage is higher than ever before. It is evident that the 

enormity of neurological disorders is huge and that they are priority health problems 

globally.  

 

In light of this rapidly growing concern, there has been a large biopharmaceutical 

thrust over the last decade to develop new strategies to treat disorders of the brain. 

Previously, treatments were mainly targeted at symptoms of these disorders. 

However, as our understanding of the cellular and molecular mechanisms underlying 

neurological diseases has improved, our ability to formulate new approaches has also 

significantly advanced. 
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Both, acute neural injury (e.g. traumatic brain injury or TBI; hypoxic ischemic injury 

after stroke) and chronic neurodegeneration (e.g. Parkinson’s Disease) involve 

neuronal loss following the injury or onset of the condition. It was previously 

believed that neuronal loss after acute brain injury occurred immediately, i.e. within 

minutes or few hours after the insult. However, it is now well understood that this 

neuronal and glial death occurs in two phases. Primary neuronal cell death or necrosis 

occurs during and immediately following the injury. A second, delayed wave of cell 

death takes place in a time period ranging from a few hours to about 3 days after the 

injury, and is known as apoptosis or programmed cell death (Pulsinelli et al., 1982; 

Gluckman & Williams, 1992).  

 

Chronic neurodegeneration progresses over weeks, months or years and has 

compound aetiologies, but it has been established that cell death in such conditions 

also usually involves apoptotic processes.  

 

The development of treatments to combat neural disorders has included 

neuroprophylactic or neuroprotective strategies. Neuroprophylactic strategies target 

processes involved in primary neuronal cell loss. These are administered prior to the 

acute insult, e.g. during heart surgery when transient oxygen deprivation can lead to 

brain damage. Alternatively, neuroprotective strategies affect specific or multiple 

targets of the apoptotic cascade during secondary cell death.  

 

It has been shown that whereas cell death due to late programmed apoptosis after 

acute injury is maximal at ~3 days, the bioassayable neurotrophic activity following 

TBI in adult rats is only induced about 6 days post-insult in adult rats (Nieto-

Sampedro et al., 1982). This interesting observation provides an opportunity to 

administer neurotrophic agents in that window of time between maximal apoptosis 

and the onset of self-repair mechanisms, as a possible neuroprotective strategy. 

Further, since most neural injuries or chronic disorders require therapeutic treatment 
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post-injury and during disease progression, extensive research has been conducted to 

develop neuroprotective strategies (Russo et al., 2005). 

 

While neuroprotective agents are being developed to protect neurons before the 

onset of late programmed apoptosis, there is now also significant research being 

undertaken to help promote neural regeneration as a therapeutic approach for 

neurological disorders. Neural regeneration involves replenishment of lost neural 

cells, re-growth of damaged axons and neurite processes and recovery of lost neural 

functions such as migration and proliferation, after the occurrence of neural damage 

(Okana et al., 2003).  

 

Self-regenerative processes occur in the brain post-injury and during the progression 

of neural disorders. Following brain injury, there is an upregulation of several growth 

factors and chemotactic molecules that are usually secreted by the surrounding 

astrocytes, as well as an influx of inflammatory cells to the site of insult, all of which 

contribute towards repair and regeneration of injured neurons (Ghirnikar et al., 1997). 

However, these events are usually insufficient to ensure complete functional recovery 

within the damaged tissue. 

 

Recently, a novel protein with significant neural regenerative effects was discovered 

by Dr. Frank Sieg. Following this discovery, several homologous proteins, thought to 

be encoded by genes in the mouse, rat and human genomes, were predicted. When 

peptide fragments of the predicted nrp gene products were artificially synthsised, they 

displayed a range of biological effects important to protection and regeneration of 

central nervous system tissue, even at femtomolar levels. This hypothetical family of 

homologous proteins with regenerative effects on neural tissue have been named 

neural regeneration peptides (NRPs).  
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There have been initial reports of molecules such as YP-30 (Cunningham et al., 1998) 

in promoting neuronal survival, stromal cell derived factor-1 (SDF-1) in enhancing 

neuronal migration (Stumm et al., 2003) and the role of glial derived neurotrophic 

factor (GDNF) in axonal sprouting and regeneration (Rosenblad et al., 2000). 

However, the breadth of the regenerative functions of the synthetic NRP peptide 

fragments (SNRPs) is distinct and unlike any reported biological activity of 

compounds known so far. The potency of SNRPs makes them a potentially effective 

treatment for an array of degenerative conditions such as peripheral neuropathy and 

motor neuron disease. In addition, the repairing effect exerted by SNRPs may also 

have therapeutic implications on injuries such as spinal cord injury. 

 

The potential therapeutic value of SNRPs in a vast range of neurological disorders 

(many of which have no successful treatment at present) warrants significant research 

on these peptides and their parent proteins and genes. Although substantial 

information on the functional capacity of SNRPs is now known, there has been no 

work done so far towards confirming the existence of the predicted nrp gene or 

protein family in vivo. 

 

This thesis reports, for the first time, the identification of a gene predicted to encode 

an NRP in the mouse genome, and its developmental profile during mouse  

neurogenesis. Further, since one of the most prominent regenerative effects of the 

SNRPs is their ability to induce migration of neurons (Gorba, Bradoo et al, 2006), this 

thesis places the newly discovered nrp gene in the context of the current state of 

research in neuronal migration. 
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Chapter 2 Chapter 2                  
 

INTRODUCTION 

 

 

Widespread neuronal migration is the hallmark of vertebrate brain development. 

Billions of neurons in the vertebrate forebrain migrate significant distances, up to 

centimetres in primates, highlighting the extraordinary nature of the migration 

process. Neuronal navigation is essential so that highly ordered cellular organisation 

and specific nerve connections in the nervous system can be established, and in 

particular for the process of corticogenesis.  

 

This chapter describes the cellular mechanisms of neuronal migration and the modes 

of migration in cortical development, and provides a comprehensive overview of the 

several genetic, molecular and extracellular signals associated with neuronal migration. 

The discovery of the novel neural regeneration peptide (NRP) protein family, the 

significance of synthetic NRP peptides (SNRPs) as chemoattractants in neuronal 

migration, and their role in neural regeneration is reviewed. Finally, the aims and the 

rationale for the experiments undertaken during the course of this research project 

are delineated. 

 

 

2.1 CELLULAR MECHANISMS INVOLVED IN NEURONAL MIGRATION 

 

Like other motile eukaryotic cells, neuronal migration occurs in a saltatory manner 

which involves two major steps: leading edge extension and nucleokinesis.  

 

The filopodia and lamellopodia of the neuron explore the microenvironment around 

the cell followed by the leading edge extension or ‘protrusion’ of the cell as the first 
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step of migration. Neurons are usually bipolar cells by birth, and the extension of the 

leading edge can originate via growth cone formation at the axonal end, or from 

dendrites, by formation of dendritic tips. This extension process is determined by the 

integration of attractive and repulsive cues at the plasma membrane, which affects the 

peripheral microfilament network by controlling the actin polymerisation (de 

Rouvroit & Goffinet, 2001; Tsai & Gleeson, 2005). 

 

The second step in neuronal migration is nucleokinesis or nuclear translocation 

(Figure 2.1). After the leading edge of the migrating neuron stabilizes tens of microns 

ahead of the soma, the nucleus and the cell body are displaced forward into the 

leading process (Tsai & Gleeson, 2005).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 2.1: Nucleokinesis during cell migration 
The centrosome advances towards the leading edge of the cell, and the nucleus and the cell 
body move in the direction of the centrosome, leading to forward migration of the cell [adapted 
from Tsai & Gleeson, 2005] 
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Nucleokinesis is chiefly regulated by changes in the microtubule network. It is 

thought that the cytoplasmic protein dynein, various cell polarity genes and 

microtubule associated proteins are involved in the process of nucleokinesis. These 

factors help position the centrosome (a.k.a microtubule organising centre) in the 

leading edge in front of the nucleus, followed by the movement of the nucleus 

towards the centrosome. The retraction of the trailing process occurs in concurrence 

with nucleokinesis. Defects in nucleokinesis have been linked with various migration 

disorders like type-1 lissencephaly. (Book & Morest, 1990; de Rouvroit & Goffinet, 

2001; Tsai & Gleeson, 2005).  

 

When neurons reach their destinations at the end of migration, they are ordered into 

defined or ‘architectonic’ cell patterns for proper functioning of the entire neural 

system. Defects in pathways involved in the creation of these patterns lead to 

abnormal patterning of cortical layers, or an ‘over-migration’ of neurons into the 

meninges (de Rouvroit & Goffinet, 2001). 

 

 

2.2 NEURONAL MIGRATION IN CORTICOGENESIS 

 

The development of the highly organised laminar structure of the adult cerebral 

cortex results from the orchestrated proliferation, differentiation and migration of 

neurons during corticogenesis (Walsh, 2000).  

 

In early embryonic development, the rhombomeres of the hindbrain, the external 

germinal layer of the cerebellum and the regional boundaries of the forebrain are 

formed by morphogenetic movements of precursor cells. In the course of forebrain 

patterning, the primordium is subdivided into distinct dorsoventral and 

anterioposterior domains. The cerebral cortex originates from a smooth sheet of the 
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dorsal telencephalic proliferative zone. The ventral telencephalon consists of the 

lateral and the medial ganglionic eminences (LGE and MGE). These are proliferating 

cell masses that give rise to the striatum and the globus pallidus respectively 

(Nadarajah et al., 2002; Marin & Rubenstein, 2003) (Figure 2.2). 

 

 

 

 
 

Figure 2.2: Anatomical structure of the developing mouse forebrain 
A schematic representation showing the organisation and main structures of the sagittal (A) and 
coronal (B) sections of an E12.5 mouse forebrain. LGE, lateral ganglionic eminence; MGE, medial 
ganglionic eminence; POA, anterior preoptic area [adapted from Marin & Rubenstein, 2003] 
 

Migrating neurons adopt various routes in order to reach their correct positions in 

the developing cortex. The two major modes of neuronal migration include radial and 

tangential migration (Figure 2.3). After primary neurogenesis starts in midgestation 

(~E12.5 in mice), postmitotic cortical neurons undergo radial or glia-directed 

migration, facilitating the creation of neuronal layers in the cortex. In mice, this 

mainly occurs through the embryonic stages E14.5 – E16.5 (Hatten, 1999). 
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Figure 2.3: The two major modes of migration during mouse corticogenesis 
Radial migration is involved in the development of the cortical pyramidal neurons. Tangential 
migration is essential for the positioning of the interneurons from their origins in the lateral and 
medial ganglionic eminences (LGE and MGE) to their destinations in the embryonic cortex, and 
postnatally for the interneurons of the olfactory bulb, via the rostral migratory stream (RMS). 
RMS, rostral migratory stream; LGE, lateral ganglionic eminence; MGE, medial ganglionic 
eminence [Adapted from Park et al., 2002] 
 
 

Secondary neurogenesis takes place in later phases of embryonic development, after 

cells in the ventricular zone (VZ) have been through stages of clonal expansion, 

targeted migration and formation of neural layers (Hatten, 1999). In secondary 

neurogenesis, neurons generated in the ganglionic eminences (GEs) migrate 
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tangentially over long ranges, parallel to the surface of the brain, forming dispersed 

populations of cortical interneurons (Hatten, 1999; Song & Poo, 2001). 

 

In rodents, although the majority of neurons migrate radially to form the cerebral 

cortex, most if not all of the cortical interneurons (~25% of the total neurons of the 

cerebral cortex) originate from the GEs and migrate tangentially to the cortical plate 

(CP) (Marin & Rubenstein, 2001).  

 

 

2.2.1 Radial migration in the cerebral cortex 

 

Radial migration is the principal mode of migration in the developing cortex (Hatten, 

1999). The central feature of radial migration is that precursors of pyramidal neurons 

(the major projection neurons of the developing cortex) are generated in the VZ and 

move orthogonal or perpendicular to the surface of the brain, usually along radial glia 

that span the entire depth of the parenchyma (Nadarajah et al., 2002; Park et al., 2002).  

 

Rakic first proposed the radial unit hypothesis in 1988, which postulated that clones 

of cells generated in the VZ are projected along radial glia, which are in a columnar 

arrangement (Rakic, 1988). Since the development of this hypothesis, there have been 

significant advancements in our understanding of radial migration of neurons from 

the VZ during corticogenesis. The current knowledge of the mechanisms by which 

radial migration occurs has been reviewed in the sections 2.2.1.1 – 2.2.1.6. 

 

2.2.1.1 ‘Inside-out’ cortical formation 

Neuronal migration in the cerebral cortex starts when the first set of post-mitotic 

neurons exit from the germinal VZ and form the preplate (PP) at the pial surface of 

the cerebral vesicles (~E12 in mouse) (Hatten, 2002). Newly arriving CP neurons 

spilt the preplate into the outer marginal zone (MZ) and the deeper subplate (SP). As 
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cortical development continues, the MZ cells differentiate into ‘Cajal-Retzius’ cells, 

and the SP and the VZ are separated by an intermediate zone (IZ). Subsequent to 

cortical formation, the IZ consists of afferent and efferent axons of the cortex 

(Nadarajah et al., 2002; Hatten, 2002). 

 

As more cells exit the cell cycle and migrate from the VZ into the CP, they migrate 

past the existing SP and settle just under the Cajal-Retzius cells. The Cajal-Retzius 

cells thereby form layer 1 of the cortex, and the CP neurons form layers 2-6. The cells 

of layer 6 (present just above the SP) consist of the earliest born neurons after those 

of layer 1, and layers 5 through 2 comprise sequentially later born cells, with the layer 

2 cells being directly under the layer 1 or Cajal-Retzius cells. This formation clearly 

demonstrates the ‘inside-out patterning’ of the cerebral cortex, as first proposed by 

Sidman in 1961 (Hatten, 2002; Anjevine & Sidman, 1961) (Figure 2.4). 

 
 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.4: Inside-out cortical patterning via radial migration in mouse  
During cortical development, post-mitotic neurons exit the ventricular zone, VZ, and migrate 
along the radial glial fibre to form 6-layered cerebral cortex in an inside-out manner, as is evident 
in the adult cortex. E, Mouse embryonic age; VZ, ventricular zone; IZ, intermediate zone; PP, 
preplate; SP, subplate; CP, cortical plate; MZ, marginal zone; WM, white matter. [adapted from 
Hatten, 1999] 
 

SP 
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2.2.1.2 Radial glia in the developing cerebral cortex– a murine perspective 

Radial glia (RG) are a vital component of the developing brain, with key roles as 

neuronal progenitors (Malatesta et al, 2000, 2003; Miyata et al, 2001) as well as a 

scaffold for the migration of neurons (Rakic, 1971a, 1971b, 1972). RG cells had 

initially been described in the late nineteenth century, based on observations made 

using the classical Golgi silver impregnation method (Ramón y Cajal, 1890). 

However, a greater understanding of the structural and functional relevance of these 

cells came with advancements in techniques such as electron microscopy and 

immunohistochemistry. 

 

RG cell morphology is characterised by one basal endfoot of the cell situated at the 

ventricular surface of the developing cortex, and several branches at the pial side of 

the radial fibres, which terminate with multiple endfeet that form the outer cerebral 

surface (a.k.a glia limitans). As the thickness of cerebral cortex increases, so does the 

length of the RG fibres. 

 

In rodents, the phenotype of RG is characterised by immunoreactivity to molecules 

such as Radial Cell 1 and 2 (RC1 and RC2)1, vimentin, and Ran-2 (Rakic, 2003). A 

typical feature of rodent RG is that they only exhibit immunoreactivity to glial 

fibrillary acidic protein (GFAP), which is a mature astroglial marker, after the 

completion of corticogenesis. This occurs because rodents RG differentiate into 

primary astrocytes only after birth, when a substitution in the intermediate filament 

protein composition takes place, from vimentin to GFAP. This contrasts with 

primate RG, which undergo early differentiation during the process of corticogenesis, 

when they co-express vimentin and GFAP (Rakic, 2003). 

 

 

                                                 
1 RC1 and RC2 are post-translational modifications of the neural stem cell marker, nestin 
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2.2.1.2.1 RG as neuronal progenitors 

Although the importance of RG in glial-guided radial migration, and their role as 

astrocytic precursors during cortical development has been well known, their 

significance in neurogenesis was only revealed recently. 

 

For several years it had been believed that the VZ consisted of two major types of 

morphologically distinct primary cells: neuroepithelial progenitors (NEPs) and RG. It 

was thought that as the process of cortical development progressed, NEPs lost pial 

contact, whereas the RG maintained contact with the pial surface. Further, NEPs 

were thought to mitotically divide to give rise to daughter neurons, which then used 

RG as a scaffold to transverse the width of the cortex. 

 

In 2000, Malatesta and colleagues used fluorescence activated cell sorting (FACS) to 

show a novel function for RG as neuronal progenitors. They demonstrated that the 

RG cell population does not just consist of astroglial precursors, but that RG cells 

also possess the ability to produce neuronal progeny. Nevertheless, they showed that 

as cortical development progresses, most RG cells lose their neurogenic ability and 

become restricted to the generation of astrocytes (Malatesta et al., 2000).  

 

Since the identification of the neurogenic potential of RG, several lines of evidence 

now imply that the majority of VZ progenitors have RG characteristics, and that a 

significant proportion of, if not all, radially migrating neurons probably derive from 

RG progenitors (Noctor et al., 2002; Ever & Gaiano, 2005) (Figure 2.5). 
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Figure 2.5: RG cells are the predominant neuronal progenitors of the VZ 
(a) It was traditionally thought that RG cells extended across the cortical width to the pial 
surface, and the NEPs, which were the neuronal progenitors were confined to the VZ. (b) It is 
now believed that most cells of the VZ have RG morphology and in fact are the major source of 
radially migrating neurons in the cortex. [adapted from Ever & Gaiano, 2005] 

 
The RG progenitors undergo mitosis to give rise to neurons, which use the parent 

RG fibre as a scaffold to migrate to their final destinations. A key finding regarding 

neuronal progeny arising from RG has been that a significant number of RG give rise 

to daughter neurons via asymmetric cell division of the parent RG cell. Miyata et al. 

have shown using DiI-labelled cortical slice culture technique combined with BrdU 

labelling in vivo in E14 mice that when the RG cell divides, the daughter neuron 

inherits the pial fibre of the RG cell, and also grows a thick ventricular process. At 

this stage the daughter neuron is indistinguishable from the progenitor RG cell. The 

ventricular process of the radial glial-like neuron collapses after several hours, and the 

neuron then migrates to the pial surface using the ‘recycled’ radial fibre via somal 

translocation. In two separate cortical culture experiments, about 40% and 56% of 

RG divisions were seen to occur with asymmetric inheritance, indicating that the 

inheritance of the RG fibres by the daughter neurons is a key event in the developing 

embryonic cortex (Miyata et al., 2001). 

(a) 

(b) 
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2.2.1.3 Modes of radial migration 

The three modes of radial migration of neurons that have been described in literature 

so far are somal translocation, glia-guided locomotion and multipolar migration.  

 

2.2.1.3.1 Somal translocation 

Using time-lapse imaging of acute cortical slices, Nadarajah et al. have shown that 

early born neurons in the cortex may adopt ‘somal translocation’ as a mode of radial 

migration (Nadarajah et al., 2001). In this migratory mode, neurons typically have long 

leading processes that extend out to the pial surface and a short transient trailing 

process. As the soma moves towards the pial surface, the leading process becomes 

shorter (Nadarajah et al., 2001) (Figure 2.6). During somal translocation, the average 

speed of advancement of the soma is about 60µm/h (Nadarajah et al., 2003).  

 

Since RG have been established as the primary progenitors of cortical pyramidal 

neurons, it is probable that a subset of RG give rise to neuronal progeny during early 

stages of corticogenesis, which do not use the parent RG as a scaffold, but move 

towards the pial surface via somal translocation (Nadarajah, 2003) (Figure 6). 

 

2.2.1.3.2 Glia-guided locomotion 

The second proposed mode of radial migration, called ‘locomotion’, occurs later on 

in cortical development, where pyramidal neurons generated from their progenitor 

RG cells use the RG fibres as a scaffold for migration and form the cortical layers in 

the previously described ‘inside-out’ manner (Nadarajah et al., 2001; Nadarajah & 

Parnavelas, 2002; Nadarajah, 2003) (Figure 2.6).  

 

Neurons that adopt this mode of migration have a bipolar morphology, and have a 

thick leading process and a thin trailing process. These cells have a saltatory pattern 

of migration, where they exhibit short bursts of forward movements interspersed 

with stationary phases. This causes slower average speeds of movement of 



Chapter 2  Introduction  
 

16 

approximately 35µm/h. Once the leading processes of the locomoting cells reach the 

MZ, the cells seem to undergo short-range translocation in the end phase of 

movement (Nadarajah et al., 2003). 

 

 

 

 
 

 

 

 

 

 

 

 

Figure 2.6: Somal translocation and glia-guided locomotion during radial migration 
(a) Radially migrating neurons arise from RG cells and adopt somal translocation during early 
stages of corticogenesis. (b) Glia-guided locomotion: Later born neurons use their parent RG 
fibres as a scaffold to transverse the width of the cortex, followed by short range translocation at 
the end, and reach their final destinations in the cortical plate. 
 

2.2.1.3.3 Multipolar migration 

In contrast to the monopolar and bipolar migratory modes described above, Tabata 

and Nakajima have reported a third form of radial migration in mice, known as 

‘multipolar migration’. They observed that the cortical intermediate zone of the 

embryonic mouse brain contains numerous multipolar cells, which don’t resemble 

cells that adopt locomotion or somal translocation to migrate (Tabata & Nakajima, 

2003).  

 

Using time lapse studies they showed that these cells, with multipolar morphology, do 

not possess a fixed cell polarity. Furthermore, they do not associate with glial fibres 

present in their vicinity. Rather, they actively extend and retract their multiple 
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processes as their cell bodies move slowly. These multipolar cells do not move 

straight towards the pial surface of the cortex, but frequently change their direction 

and rate of migration, occasionally even ‘jumping’ tangentially during their radial 

migration. With these findings, it has been suggested that multipolar cells detect some 

directional cues at the pial surface that guide them towards the final pial destination, 

and due to which they resume radial migration even after their transient tangential 

movements (Tabata & Nakajima, 2003; Nadarajah et al., 2003).  

 

Multipolar cells only appear to adopt multipolar migration as they transverse the 

SVZ-IZ. No signs of this form of migration are seen in the CP, suggesting that once 

multipolar cells enter the CP they switch from multipolar migration to locomotion to 

reach their pial positions (Tabata & Nakajima, 2003).  

 

2.2.1.4 Factors involved in neuron-glia association during locomotion 

During the process of neuronal locomotion along the RG fibre to reach its final 

cortical layer, the molecular interaction between the neuron and the RG fibre allows 

the neuron to ascend along the length of the glial fibre. There are different factors 

that participate in the process of neuron-glia interaction during glia-guided migration. 

These have been described below in sections 2.2.1.4.1 – 2.2.1.4.3. 

 

2.2.1.4.1 Filamin 1 in leading edge extension 

The process of leading edge extension in migrating neurons occurs largely using RG 

as a scaffold for movement. Such ‘gliophilic migration’ accounts for the majority of 

neuronal migration all over the brain.  

 

Neurons that require glia-guided migration have significant dependence on the 

microfilament network. The actin network is critical for lamellopodia and filopodia 

formation at the leading edge, and disturbances in the formation of actin filaments 

results in complete blocking of migration. 
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Several molecules comprise the environment around the leading edge of the cell, 

governing the fate of migration of the cell. One such molecule, filamin, is an actin-

associated protein that has been implicated in X-linked periventricular heterotopia in 

the brain (Fox et al., 1998). The mutated form of this gene is dominant in females and 

lethal to most males. Non-muscle filamin is a protein of about 265-280kDa, 

containing two actin-binding domains linked together by a long, flexible shaft, that 

cross-links actin filaments into a plastic meshwork (Fox et al., 1998). Hence, filamin 

acts as a link between the cell surface and the actin network. 

 

It is seen that during radial neuronal migration, lack of filamin leads to blockage of 

dendritic tip elongation along radial cell extensions, possibly by uncoupling integrins 

from microfilaments. Therefore, neurons are unable to exit from the VZ, and 

consequently differentiate into nodular heterotopias (de Rouvroit & Goffinet, 2001). 

 

In particular, Filamin 1 has been shown to bind Integrins β1 and β2, which are 

needed for the interaction between neurons and radial glia during migration (de 

Rouvroit & Goffinet, 2001). Recently, Nagano et al. have identified a new family of 

proteins that bind Filamin 1, and named them Filamin 1-interacting proteins 

(FILIPs). It has been suggested that FILIPs regulate the start of radial migration from 

the VZ by generating an ‘intracellular environment’ that suppresses migration during 

pre-migratory stages (Nagano et al., 2002). 

 

It has been hypothesised that the transient upregulation of Filamin 1 and the 

inactivation of FILIP is needed to ascertain that radially migrating post-mitotic 

neurons exit the VZ at the right time (Nagano et al., 2002). 

 

2.2.1.4.2 Cdk5 and p35 in glia guided migration 

Cdk5 and the cofactor p35 have also been suggested to be involved in leading edge 

extension. Cdk5 or cyclin-dependent kinase 5 is a serine threonine kinase that is 
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highly expressed in axons of post-mitotic neurons (Walsh, 2000). The Cdk5 kinase 

activity requires a complex formation, involving Cdk5 and one of the two co-factors, 

p35 or p39. Cdk5 and p35 have been shown to play a role in glia-guided migration.  

 

Recent experiments indicate that filamin 1 may be a substrate for Cdk5 

phosphorylation (Fox et al., 1998). It has also been shown that Cdk5 causes 

downregulation of N-cadherin mediated neuronal adhesion by associating with p35 

and β-catenin. Cdk5 is thought to facilitate neuronal migration through the IZ and 

CP, where N-cadherin is highly expressed (Kwon et al., 2000). 

 

2.2.1.4.3 Other molecules involved in neuron-glia interaction 

The association between migrating neurons and the glial scaffold involves the activity 

of other molecular factors such as astrotactin. Astrotactin acts as a ligand for binding 

of neurons to the apposed RG fibre. Mice with a targeted null mutation of Astn (the 

gene for Astrotactin) show a reduction in size of neuronal layers in the cortex and 

cerebellum, slower rates of neuronal migration, as well as a decrease in neuron-glia 

binding (Hatten, 1999; Adams et al., 2002). 

 

The neuronal proteins, neuregulins (NRGs) act via the receptor tyrosine kinases 

erbB2-4 of the epidermal growth factor receptor family, and have been shown to play 

a role in neuronal-glial interaction in migration. In the developing mouse cerebellum, 

cerebellar granule cells express NRGs and the glia express erbB receptors. In 1997, 

Rio et al. demonstrated that blocking the erbB receptors impaired the migration of 

cerebellar granule cells along the RG fibre (a.k.a Bergman glia in the cerebellum), 

suggesting a role of NRG/erbB signalling in neuron-glia interaction (Rio et al., 1997). 

Further, Anton et al. have shown that NRGs are involved in aiding glia guided 

neuronal migration via the erbB2 receptor in the cerebral cortex (Anton et al., 1997).  
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2.2.1.5 Genetic influences in nucleokinesis during radial migration 

Nucleokinesis, as mentioned earlier, is a key step in neuronal migration. It involves 

remodelling of the microtubule network, causing the forward displacement of the 

nucleus and the cell body into the leading process of the neuron, as the cell migrates. 

Nucleokinesis was initially studied in the filamentous fungus Aspergillus nidulans, and is 

known to be a microtubule-dependant process. During radial migration, the 

importance of nucleokinesis is evident from the disorders due to genetic defects in 

nucleokinesis. In humans, abnormalities in the process of nucleokinesis are usually 

manifested in the human brain as type 1 lissencephalies. Lissencephaly is a disorder of 

neuronal migration characterised by loss of gyri and sulci. This condition has been 

implicated to have a genetic origin, and is associated with the disruption of two genes, 

LIS1 (Reiner et al., 1993) and DCX (des Portes et al., 1998). Disturbances in the 

pathway involving Cdk5 and its cofactor p35 also result in aberrant neuronal 

migration similar to that seen in type 1 lissencephalies (Ohshima et al., 1996; Chae et 

al., 1997). 

 

2.2.1.5.1 The LIS1 gene 

In order to establish the mechanisms of nucleokinesis, several ‘nuclear distribution’ 

(nud) mutant genes have been studied in A. nidulans. In particular, the nudF gene has 

been suggested to be involved in the regulation of dynein motor function (Xiang et 

al., 1995). Dynein is a microtubule motor protein that causes backward or retrograde 

organelle transport in neurons, thereby resulting in nuclear movement in cells. nudF 

has a human homolog on chromosome 17p13.3 called LIS1, which has been linked 

to human autosomal dominant type 1 lissencephaly (Leventer et al., 2001).  

 

The mammalian LIS1 encoded gene product is a 45kDa protein called LIS1. This 

protein is known to act as the non catalytic subunit of platelet-activating factor 

acetylhydrolase isoform 1b (PAFAH1B1), as well as having a role in cell proliferation 

and migration (Xiang et al., 1995). 
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Experiments involving introducing mutations in the LIS1 gene homolog in mice 

showed lethality at early embryonic stages if a homozygous null mutation in LIS1 was 

introduced (Hirotsune et al., 1998). Partial loss of the LIS1 protein homolog led to 

delayed or slowed migration, although the ‘inside-out’ patterning of the cortex was 

maintained (Hirotsune et al., 1998). 

 

Several genes associated with nuclear movement have been isolated after the 

identification of the large nud gene family in A. nidulans. It is now believed that the 

nuclear distribution pathway is strongly conserved in eukaryotic organisms and the 

process of nucleokinesis may share a common pathway in fungi and mammals. This 

mechanism is thought to involve protein products of nudF (or LIS1 in mammals) and 

nudE, microtubules and other cytoskeletal-related proteins like dynein (Walsh, 2000). 

 

2.2.1.5.2 Doublecortin and the DCX gene 

Doublecortin is a 361 amino acid (aa) protein coded for by the DCX gene. This 

protein is known to stabilize microtubules and induce microtubule polymerisation in 

a dose-dependent manner (Gleeson et al., 1999). Positional cloning studies have 

revealed that the mutated DCX gene is involved in the phenotype of subcortical 

laminar heterotropia in heterozygous carrier females and X-linked lissencephaly in 

males (des Portes et al., 1998). DCX shows high levels of expression in all migrating 

neurons in the developing brain, and continues to be expressed in the adult brain, in 

regions that have ongoing migration, such as the olfactory bulb (OB) (Gleeson et al., 

1999). 

 

2.2.1.5.3 The role of cdk5-p35/p39 

The significance of Cdk5, and its associated cofactor p35, in the process of glia-

guided migration has already been elucidated in Section 2.2.1.4.2. However, Cdk5, 

p35 and the other Cdk5 cofactor, p39, have also been shown to play a role in the 

process of nucleokinesis. 
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In 1996, Ohshima and colleagues performed experiments which demonstrated that 

mice lacking Cdk5 showed defects in migration in the cerebral and cerebellar cortex 

(Ohshima et al., 1996).  The migrating neurons in these mice were seen to split the PP 

into the MZ and the SP, but the later-born neurons did not follow the normal inside-

out patterning usually seen. Therefore, cortical lamination failed in mutants of the 

cdk5 gene, after the initial formation of the CP. Similar phenotypic defects in the 

cortex are seen in p35 mutant mice, although more subtle, due to the possible 

redundancy in the actions of p35 and p39 (Ko et al., 2001). One of the main targets of 

Cdk5 is ‘tau’, a microtubule associated protein (de Rouvroit & Goffinet, 2001), hence 

suggesting the importance of the Cdk5-p35 cascade for microtubule-mediated 

nucleokinesis. 

 

2.2.1.6 Determinants of cortical lamination 

2.2.1.6.1 The ‘reeler’ mouse 

A significant insight into the understanding of cortical patterning emerged through 

the studies of the neurological mutant mouse, reeler, with mutations in the reelin gene. 

This is the best characterised animal model of abnormal neuronal migration, and was 

identified several decades ago (Falconer, 1951). The reeler mouse shows aberrant 

lamination patterns of the cortex. Even though the formation of the PP is normal, as 

is the number and subtype of neurons exiting from the VZ, this mutation results in 

an inverted or ‘outside-in’ formation of neuronal layers in cortical development, due 

to the inability of the migrating neurons to penetrate the PP (de Rouvroit & Goffinet, 

2001; Nadarajah & Parnavelas, 2002). This differs from cdk5 mutants, where the PP is 

effectively spilt, but the inside-out patterning is lost in later generated neurons. 

 

The reelin gene product, Reelin, is a large glycoprotein (~400kDa) expressed primarily 

in Cajal-Retzius cells (Park et al., 2002). It has been experimentally shown that Reelin 

appears to mediate its effects via two receptors: the very low density lipoprotein 

receptor (VLDLR) and the apolipoprotein E receptor type 2 (ApoER2) 
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(Trommsdorff et al., 1999). Mice lacking one of the two receptors do not show an 

abnormal phenotype, but the lack of the two genes coding for both receptors results 

in a phenotype with anatomical defects almost identical to the reeler mouse. Advances 

in the understanding of pathways involved in Reelin functioning have been made 

through recent experiments, which have revealed the scrambler and yotari phenotypic 

mutations in mice. These mutations result in similar phenotypic defects as seen in the 

reeler mouse, and yet show normal levels of Reelin expression (Sweet et al., 1996; 

Yoneshima et al., 1997).  

 

The scrambler and yotari phenotypes are now known to be manifested by mutations in 

the mouse homolog of a tyrosine kinase adaptor protein encoded by the disabled 1 

gene (Dab1) (Howell et al., 1997). Normal Reelin expression in these mutations 

suggests that Dab1 protein product, Dab1, functions downstream of Reelin.  

 

Dab1 interacts with the cytoplasmic tails of VLDLR and ApoER2 via a NPXY amino 

acid sequence involved in the lipoprotein receptor-mediated endocytosis. Binding of 

Reelin to target cells induces Dab1 phosphorylation, and the level of tyrosine 

phosphorylation in reeler mice is lower than in wild-type mice (Howell et al., 1999). In 

2000, Howell et al. reported that Dab1 ‘knock-in’ mice, in which five tyrosine residues 

in Dab1 were replaced by phenylalanine, exhibited a phenotype similar to Dab1 null 

mutants, with ataxia and abnormalities in neuronal positioning (Howell et al., 2000). 

This emphasises the presence of possible pathway with links between reelin, the 

transmembrane receptors VLDLR and ApoER2, and the tyrosine phosphorylation 

cascade due to Dab1. 

 

2.2.1.6.2 The external limiting membrane 

The process of cortical pattern formation appears to be affected by a ‘limiting 

membrane’ which acts as a physical barrier to migration. This limiting membrane, 

a.k.a glia limitans, consists of the end-feet of the RG cells and the basal lamina to 
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which they attach. The meningeal cells form the mesodermal part of the border 

between the neural and mesodermal tissue. Disruption in these components of the 

limiting membrane leads to radial ‘overmigration’ i.e. migration of neurons into the 

MZ and the meninges. Mice lacking presenilin-1 and α6 integrins are known to show 

such defective phenotypes (Park et al., 2002). 

 

 

2.2.2 Tangential migration of cortical interneurons 

 

During embryonic and early postnatal mouse neurogenesis, neurons form a 6-layered 

laminar structure in the cortex upon the completion of neuronal migration. This 6-

layered cortex consists of two major classes of neurons: the excitatory glutaminergic 

pyramidal neurons that usually send their axons to distant targets, and the inhibitory 

GABA-ergic cortical interneurons, which only form local synaptic connections. 

Radial migration is the predominant mode of neuronal migration, adopted by 

glutaminergic pyramidal neurons moving from the VZ to the pial surface of the 

cortex. However, about 20% of the neuronal population in the cortex are the GABA-

ergic cortical interneurons which migrate tangentially from their origins in the 

ganglionic eminence (GE) (Anderson et al., 1999; Hatten, 2002).  

 

Tangential migration is neurophilic in nature (as opposed to radial ‘gliophilic 

migration) i.e. migrating neurons use neurite structures such as axons or other 

neurons as a substrate for migration. This mode of migration involves movement of 

neurons in ‘parallel’ to the surface of the brain. A close link between cells migrating 

tangentially and bundles of the corticofugal fibre system has been previously reported 

by Metin and Godement, suggesting that this fibre system may be used as a scaffold 

for migrating neurons during their migration to the developing cortex (Metin & 

Godement, 1996). 
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Tangential migration was first observed in 1960s, but its significance was better 

highlighted in the late 1980s and 1990s. Tangentially migrating neurons are known to 

originate in the GE. The GE refers to the small, developing cell mass in the walls of 

the lateral ventricle of the basal telencephalon. It comprises of the lateral, medial and 

caudal ganglionic eminences (LGE, MGE and CGE, respectively). In 1997, Anderson 

et al. demonstrated for the first time that the majority of GABA-ergic cortical 

interneurons originated in the GE (Anderson et al., 1997). This was shown through 

mice with null mutations in the Dlx1 and Dlx2 genes, which encode transcription 

factors that are essential for the normal development of distinct ventral regions of the 

brain. Mice lacking the Dlx1 and Dlx2 genes showed a significant loss of 

interneurons in cortical and hippocampal regions, emphasising the importance of 

these genes for the migration of interneurons from the ventral to the dorsal 

telencephalon (Anderson et al., 1997; Corbin et al., 2001). Dlx1 and Dlx2 gene 

products (and other transcription factors such as the protein product for Mash1) are 

also essential for the differentiation of tangentially migrating interneurons (Marin & 

Rubenstein, 2001). 

 

Neuronal precursor cells originating in different GEs migrate to different parts of the 

brain. Cells from the MGE move dorsally into the neocortex as well as the striatum. 

Cells from the LGE migrate anteriorly into the OB (Corbin et al., 2001).  

 

Tangential migration of neurons persists in the postnatal and adult brain. In adult 

mammals, the subventricular zone (SVZ) surrounding the lateral ventricle is known 

to show a high accumulation of mitotic cells. In 1969, Altman used thymidine-H3-

labelling to demonstrate that cells from the anterior part of the SVZ (SVZa) migrate 

tangentially along a route called the rostral migratory stream (RMS) to the reach the 

centre of the OB (Altman, 1969). These SVZa neuronal progenitors differentiate into 

the granular and periglomelular interneurons within the OB (Luskin, 1998; Marin & 

Rubenstein, 2001; Murase and Horwitz, 2004). 
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2.2.2.1  Role of guidance cues in migration of cortical interneurons 

Tangentially migrating neurons have to transverse several hundred micrometres from 

the ventral to the dorsal telencephalon before they reach their final positions in the 

cortex. In contrast to radial migration, where positional cues provide major 

mechanisms for accurate migration, tangential migration requires several guidance 

cues to direct the outgrowth of axonal growth cones (Corbin et al., 2001).  

 

In 2003, Marin et al. suggested that the guidance of interneurons to their cortical 

destinations is mediated by the synergistic effects of chemorepellants present in the 

preoptic region, just below the GEs, along with an unidentified chemoattractive 

activity present in the cortical region (Marin et al., 2003). 

 

Large extracellular matrix molecules known as Slits, particularly Slit1 and Slit2, have 

been suggested to act as chemorepellants for migration of GABA-ergic interneurons 

during their tangential migration towards the developing neocortex (Zhu et al., 1999), 

as well as interneurons from the SVZa to the OB (Wu et al., 1999).  

 

Netrins are another family of extracellular proteins that are involved in regulating 

neuronal and axonal growth cone migration. Netrins mainly interact with the ‘deleted 

in colorectal cancer’ (DCC) and the UNC-5 receptors (Park et al., 2002). These 

proteins signal as attractants for some neurons and repellents for others (Colamarino 

& Tessier-Lavigne, 1995). Of the netrin protein family, netrin-1 is a well-characterised 

diffusible axon guidance cue in the embryonic mouse brain, which is known to act as 

a chemoattractant on pontine nuclei near the developing brain stem (Yee et al., 1999). 

Chemorepulsive activity of netrin-1 has been reported on postnatal cerebellar granule 

cells and prenatal SVZ cells, and netrin-1 has also been implicated in repelling GE-

generated interneurons towards the striatum. 

 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=pubmed&dopt=Abstract&list_uids=7758116&query_hl=30�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=pubmed&dopt=Abstract&list_uids=7758116&query_hl=30�
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However, Marin et al. recently observed that Slit1/Slit2 and Slit1/Slit2/netrin-1 mutant 

mice showed normal migration of interneurons to the cortex. This study suggests that 

even though Slit1, Slit2 and netrin-1 may be important in axonal guidance, and 

attraction and repulsion in various parts of the brain, neither of these proteins appear 

to be critical during tangential migration of interneurons (Marin et al., 2003).  

 

A family of proteins called semaphorins are thought to play a key role in the guidance 

of interneurons towards the developing cortex (Marin et al., 2001). These are a large 

family of secreted, GPI-linked or transmembrane proteins that share an extracellular 

Sema domain. Specifically, semaphorins 3A and 3F (Sema-3A and Sema-3F) have 

been shown to be expressed in the developing striatum. Subsets of interneurons 

migrating from the MGE towards the neocortex express the semaphorin receptors: 

neuropilins 1 and 2. These interneurons are repelled by the striatal Sema-3A and 

Sema-3F, and thereby directed towards the cortex (Marin et al., 2001).  

 

TAG-1 (a.k.a contactin-2) is a neural cell adhesion molecule and a member of the 

Immunoglobin superfamily that has previously been localised in corticofugal axons. 

Immunohistochemical and functional studies by Denaxa et al. have revealed that 

TAG-1 may function as a guidance cue in the tangential migration of cortical 

interneurons (Denaxa et al., 2001). 

 

2.2.2.2  Stromal Cell Derived Factor-1 in chemoattraction and neuronal 

regeneration 

Despite the presence of numerous positional cues in radial migration, and 

chemorepulsive guidance signals in the process of guidance in tangential migration, 

the identification of solely chemoattractive cues in the migration process has 

remained elusive for a long time. Recent studies by Stumm et al. indicate a 

chemoattractive role for the stromal cell-derived factor-1 or SDF-1 in migration of 

interneurons in the developing neocortex (Stumm et al., 2003). 
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2.2.2.2.1 SDF-1 and its receptor CXCR4 

SDF-1 belongs to the α-chemokine family that is known to have key functions in 

telencephalic and cerebellar patterning. SDF-1 is a monomer that exists as two 

isoforms: SDF-1α and SDF-1β, which are formed as a result of alternate splicing of 

the same gene. The cDNAs of murine SDF-1α and SDF-1β encode proteins of 89 

and 93aa respectively. The amino acid sequences are identical but differ by the 

presence of an additional 4aa at the C-terminus of SDF-1β (Shirozu et al., 1995; 

Crump et al., 1997). The only known receptor for SDF-1 is the CXC class chemokine 

receptor 4 (CXCR4), which is a member of the large family of 7-transmembrane 

domain G protein receptors. SDF-1/CXCR4 interaction leads to induction of 

multiple intracellular signals such as activation of p44/42 extracellular signal regulated 

kinases (ERK1/2) and calcium mobilization, thereby causing cell chemotaxis (Roland 

et al., 2003). 

 

SDF-1 is known to be a potent chemoattractant for resting leukocytes, monocytes, 

and germ cells (Stumm et al., 2003; Lazarini et al., 2003). Deletions of genes encoding 

SDF-1 or CXCR4 are lethal in mice immediately after birth, and result in severely 

defective organs such as the cardiovascular and the hematopoetic systems and the 

brain (Lazarini et al., 2003).  

 

2.2.2.2.2 A novel role of SDF-1/CXCR4 in neuronal migration and cortical development 

Apart from their established role in hematopoeisis, both SDF-1 and CXCR4 have 

been implicated in neuronal migration and CNS patterning (Zou et al., 1998; Stumm et 

al., 2003). CXCR4 was reported by Zou et al. in 1998 to have a role in migration of 

cerebellar granule neurons (Zou et al., 1998). In 2002, Reiss et al. showed that SDF-1 

attracted cells from the external germinal layers towards the internal germinal layers in 

the developing cerebellum (Reiss et al., 2002).  

 

http://www.copewithcytokines.de/cope.cgi?008384�
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With regards to its role in cortical development, Stumm et al. have recently shown 

that high levels of SDF-1 expression are seen in the layer of meningeal cells 

surrounding the brain (a.k.a. leptomeninx), which are in juxtaposition to the 

neocortical MZ cells that contain CXCR4. The MZ cells however, do not themselves 

express SDF-1, indicating that the meningeal cells act as a paracrine source of SDF-1 

for the CXCR4 containing MZ cells (Stumm et al., 2003). The authors have observed 

that tangentially migrating interneurons express CXCR4, and have suggested that 

SDF-1 plays a chemoattractive role for striatal neuronal precursors (Stumm et al., 

2003).  

 

Mice lacking SDF-1 showed a failure of interneuron integration into their appropriate 

neocortical layers, but no effect was seen on early preplate cell positioning in the 

marginal zone in mice without SDF-1 or CXCR4. This provides strong evidence that 

SDF-1 regulates the tangential migration of CXCR4 expressing cortical interneurons, 

and that a significant role is played SDF-1 and CXCR4 in late but not early cortical 

development. Furthermore, SDF-1 deficient mice showed CXCR4 expressing cells 

reaching and accumulating in the deeper layers of the neocortex, indicating that 

although SDF-1 is needed for tangential migration of  interneurons from the deeper 

regions of the neocortex to the MZ, SDF-1/CXCR4 signalling is not required for 

directing precursors from the GE to the deeper neocortical layers (Stumm et al., 

2003). 

 

2.2.2.2.3 New insights into SDF-1involvement in neurogenesis and neuronal regeneration 

Our understanding into the role of SDF-1 in neuronal migration, and neurogenesis in 

general, has only just begun.  Reports by Pujol and colleagues in 2005 have shown 

that apart from its migration inducing effects on cerebellar granule cells and in 

cortical development, SDF-1 also regulates axonal elongation and branching of 

hippocampal neurons. Specifically, it was demonstrated that SDF-1 caused a 

reduction in growth cone number and axonal elongation, but enhanced axonal 
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branching in hippocampal neurons (Pujol et al., 2005). SDF-1 has also been shown to 

promote survival of cultured embryonic retinal ganglion cell neurons, even in the 

absence of other neurotrophic factors. This survival-inducing effect is thought to be 

mediated by a cAMP dependant pathway (Chalasani et al., 2003). 

 

 

2.3 DISCOVERY OF THE NOVEL NRP PROTEIN FAMILY  

 

Prior to commencing work on my thesis, a factor which affected neuronal migration 

was discovered by one of my supervisors, Dr. Frank Seig.  This discovery led to the 

prediction of a family of proteins, now called Neuronal Regeneration Peptides 

(NRPs) and the genes encoding these peptides (nrp genes) (Gorba, Bradoo et al., 

2006). The process and results of this discovery have been eludicated below. 

 

 

2.3.1 In vitro slice culture assays provide evidence of a migration-inducing 

factor 

 

It is known that brain tissue slices from the thalamus and neocortex, cultivated 1 mm 

apart from each other on a cover slip, form reciprocal neurite connections within 5-7 

days but without neuronal migration between both tissue entities (Bolz et al., 1990). It 

has been observed that when dorsal thalamic and occipital cortical rat slices were 

mounted 3-5 mm apart from each other on a cover slip, immobilized by a chicken 

plasma clot, and cultivated in a roller tube incubator (Gaehwiler et al., 1988), the 

thalamic tissue degenerated within 10-14 days. This was because no reciprocal neurite 

connections were formed over the long distance separation between both tissues, and 

hence the thalamus lacked trophic cortical support required for its survival. 

 



Chapter 2  Introduction  
 

31 

However, Gorba, Bradoo et al. observed that the addition of protein fractions derived 

from rat hippocampal organotypic tissue culture (OTC) supernatant led to the 

formation of a proliferative neuronal cell bridge between the thalamic and neocortical 

tissues within 48 to 72 hours after the start of cultivation. The migrating neurons 

were positive for MAP2 and parvalbumin. Proliferating neurons were seen to migrate 

parallel to MAP2-positive neurites or in a cell-cell attached fashion. 5-

bromodeoxyuridine (BrdU) labelling showed that many of the parvalbumin-positive 

cells were proliferative (Gorba, Bradoo et al., 2006).  

 

 
2.3.2 Purification of the rat NMIP fragment 

 

The protein fractions of the hippocampal culture supernatant displayed affinity to 

cibacron blue and calcium apartite and were further fractionated by gel filtration and 

cation exchange chromatography (Landgraf et al., 2005; Gorba, Bradoo et al., , 2006)). 

Due to its chemoattractive effects, this protein was initially named neuronal migration 

inducing peptide (NMIP), and was shown to have a mass of 2046 as confirmed by 

MALDI-MS. When further experiments by Gorba, Bradoo et al. showed that the 

protein had effects broader than migration, such as proliferation, the NMIPs were 

renamed neuronal regeneration peptides or NRPs. 

 

The first 16 amino acids were sequenced (YDPEAASAPGSGNPCH) and found to 

be identical to the N-terminus of the mature human cachexia-related protein 

(GenBank accession no. AAE15058) (Cunningham et al., 2002; Gorba, Bradoo et al., 

2006).  

 

A longer N-terminal fragment of cachexia-related protein (30 amino acids) has been 

named survival-promoting peptide (SPP) or Y-P 30 by Cunningham et al. and displays 

survival and neurite outgrowth promoting activities identified in oxidative stress-

injured hippocampal cell cultures and cell lines; it also enhances neurite outgrowth 
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from cerebellar microexplants and increases the viability of thalamic OTC 

(Cunningham et al., 1998; Landgraf et al., 2005). The 30mer SPP was also seen to 

significantly enhance neuronal survival when administered intravenously to cortically 

lesioned rats (Cunningham et al., 2000).  

 

Until the work by Gorba, Bradoo et al., postnatally derived thalamic tissue had not 

been known to possess intrinsic quiescent neuroblasts that could be induced to 

proliferate, migrate and differentiate into neurons. Recently, tangential migration of 

neuronal progenitors has also been observed in embryonic OTC of rat thalamus 

(Ortino et al., 2003).   

 

Gorba, Bradoo et al. further characterised two novel biological activities for the N-

terminus of the human (and rat) cachexia-related protein or NRP: Induction of 

neuronal proliferation and migration. This induction of proliferation of parvalbumin-

positive cells was not restricted to the newly formed cell bridge. BrdU/parvalbumin-

labelled cells were found within the entire cultured dorsal thalamus. Also, at a 3.35 

nM concentration of the purified rat NRP fragment, the formation of complete cell 

bridges consisting of migrating parvalbumin- and MAP2-positive neurons between 

the thalamic and cortical tissues was induced. This neuronal migration-inducing 

activity of purified rat NRP fragment was also observed within a cerebellar 

microexplant system. Long chains of granule cells were shown to migrate up to a 1 

mm away from the microexplant (Gorba, Bradoo et al., 2006). 

 

 

2.3.3 Prediction of the nrp gene in rodents 

  

In silico approaches using the cDNA and protein sequences of human cachexia-related 

protein as templates led to the annotation of the mouse nrp gene according to 

published cDNAs (TrEMBL Q8BQJ0 and GenBank AK049549). The homology of 



Chapter 2  Introduction  
 

33 

the sequenced N-terminal 16 amino acids of human and rat cachexia protein to the 

respective mouse nrp gene (AY753183) domain was 56.3% while overall homology 

was seen to be 34.4 % (Gorba, Bradoo et al., 2006).  

 

 

2.3.4 NRP protein domain characterisation 

 

The predicted neuronal survival-, proliferation-, migration- and differentiation-

promoting domains of mouse NRP and rat NRP are located towards the C-terminus 

of the protein. Gorba, Bradoo et al. tested custom-made synthetic peptides from 

these sequences (amidated at the C-terminus) in a range of bioassays. This domain 

was chosen because it displays the highest homology to the purified rat 16mer 

cachexia-related protein NRP (56.3%) and still retains 45.8% homology to the 30mer 

SPP fragment. The 16mer cachexia-related protein fragment was seen to be identical 

to the N-terminus of SPP (Gorba, Bradoo et al., 2006). 

 

 
2.3.5 Neuroprotection and induction of neural migration by synthetic NRPs 

  

A mixed injury paradigm using the excitotoxin glutamate and the irreversible 

succinate dehydrogenase (mitochondrial complex II) activity inhibitor 3-

nitropropionic acid (3-NP) was used to induce excitatory and oxidative stress, due to 

its necrotic and apoptotic cell death inducing ability within hippocampal cultures. 

Injury after 48 hours of 3-NP/glutamate treatment of unprotected cerebellar 

microexplants was in the range of 75-92% cell death. It was shown that the mouse 

24mer NRP synthetic peptide conferred highly significant neuroprotection over the 

concentration range from 100 fM to 100 nM with almost 50% recovery from injury at 

100 pM. In comparison, 10 nM recombinant human SDF-1 conferred less than 30% 

neuroprotection and showed a narrow dose range of efficacy (Gorba, Bradoo et al., 

2006). 
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Haptotactic migration assays using the rat 21mer NRP (4 nM) and mouse 24mer 

NRP (0.4 nM) peptides as attractants in a Boyden chamber demonstrated strong 

chemoattractive activity of the NRPs for mouse neural stem cells. Compared with the 

control rat 21mer NRP at 4 nM attracted almost four times as many NSC and mouse 

24mer NRP at a 10-fold lower concentration attracted twice as many NSC to the 

culture dish bottom after 24 hours. SDF-1 at 100 nM and mouse 24mer NRP at 0.4 

nM attracted a similar number of cells.  In order to confirm that the higher cell 

number in the bottom compartment was a result of increased migration, rather than 

survival, Gorba, Bradoo et al. terminated haptotactic migration assays, which were 

testing 0.4 nM mouse 24mer NRP, after 4 hours and 24 hours and counted the 

number of cells that migrated to the bottom compartments as well as in the inserts. 

After 4 hours, mouse 24mer NRP was seen to cause a 2-fold increase in the number 

of migrated NSC relative to BSA control and this ratio remained unchanged after 24 

hours. Counting of cells remaining on the insert revealed no significant difference 

between the BSA and NRP conditions after 4 hours and 24 hours (Gorba, Bradoo et 

al., 2006). 

 

In an OTC assay using coronal E17 embryonic brain slices that include the ganglionic 

eminence and the cortical anlage, 1 nM mouse 24mer NRP administered to the OTC 

caused a 5-fold increase in number of migrating neuronal precursor cells, dispersed in 

the ganglionic eminence and in the cortical anlage. Human SDF-1, which has been 

shown to act as a chemoattractant for striatal precursors, induced similar numbers of 

cells to migrate, but as seen in the haptotactic migration assay, SDF-1 was far less 

potent than NRP (Gorba, Bradoo et al., 2006).  
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2.3.6 Induction of proliferation, neuronal differentiation and axonal 

outgrowth by synthetic NRPs 

 

Administration of rat 21mer NRP peptide for 24 hours during differentiation of NSC 

in the presence of BrdU was shown to cause an increase in the proliferation rate of 

these cultures.  A significant increase in the proliferation rate was also observed in the 

cerebellar microexplant system with the mouse 24mer NRP at picomolar 

concentrations. BrdU-positive proliferative cerebellar cells had a MAP2-positive 

neuronal phenotype after double-labelling with anti-MAP2 antibody (Gorba, Bradoo 

et al., 2006).  

 

Concentrations from 100 fM to 10 nM of the mouse 24mer NRP increased the 

percentage of neuronal progeny from NSC plated on laminin in differentiation 

medium as calculated by normalising the neuronal cell number to the total viable cell 

number within the differentiation assay. At a concentration of 10 pM a maximum 2-

fold increase in �-III-tubulin-positive neurons was observed (Gorba, Bradoo et al., 

2006).  

 

 
2.3.7 Activity profile of recombinant mouse NRP 

 
A full-length mouse nrp cDNA was cloned into a mammalian expression vector 

containing a c-myc epitope tag. Transfection into HEK-cells and probing with the 

antisense 88 bp NRP cRNA revealed the expected 0.8 kb transcript. The predicted 

16.5 kDa recombinant protein product expressed by the Myc-NRP-HEK cells 

migrated on a Laemmli SDS-gel with a size of approx. 20 kDa (Gorba, Bradoo et al., 

2006).  

 

The measured biological activities of the expressed recombinant NRP complete gene 

product encoded by the predicted mouse nrp equalled those of the tested NRP 
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synthetic peptides. In a co-culture assay with cerebellar microexplants Myc-NRP-

HEK cells conferred highly significant neuroprotection against oxidative/excitotoxic 

stress when seeded at different cell concentrations with a recovery of 51% of MAP2-

positive neurons at a co-seeded Myc-NRP-HEK cell number of 5000. Control Myc-

HEK cells possessing only the empty vector were not neuroprotective. The Myc-

NRP-HEK cells displayed neuronal migration-inducing activity when tested in the 

haptotactic migration assay with mouse NSC. When Myc-NRP-HEK cells expressing 

mouse NRP were seeded to the bottom of Boyden chambers and mouse NSC were 

seeded into the inserts, the neuronal MAP2-positive cell population displaying neurite 

outgrowth increased two-fold compared with the same assay using empty vector 

control Myc-HEK cells (Gorba, Bradoo et al., 2006). 

 

Furthermore, Gorba, Bradoo et al. showed that the promotion of cell migration from 

embedded neurospheres into the proximal rather than the distal quadrant in relation 

to HEK cell aggregates was only observed with NRP transfected HEK cells and not 

with HEK cells transfected with an empty vector. Moreover, cells migrated a greater 

distance in the proximal versus the distal quadrant when NRP was present, but not in 

the control condition. Chains typical of tangentially migrating cells were seen to form 

towards NRP-secreting HEK cell aggregates. MAP2 immunostaining confirmed 

these cells to be migrating neurons (Gorba, Bradoo et al., 2006). 

 

 

2.4 AIMS OF THIS PROJECT 

 

The regenerative and repairing ability of the synthetic NRP peptides (SNRPs) on 

neuronal cells means that these peptides are a key target for drug development for 

use in neuronal disorders. However, even though the bioactivity profile of SNRPs 

was extensively studied independent of the work done towards this thesis, no in vivo 
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data had been obtained about the native proteins or the genes predicted to encode 

these proteins. 

 

The overall aim of this thesis was to provide the first evidence of the existence and 

developmental expression of a member of the nrp gene family predicted in the mouse 

genome.  

 

The primary objectives of the work described in this thesis were to identify the 

existence of the mouse NRP coding gene; study its cell and tissue ontogeny; and 

understand its expression pattern during mouse corticogenesis.  

 

The experimental approach that I proposed to follow towards acheiving these aims 

are outlined below: First, the presence of this gene in neural cells would be tested 

using reverse transcriptase polymerase chain reaction (RT-PCR). Once the gene was 

identified, and its protein coding sequence and 5’ and 3’ non-translated ends verified, 

different areas in the brain would be examined for the existence of the gene. Further, 

various peripheral tissues would be screened for the presence of the gene, to ascertain 

whether the expression of this gene is restricted to embryonic neural tissue, or 

whether it is present in other organs as well. Finally, I would investigate the 

expression pattern of the predicted NRP coding gene during embryonic and early 

postnatal brain development in mice using in situ hybridisation.  

 

This research project was designed to explore the existence and expression of an 

NRP coding gene candidate predicted in the mouse genome. The results from this 

project are the first step towards obtaining in vivo insights about the existence of the 

nrp gene family. These results will help develop a platform for further work aimed at 

understanding the in depth role of the mouse nrp gene candidate in pre- and postnatal 

brain development, as well as the existence, expression and fuctional significance of 

its putative protein product. 
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Chapter 3 Chapter 3 
 
MATERIALS AND METHODS 

 

 
This chapter details all the techniques used throughout the thesis. The sources of key 

reagents and materials are indicated through the course of this section. Certain 

methods specific to the results chapters or alterations to the methods described in 

this chapter are detailed in that particular chapter. 

 

Additional information such as an alphabetical listing of the key materials and their 

sources, recipes for buffers and solutions, and a list of primers, oligos and antibodies 

used are compiled in Appendix A. 

 

 
3.1 ANIMAL WORK AND TISSUE CULTURE METHODS 

 

3.1.1 Ethical approval for the work presented in this thesis 

The mice used for the work were of the CD strain, and were obtained from the 

Faculty of Medical and Health Science Animal Resource Unit at the University of 

Auckland under the Ethical Approval No. AEC/07/2002/C63.  

 

The mice used for experiments included embryonic fetuses of ages E13 – E19, which 

were obtained at the required age from pregnant dams (used for obtaining neural and 

non-neural embryonic tissue, cortical cells for primary cortical cultures and brain 

sections for in situ hybridisation), and postnatal pups of ages P0 – P4 (used for 

culturing primary astrocytes, preparing astrocyte condition media and obtaining brain 

sections for in situ hybridisation).  
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3.1.2 Culturing primary astrocytes and preparing astrocyte condition media 

P1 CD mice were killed by decapitation, and the heads were kept on ice. Each skull 

was opened in a sterile hood and the two cortices were removed and collected into 

separate tubes containing 4ml Dulbecco’s modified Eagle’s medium (DMEM; 

Invitrogen), with one cortex per tube. The tissue was dissociated a few times with a 

5ml sterile pipette to break it up into smaller pieces. The contents of each tube were 

poured separately into reagent reservoirs and titurated once with a 5ml syringe and 

18g drawing needle. The media and cells from both cortices were drawn up into a 

sterile pipette and filtered through a 100µm cell strainer into a 50ml centrifuge tube. 

The strainer was washed with 5ml DMEM. The dissociated cell suspension from two 

cortices was sufficient for culturing astrocytes in one 75cm2 flask (RayLab). 

 

The cell suspension was made up to 50ml with DMEM, and centrifuged for 5mins at 

350g at 22°C. The supernatant was discarded and the cell pellet was resuspended in 

40ml DMEM supplemented with 10% fetal bovine serum (FBS; Invitrogen). The 

cells were plated in a 75cm2 flask and incubated at 37oC/10% CO2. The media was 

replaced after 1 day with 40ml DMEM + 10% FBS. The cell growth was monitored 

and media was replaced twice weekly until the cells were confluent (~10-14 days). 

Once confluent, the cells were washed once with 20ml sterile phosphate buffered 

saline (PBS; Gibco), and incubated for 3 days in 30ml Neurobasal medium (NB; 

Invitrogen) supplemented with 2% B27 (Invitrogen) and 1% Pen/Strep antibiotics 

(PS; Invitrogen). 

 

The media, also called astrocyte conditioned media (ACM), was collected, pooled 

with other flasks collected at the same time, filtered through a 0.22µm filter, and 

frozen in 10ml aliquots at -80°C.  

 

A further 30ml NB + 2% B27 + 1% PS was added to the cells still plated in the flasks 

and the cells were cultured for another 3 days. The ACM was collected and filtered as 
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described earlier, and the astrocytes were harvested for RNA isolation as described in 

section 3.2.1. 

 

 

3.1.3 Coating a 6- well plates with Poly-L-Lysine + Laminin 

1ml 0.2mg/ml poly-L-lysine (PLL; Sigma) in PBS was added to each well of a 6-well 

plate, and left for 15mins at room temperature (RT). After two washes with 2ml PBS, 

the plates were dried overnight in the cytotoxicity hood with their lids off. On the 

next day, 1ml 2μg/ml laminin (Invitrogen) solution in PBS was added to each well, 

and the plate was incubated for 1hr at 37°C. After two washes in 2ml NB + 2% B27 

+ 1% PS, 1ml ACM was added to each well, and the plate was stored at 37oC until 

inoculation with cortical cultures. 

 

 

3.1.4 Dissection of cortex from embryonic mouse brains 

Pregnant CD mice were killed with CO2 followed by cervical dislocation. The 

embryos were removed from the womb and their amniotic sacs and were collected 

on ice. The embryos were decapitated and their heads collected in ice cold PBS + 

0.65% glucose. Each head was placed in a 90mm petridish containing ice cold PBS + 

0.65% glucose, and dissected under a dissecting microscope using 1X zoom. The 

head was opened from the snout down the midline, and the two cartilage plates on 

each side of the midline were prised apart to expose the brain. The front of the brain 

was severed at the anterior of the olfactory bulb and the brain was removed. 

 

With the dorsal surface upwards, the cortices were extracted from the brain and the 

two cortices were split in half down the midline of the fore brain, and the meninges 

were removed. The cortices from all mouse brains were extracted as described above 

and collected into a 15ml tube filled with PBS + 0.65% glucose and kept on ice. 12 

cortices were sufficient for obtaining cortical cultures in one 6-well plate. 
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3.1.5 Cortical cell extraction and plating in 6-well plates 

The cortical tissue was centrifuged at 350g for 5mins at RT and the supernatant was 

discarded. The tissue was incubated in 5ml Trypsin/EDTA (Invitrogen) for 8mins at 

37oC, followed by dissociating the tissue briefly using a 10ml stripette. The trypsin 

induced cell dissociation was stopped by adding 5ml DMEM + 10% FBS to the tube. 

The tissue was centrifuged at 350g for 5mins at RT, and further washed and 

centrifuged twice in 10ml NB + 2%B27 + 1%PS, with brief dissociation using a 10ml 

stripette during each wash. The centrifuged tissue mass was resuspended in 1ml NB 

+ 2%B27 + 1%PS, and the tissue was passed into a sterile reagent reservoir and 

triturated several times with a glass pasteur pipette to break up large pieces of tissue. 

The cell clumps were titurated using a 1ml syringe and 22g needle, until no large 

tissue fragments are visible. The cell suspension was passed through a 100μm cell 

strainer, and washed with 2ml NB + 2%B27 + 1%PS. The number of viable neurons 

was counted by using Tryptan Blue (Invitrogen) staining of dead neurons. The 

suspension was diluted in NB + 2%B27 + 1%PS so that the final cell count was 2 x 

106 cells/ml. 1ml of diluted cortical cell suspension was added to each well of a 

NUNC 6-well plate (Invitrogen) coated with PLL and laminin, as described in section 

3.1.3.  

 

The plate was incubated at 37°C and 10% CO2 overnight, and the media was changed 

the next day in each well with 2ml fresh NB + 2%B27 +1%PS - ACM (1:1). The cell 

attachment and growth of neuronal processes was monitored during the time the 

cells were in cultures and the media was changed every two days until the cells needed 

to be harvested.  

 

 

3.1.6 Culturing neural stem cells and MEB-5 cells in 6-well plates 

Neural stem cells (NSCs) isolated from E15 CD mouse forebrains and MEB-5 

immortalised NSCs were grown and cultured in 6-well plates (courtesy Dr. Thorsten 
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Gorba). Briefly, the MEB-5 cell line was grown in the presence of DMEM 

supplemented with N2, 10ng/ml biotin, 2mM L-glutamine and 10ng/ml EGF. 

Acutely isolated NSC were derived from E15 CD mice forebrain and cultured as 

neurospheres in the presence of 20ng/ml EGF and 10ng/ml bFGF in NSA medium. 

The neurospheres were passaged by trituration. NSCs of passage numbers 5-10 were 

subjected to differentiation towards neuronal lineage using brain derived 

neurotrophic factor (BDNF) and towards astrocytic lineage using ciliary neurotrophic 

factor (CNTF).  

 

 

3.1.7 Obtaining neural and non-neural tissue from embryonic CD mice 

Pregnant CD mice were killed with CO2 followed by cervical dislocation. The 

embryos were removed from the womb and their amniotic sacs and were collected 

on ice. The embryos were decapitated and their heads and bodies were collected in 

ice cold PBS + 0.65% glucose, and dissected under the dissecting microscope using 

1X zoom. Neural tissues obtained from the embryonic brains included cortex, 

striatum and olfactory bulb. Non-neural organs obtained from the embryos included 

heart, liver, lung and spleen. The neural and non-neural tissues were collected in 

separate 1.5ml microcentrifuge tubes placed on dry ice. Still on dry ice, the frozen 

tissues were powdered in their respective microcentrifuge tubes, using a sterile 

metallic rod that had been cleaned with ElectroZap (Ambion Co.) to eliminate RNase 

contamination. 

 
 
 
3.1.8 Growing and culturing Neuro2A cells 

Neuro2A cells (N2A) were obtained from ATCC (Cell Line No. CCL-131) and 

cultured at 5% CO2 and 37°C, in 20ml minimum essential medium (MEM, Gibco) 

supplemented with 5% FBS and 1mM sodium pyruvate (Gibco) in 75cm2 flasks. The 

cells were allowed to reach 95-100% confluency before passaging. For passaging, the 
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cells were rinsed twice with PBS, and treated with 1ml 0.25% trypsin/EDTA for 

8mins at 37°C in order to detach cells. The trypsinised cells were resuspended in 

11ml culture media. The cell suspension was replated into new 75cm2 flasks at 1:10 

ratio of cell suspension:media, and cells were passaged until RNA isolation. 

 

 

3.2 MOLECULAR BIOLOGY METHODS 

 

3.2.1 Total RNA isolation 

All RNA isolations were performed using the High Pure RNA Isolation Kit (Roche). 

All steps were performed in stringently RNase free conditions, ensured using 

ElectroZap. H2O used in any step was treated with diethyl pyrocarbonate (DEPC) by 

adding 0.5ml DEPC (Sigma) to 1L milliQ H2O and stirring overnight, followed by 

autoclaving the next day. 

 

For RNA isolation from cortical cell cultures or differentiated and undifferentiated 

NSCs cultured in 6-well plates as described in sections 3.1.5 and 3.1.6 respectively, 

the media was discarded from the wells, and the cells were rinsed twice using ice cold 

PBS. 1ml Lysis Buffer containing guanidium-HCl and TritonX was added to each 

well. Cells were detached from the plastic surface using a plastic cell scraper, and the 

cell suspension in the Lysis Buffer was collected in a 1.5 microcentrifuge tube placed 

on ice. 

 

For RNA isolation from N2A cells, cultured in 75cm2 flasks as described in section 

3.1.8, the media from the flasks was discarded and the cells were rinsed twice using 

ice cold PBS. 2ml Lysis Buffer was added to the flask. Cells were detached from the 

plastic surface using a plastic cell scraper, and the cell suspension in the Lysis Buffer 

collected in 1.5 microcentrifuge tube placed on ice, with 1ml per tube. 
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For RNA isolation from neural and non-neural embryonic tissues, obtained as 

described in section 3.1.7, 1ml of Lysis Buffer was added to the powdered tissues in 

their respective microcentrifuge tubes. 

 

The cell suspension of harvested cells or powdered tissues in Lysis Buffer were 

homogenised by passing through a 22g needle and syringe about 3-4 times. The 1ml 

homogenised cell suspension in Lysis Buffer was transferred by pipetting into the 

upper reservoir of the spin column provided in the kit.  

 

The rest of the spin steps, DNase 1 treatment, and high and low salt washing steps 

were performed using the reagents provided in the kit as per manufacturer’s 

instructions. The total RNA was eluted from the spin column in 40μl Elution Buffer. 

The concentration of the RNA sample was measured using A-260/A-280 absorbance 

readings as calculated by the Nanodrop ND-100 spectophotometer. The RNA was 

diluted to a final concentration of 0.5μg/μl in DEPC treated H2O, aliquotted into 

0.5ml microcentrifuge tubes, and stored at -80°C. 

 

 

3.2.2 Formaldehyde gels for RNA electrophoresis 

Before the RNA samples obtained from cultured cells and tissues were reverse 

transcribed, the quality of RNA was checked by running the samples on 

formaldehyde gels.  

 

For a 20ml gel, 2g of agarose (Biorad) was added to 17ml DEPC treated H2O, boiled 

until the agarose was dissolved and the agarose was allowed to cool. Once the 

temperature was down to 55°C, 2ml 10x MOPS buffer and 1ml formaldehyde 

(Sigma) was added to the melted agarose. This mixture was allowed to set in a gel 

tank with the appropriate sized combs to form the wells. Once the gel was solidified, 

it was placed in a gel tank, and 300ml RNA gel Running Buffer was added. The 
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samples to be loaded were prepared by adding 5μl RNA Loading Buffer and 2μl 

formamide (Sigma) to 5µg RNA. The samples were incubated at 65°C for 15mins, 

and then loaded into the well of the gel. The gel was electrophoresed at 50V, 400mA 

for 2hrs in a chemical fume hood, to avoid inhalation of formaldehyde fumes. The 

gel was viewed in a Bioimaging Systems UVP transilluminator, and if strong, clean 

28S and 18S ribosomal RNA bands were visible, the RNA was intact. 

 

 

3.2.3 DNAse I treatment of RNA 

To 3μg of RNA, 1μl DNase I enzyme (Invitrogen) and 1μl 10x DNase I Incubation 

Buffer (Invitrogen) were added and the mixture was made up to 10μl using DEPC 

H2O. The mixture was incubated at room temperature (15-25°C) for 15 mins. The 

DNase I activity was ended by adding 1μl 25mM EDTA (Gibco), and the mixture 

was heated at 650C for 10mins. The DNase I treated RNA was stored at -80°C. 

 

 

3.2.4 cDNA synthesis from RNA 

1μl Oligo dT (12-18) (Roche) and 1μl 10mM Nucleotide mix (Roche) was added to 

1μg DNase I treated RNA on ice, and the mixture was made up to 12μl using DEPC 

H2O in a 0.5ml microcentrifuge tube. The mixture was heated at 65°C for 5mins. The 

tubes were chilled briefly on ice, and all the contents were collected by brief 

centrifugation. To each tube, 4μl 5x 1st Strand buffer (Invitrogen), 2μl 0.1M DTT 

(Invitrogen) and 1μl RNaseOUT Ribonuclease Inhibitor (Invitrogen) was added and 

the mixture was brought to 42°C for 2mins. 1μl Superscript II Reverse Transcriptase 

enzyme (Invitrogen) was added to each sample and mixed thoroughly by pipetting. 

The mixture was incubated at 42°C for 50mins. –RT controls were set up for each 

sample, i.e. all the components were added to the RNA as described above, but the 

reverse transcriptase enzyme was not added. The –RT controls would therefore not 

have any cDNA transcribed. The enzyme activity was ended by heating the mixture at 
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70°C for 15mins. 1μl 10mg/ml RNase A (kindly donated by Dr. Markus Winter) was 

added to each tube and the mixture was incubated at 370C for 15mins. The reverse 

transcribed cDNA was stored at -20°C. 

 

 

3.2.5 Polymerase Chain Reaction  

In a 0.2ml microcentrifuge tube, 2.5μl 10x PCR buffer (with 1mM MgCl2 added; as 

provided by the DNA polymerase manufacturer), 1μl 10μM Forward primer, 1μl 

10μM Reverse primer, 0.5mM Nucleotide mix and 0.2μl DNA Polymerase were 

added to >50ng cDNA on ice, and the mixture was brought up to 25μl with DEPC 

H2O. 

 

The DNA polymerases and their respective buffers used included Taq Polymerase 

(Invitrogen), Platinum Pfx Polymerase (Invitrogen), Hotstart Ampitaq Gold (Roche) 

and Hotmaster Taq Polymerase (Eppendorf).  

 

The tubes were subject to polymerase chain reaction (PCR) in a Biometra thermal 

cycler. For PCRs performed to amplify the mouFSnrp gene using different 

combinations  of mouFSnrp specific forward and reverse primers, the samples were 

initially denatured at 94°C for 3mins, followed by 35 cycles of denaturation at 94°C 

for 1min, annealing at the appropriate annealing temperature (Ta) for the primer pair  

for 1min, and elongation at 72°C for 1min. A final elongation step at 72°C for 1min 

was done. 

 

For PCRs performed to amplify the β-actin gene using β-actin specific forward and 

reverse primers, the samples were initially denatured at 94°C for 3mins, followed by 

20 cycles of denaturation at 94°C for 1min, annealing at 56°C for 1min, and 

elongation at 72°C for 1min. A final elongation step at 72°C for 1min was done. 

Once the PCR was completed, the samples were stored at -200C. 
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3.2.6 Multiplex PCR 

In a 0.2ml microcentrifuge tube, 2.5μl 10x Hotmaster Taq PCR buffer (Eppendorf), 

1μl 10μM mouFSnrp Forward primer, 1μl 10μM mouFSnrp Reverse primer, 0.1μl 

10μM β-actin Forward primer, 0.1μl 10μM β-actin Reverse primer, 0.5mM 

Nucleotide mix and 0.2μl Hotmaster Taq Polymerase enzyme (Eppendorf) were 

added to >50ng cDNA on ice, and the mixture was brought up to 25μl with DEPC 

H2O. 

 

The tubes were subject to polymerase chain reaction (PCR) in a thermal cycler The 

samples were initially denatured at 94°C for 3mins, followed by 35 cycles of 

denaturation at 94°C for 1min, annealing at 56°C for 1min, and elongation at 72°C 

for 1min. A final elongation step at 72°C for 1min was done. 

 

Once the PCR was completed, the samples were electrophoresed on a 1.5% TAE 

agarose gel or stored at -200C. 

 

 

3.2.7 Gel Electrophoresis 

A 1.5% (w/v) agarose gel was made using agarose in TAE buffer, and 1μl 10mg/ml 

ethidium bromide (Invitrogen) was added per 100ml of the gel. The gel was placed in 

a gel electrophoresis tank and filled with 1x TAE buffer. To each lane in the gel, a 

mixture of 8μl of the PCR product and 2μl 10x DNA Loading Buffer (kindly donated 

by Dr. Keith Marvin) was added. A 123bp Ladder (Invitrogen) was used as a marker to 

determine band sizes. The gel was electrophoresed at 80V, 400mA for 45mins. The 

gel was viewed using a UV transilluminator. 

 

3.2.8 Gel Extraction of PCR product for gene sequencing  

The band of interest was excised out of the agarose gel by viewing the gel in UV light 

and collected in a 1.5ml microcentrifuge tube. Gel extraction of PCR products for 
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gene sequencing was performed using the MOLBIO gel extraction kit (MOLBIO) 

according to manufacturer’s instructions. The gel piece was dissolved in the salt 

buffer provided at 55-650C until the agarose was completely melted. The DNA was 

separated from the agarose by binding to a uniform size silica matrix and the DNA 

was eluted in milliQ H2O and sent directly for gene sequencing using one of the 

primers used to obtain the PCR product.  

 

The sequencing result obtained was aligned with the sequence of interest using 

ClustalW alignment (SDSC Workbench website). 
 

 

3.3 IN SITU HYBRIDISATION AND COLOCALISATION STUDIES 

 

3.3.1 Fixing and embedding mouse brains 

Pregnant CD mice were sacrificed and whole brains from E13, E15, E17 and E19 

embryos were extracted, and whole brains from P0, P2 and P4 pups, were obtained 

as explained section 3.1.4. The E13, E15 and E17 brains were fixed in 4% 

Paraformaldehyde (PFA; Scharlau) prepared in PBS, for 4 hours at 4°C, and the E19, 

P0 and P4 brains were fixed in 4% PFA prepared in PBS overnight at 4°C. Brains 

that would be used for obtaining coronal slices were fixed whole. However, brains 

that would be used to get sagittal sections were dissected along the brain midline into 

the two hemispheres which were fixed separately. The fixed brains were 

cryoprotected in 20% sucrose overnight at 4°C. The cryoprotected brains were 

embedded in TissueTek OCT medium (Sakura) on dry ice. The orientation of the 

brains during embedding determined whether they would be used for obtaining 

coronal or sagittal sections during the slicing procedure. Blocks were wrapped in tin 

foil and stored in -80 C until sectioning. 
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3.3.2 Slicing brain sections in the cryostat  

For the slicing, RNase free conditions were ensured using ElectroZap, and fresh 

blades were used for slicing of tissues of different ages. The chamber temperature of 

the Leica CM 3050 S cryostat was set to -20°C and the temperature of the block 

cutter was set to -16°C. The thickness of sections was set to 14µm.  

 

The embedded brains removed from the -80°C, and left in the cryostat to equilibrate 

with the surrounding temperature of -20°C for 30 mins. The embedded brains were 

mounted on to the sectioning base using mounting medium within the chamber itself, 

and allowed to set for 10mins. The mounted brain on the base was placed on the 

block cutter of the cryostat, and equilibrated with the block temperature of -16°C for 

a further 20mins.  

 

After trimming away the excess Tissuetek mounting medium on the mounted brains, 

14µm sections (sagittal or coronal, depending on the initial orientation of the 

mounted brains) were obtained onto Poly-L-Lysine coated RNase free microscope 

slides (Biolab). These slides containing the brain sections were stored at -80°C, until 

further use for in situ hybridisation.  

 

3.3.3 Development the sense and antisense riboprobes for in situ 

hybridisation and in vitro transcription 

The sense (mouFSnrpS88) and antisense (mouFSnrpAS88) riboprobe oligos were 

synthesised via Invitrogen.  The oligos were cloned into a pGEM plasmid vector at 

the EcoRI and BamHI restriction sites and stored at -20°C (courtesy Dr. Keith 

Marvin). The pGEM construct containing the riboprobes were digested using EcoRI 

or BamHI restriction enzymes to cut the plasmid in the antisense and sense 

directions respectively. The sense and antisense cut plasmids were ethanol 

precipitated and phenol/chroloform concentrated (courtesy Dr. Thorsten Gorba). 
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The linearised sense and antisense plasmids were labelled with digoxigenin-11-UTP 

(DIG-11-UTP) in an in vitro transcription reaction using the DIG Northern Starter 

Kit (Roche) according to manufacturer’s instructions. The in vitro transcription was 

carried out in a 1.5ml microcentrifuge tube using a Labelling mix and an optimised 

Transcription Buffer in the presence of the appropriate RNA polymerase enzyme 

(SP6 polymerase for antisense probe transcription and T7 polymerase for sense probe 

transcription). The reaction mix was precipitated with 5µl 4M LiCl and 150µl 100% 

ice cold ethanol at -80°C for 1-2hrs. The mixture was spun at 4°C, 13,000g for 

30mins. The supernatant was discarded and 150µl 70% ethanol (made with DEPC 

H2O) was added to the microcentrifuge tube and spun again at 4,500g for 10mins. 

Judging on pellet size, 20-50µl DEPC H2O was added and the pellet was dissolved, 

and 1µl RNaseOUT was added. 

 

 

3.3.4 Determination of DIG labelling efficiency of riboprobes 

The yield of DIG labelled riboprobes and the efficieny of labelling were determined 

by performing a spot assay on a positively charged nylon membrane (Roche) using 

the DIG Northern Starter Kit (Roche) according to manufacturer’s instructions. All 

steps were performed in stringently RNase free conditions, ensured using 

ElectroZap. 

 

A series of dilutions of DIG labelled sense and antisense riboprobes prepared in 

freshly made Spot Assay RNA Dilution Buffer were applied as 1μl spots to a 4cm x 

6cm strip of nylon membrane. Additionally, defined dilutions of control RNA were 

applied to be used to compare spot intensities of the riboprobes and appropriately 

determine riboprobe concentrations. The RNA probes were crosslinked to the nylon 

membrane using the Auto Link option twice in a Stratagene UV Stratalinker 2400. 

Once the crosslinking was complete, the DIG labelling was detected using Anti-

Digoxigenin antibody labelled with Alkaline Phosphatase (Anti-Digoxigenin-AP; 
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Roche), diluted 1:10,000 in Spot Assay Blocking Solution. The intensity of the 

riboprobe and control RNA spots was visualised by developing a colour reaction 

using NBT/BCIP stock solution (Roche) diluted 1:50 in the Spot Assay Detection 

Buffer. NBT/BCIP is a substrate which forms an insoluble black-purple precipitate 

when reacted with Alkaline Phosphatase. 

 

 

3.3.5 In situ hybridisation on brain sections 

The microscope slides with brain sections removed from -80°C and equilibrated to 

RT. The sections were rinsed twice with 0.1M Phosphate Buffer, followed by 

permeabilizing by treatment with 8μg/ml proteinase K (Roche) in PBST at RT. The 

times for proteinase K treatment varied with age: 6mins for E13 and E15 brain 

sections, 8mins for E17 and E19 brain sections and 10mins for P0, P2 and P4 brain 

sections. The sections were rinsed twice with PBST (1min for each rinse) and fixed 

with 4% PFA in PBS at RT for 10mins. The sections washed three times with PBST, 

5mins each wash. Sections were placed in a in a moist chamber and prehrybridised 

with Hybrydisation Buffer for 3hrs at 47°C in an oven. 

 

The sense and antisense riboprobes were denatured for 10mins at 65°C on a heating 

block, and then shortly cooled on ice. The antisense riboprobe was added to pre-

warmed hybridization solution, and the sense riboprobe was used as a negative 

control. The dilutions to be used were determined previously by the spot assay, in 

order to ensure equal concentrations of the sense and antisense probes. The 

approximate final concentration of probe (as determined by comparison of spot  

intensities of riboprobes with those of known control RNA concentrations) that was 

seen to be appropriate for obtaining efficient in situ signal to be 1pg/µl. Therefore, 

each slide was covered with 500µl Hybridization Buffer containing 1pg/µl antisense 

or sense probe. The slides were placed in a moist chamber sealed with parafilm, and 

incubated overnight in an oven overnight at 47°C. 



Chapter 3                                                                                            Materials and Methods 
 

52 

After hybridization, the slides were washed twice with In situ High Salt Wash Buffer, 

30mins each wash, at 53°C. This was followed by two further 20min washes with In 

situ Low Salt Wash Buffer at 53°C. The sections were incubated for 5mins in  In situ 

Incubation Buffer at RT followed by blocking in In situ Blocking Solution at RT for 

30mins. 

 

After brief washing in Incubation Buffer, the sections were incubated with Anti-

Digoxigenin-AP antibody in In situ Blocking Solution (1:2000) for 3hrs at RT. The 

sections were then washed three times with gentle shaking in In situ Blocking Solution 

at RT, 10 mins each wash. The sections were equilibrated to pH 9.5 in In situ 

Detection Buffer for 5mins.  

 

In order to detect in situ staining, NBT/BCIP stock solution was diluted in a 1:50 

ratio in In situ Detection Buffer and applied on sections, and the slides were kept in 

the dark at RT. The slides were left at least for 1hr at RT to start the colour reaction, 

after which, the colour development was monitored using a Zeiss Axioskop 

microscope from time to time. The slides were left at RT until the colour 

development was complete, or slides were moved to 4°C to slowly continue 

development overnight, which was continued at RT the next day. When the colour 

development was complete, the reaction was stopped by adding TE Buffer on 

sections for 5mins. Slides were stored dry at 4°C and wet mounted with PBS to view 

sections and photograp sections using a Zeiss Axioskop microscope equipped with 

Axiovision 3.1 software. If the sections were to be further used for double labelling 

experiments, it was ensured that the sections were not dried out and that they were 

covered in TE buffer, and stored at 4°C for no longer that one day. 
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3.3.6 Double labelling of in situ sections with primary mouse antibodies 

Sections with mouFSnrp in situ positive signal were washed three times with 1 x Tris 

Buffered Saline (TBS), 5mins each wash. The sections were blocked with IHC 

Blocking Solution for 1hr at RT.  

 

After the blocking step, the primary mouse antibodies against βIII-tubulin 

(Sigma,;1:250), nestin (Chemicon; 1:200) and vimentin (Abcam; 1:100) were 

appropriately diluted in 500μl IHC Blocking Solution and applied to the sections. The 

slides were left overnight at RT in a moist chamber. The next day the sections were 

washed three times with TBST, 10mins each wash. The slides were then incubated 

with Cy3 red labelled goat-anti-mouse IgG (Amersham Biosciences; 1:250) secondary 

antibody diluted in 500μl IHC Blocking Solution, for 3hrs in the dark at RT. After 

incubation, the slides were washed in the dark three times with TBST, 10mins each 

wash. The slides were mounted with coverslips using Flourochrome mounting 

medium (MD Biomedicals) and left overnight at RT in the dark, before the slides 

were ready to store at 4°C.  

 

The slides were viewed and photographed with a Zeiss Axioskop microscope 

equipped with Axiovision 3.1 software, and the sections were checked for nestin, 

vimentin and βIII-tubulin double labelling with the in situ signal, depending on which 

primary antibody was used on the slides. 

 

 

3.3.7 Double labelling of in situ sections with primary rabbit antibodies 

Sections with mouFSnrp in situ positive signal were washed three times with 1x TBS, 

5mins each wash. The sections were blocked with IHC Blocking Solution for 1hr at 

RT.  
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After the blocking step, the primary rabbit antibodies against MAP2 (Life Sciences, 

1:250) and calbindin (kindly donated by Dr. Frank Sieg, 1:200) were appropriately diluted 

in 500μl IHC Blocking Solution and applied to the sections. The slides were left 

overnight at RT in a moist chamber. The next day the sections were washed three 

times with TBST, 10mins each wash. The slides were then incubated with 

Biotinylated Anti-rabbit IgG (Vector; 1:200) secondary antibody diluted in 500μl IHC 

Blocking Solution, for 2hrs at RT. After incubation with secondary antibody, the 

slides were washed three times with TBST, 5mins each wash. The slides were then 

incubated with ExtrAvidin FITC (Sigma; 1:200) tertiary antibody diluted in 500μl 

IHC Blocking Solution, for 1hr in the dark at RT. After incubation with tertiary 

antobody, the slides were washed in the dark three times with TBST, 10mins each 

wash.  The slides were mounted with coverslips using Flourochrome mounting 

medium and left overnight at RT in the dark, before the slides were ready to store at 

4°C.  

 

The slides were viewed and photographed with a Zeiss Axioskop microscope 

equipped with Axiovision 3.1 software, and the sections were checked for MAP2 and 

calbindin double labelling with the in situ signal, depending on which primary 

antibody was used on the slides. 
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Chapter 4 Chapter 4 
 
DISCOVERY OF THE mouFSnrp GENE 

 

 

4.1 INTRODUCTION 

 

Neuronal migration is crucial to the process of neurogenesis in order to ensure the 

correct three dimensional spatio-temporal structure of the developing brain as well as 

to accurately position the different neuronal subtypes for proper adult functioning of 

neural circuitry. There are a myriad of genetic factors and positional and 

chemorepulsive cues that regulate the migration of neurons, as has been highlighted 

in Chapter 2. However, apart from stromal cell derived factor-1 (SDF-1), no factor 

with solely chemoattrative effects in neuronal migration has been reported so far 

(Stumm et al., 2003).  

 

Following the initial discovery of NMIP-1 and the putative gene encoding NMIP-1 in 

rat (nmip-1), Dr. Sieg predicted several mouse, rat and human candidates of nmip-1-

homologous genes, and their encoded protein products.  He showed that artificially 

synthesised peptide fragments of these predicted proteins were highly potent 

chemoattractants for migrating neurons in vitro. Additionally, through numerous 

bioassays testing survival, proliferation, differentiation and neurite and axonal 

outgrowth, these synthetic peptides fragments were established to have a significantly 

broad spectrum of neuronal regenerative actions. Hence, these predicted proteins 

were renamed as neural regeneration peptides or NRPs (Gorba, Bradoo et al., 2006). 

With the knowledge of the key regenerative functions of the synthetic NRP peptides 

(SNRPs), the next critical step was to verify the existence of the nrp gene family that 

encodes the NRPs.  
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The candidate nrp gene that was chosen to be confirmed was predicted in the Mus 

musculus species, on chromosome 12E (ENSEMBL mouse chromosome annotation 

project) on the reverse complement strand (NCBI - genomic contig with Accession 

No: NT_039551.2).  

 

The hypothetical mouse nrp gene was predicted by Dr. Sieg to exist as a -1bp 

frameshift to the AlkB gene [Accession No: XM_127049; Version: XM_127049.1; 

GI: 20909651] predicted to code for the alkylation repair protein homolog. 2  

 

It should be noted that the AlkB gene has only been predicted by automated 

computational analysis derived from an annotated genomic sequence (NCBI 

Accession No.: NT_039551) using NCBI’s GNOMON gene prediction program 

(NCBI GNOMON information website), and its expression or protein product has 

not yet been verified in vivo. The predicted AlkB gene had six exons, and the region of 

overlap with the mouse nrp gene was over the AlkB exon 1. 

 

Because of its unique frameshift gene organization structure, we named the mouse 

nrp gene as mouse frameshift nrp or mouFSnrp.  

 

The mouFSnrp translation start was predicted to be 87bp upstream of the 5’ 

transcription start of the AlkB gene, but with a putative 66bp intron in the middle. 

This initially hypothesised structure is shown in Figure 4.1. 

 

 

 

 

 

 
                                                 
2 Refer to Appendix B for the full-length NCBI predicted AlkB gene sequence used during mouFSnrp gene 
prediction 



Chapter 4                                                                              Discovery of the mouFSnrp gene 
 

57 

 
ref|NT_039551.4|Mm12_39591_34 Mus musculus chromosome 12 genomic 
contig, strain C57BL/6J 
ACCESSION   NT_039551 
VERSION     NT_039551.4  GI:63636009 
 
TAGACTAAGGTTCTTTACAGAGAAGTTATGTTTTGCGAGTTTGTACATAGGTTTTACGCGTTACTTAAAA 
TAAAACATAAAGACTGCGCCCTTCCTCATCTCCATCACTCACTCGCTGCCGCGGTCCAAGGAATTTTTCT 
GACAAACGCAATAGGCCGACCAGTACTGGAACGCAGTGCGCTTAGCCCCTTTATGGCGGAGGCTGCCATG 
TTAAAACGGAATGAATCGAAACCCTGGAGTCGTGACCCCGGAAGAACCTGCCAGAGCCGGAATTTCGAGT 
TCTGCTTCCGGGCCAAACTGTTGGCAGCCTCGAGATGGGGAAGATGGCGGCTGCTGTGGCTTCATTAGCC 
ACGCTGGCTGCAGAGCCCAGAGAGGATGCTTTCCGGAAGCTTTTCCGCTTCTACCGGCAGAGCCGGCCGG 
GGACAGCGGACCTGGGAGCCGTCATCGACTTCTCAGAGGCGCACTTGGCTCGGAGCCCGAAGCCCGGCGT 
GCCCCAGGTAGGAAAGGAGGAGTAGTGTGTGCCAGCCTAGCGGCCGACTGGGCCACCCGAGACTGGGCCG 
CCTCCGGGCCGGCTTTGGAGGGAAGCCCCTGCTGGGCCTGTCCAGTGAGCTGTAATGTCGAGCGATGAGC 
GACCAGCTGCCTCGCTGTCCCAACGCTCTGGCCACGGCTTGTGCCTTGCCGCCATTTCCCCCAACCCACG 
CGGGCCACGGCTTGTGCCCTGCCGCCATTTCCCCCAACCCACGCGACCTTGCTAAAAAAAAAAAAAGAAA 
GAAAAGAAAAGAAAGAAAGAAAGAAAAAAATCTGGAAATTGCTTGTACCTCCTTAACTATCTGTTTAATA  
CTAATACGATATTTTGTGTAAAGCTCAGAAGAACATCTTCGTGGACGTTAGGGTGGCCTCATAACTTCAG 
ATAAAAGCAGCCATTTAATAAGTCTCAAACCGTTAATCCGTTGGGCCTGAGACTCGATCGACCCTGTCTT 
CTCTGAGGCTTTGAAAGTAAAGGTAAAATTAGCAGGTTTTTTTCCTGAGAATCTAGGAGCCTGGAGAGAT 
AGCTCAGTAATTAAGAGCATTTACCTACTGGTGTTCCCAAGAACACCAAGTAGATTTGGTTCCTTGCAGC 
CACGTGGCAGCTCACAGCCTTCTTGTAACT 
 

 CCAGCCTA Predicted mouFSnrp CDS 

 GAACCTGC mouFSnrp Intron 

 GGAAGATG NCBI predicted AlkB Exon 1 [Version XM_127049.1]  

 GCAGCCTC     5’ transcription start region for AlkB gene 

 ATG  mouFSnrp Start Codon (Methionine) 

 TGA  mouFSnrp Stop Codon 

 ATG  AlkB Start Codon (Methionine) 

 
Figure 4.1  Initially hypothesised structure for the mouFSnrp gene 
 
 
 
As is seen from the sequence above, the mouFSnrp gene was thought to consist of two 

exons, as predicted by Dr. Sieg, and the full mouFSnrp protein coding sequence (CDS) 

was hypothesised to be as follows: 
 
ATGAATCGAAACCCTGGAGTCCCTCGAGATGGGGAAGATGGCGGCTGCTGTGGCTTCATTAGCCACGCTG 
GCTGCAGAGCCCAGAGAGGATGCTTTCCGGAAGCTTTTCCGCTTCTACCGGCAGAGCCGGCCGGGGACAG 
CGGACCTGGGAGCCGTCATCGACTTCTCAGAGGCGCACTTGGCTCGGAGCCCGAAGCCCGGCGTGCCCCA 
GGTAGGAAAGGAGGAGTAGTGTGTGCCAGCCTAGCGGCCGACTGGGCCACCCGAGACTGGGCCGCCTCCG 
GGCCGGCTTTGGAGGGAAGCCCCTGCTGGGCCTGTCCAGTGAGCTGTAATGTCGAGCGATGA 
 

http://www.ncbi.nlm.nih.gov/mapview/maps.cgi?taxid=10090&MAPS=blast_set&db=all_contig%20&na=1&gnl=ref%7CNT_039551.4%7CMm12_39591_34&gi=63636009&RID=1126845950-19100-32912685010.BLASTQ3&QUERY_NUMBER=1&segs=32647897-32648304�
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Bioinformatics approaches adopted by Dr. Sieg revealed that the putative protein 

product of the predicted mouFSnrp gene displayed 56.3% homology within the active 

domain (experimentally sequenced 16aa of rat cachexia fragment) of the cachexia-

related protein. 

 

Artificially synthesised peptide sequences of varying lengths and regions based on the 

putative mouFSnrp encoding protein have been shown to be highly potent in in vitro 

bioassays testing survival, migration, proliferation and differentiation induction of 

neurons (Gorba, Bradoo et al., 2006).  

 

The aim of my study was to provide the first confirmation of the existence of the 

mouFSnrp gene by identifying its expression in neuronal cells. These cells were chosen 

as the initial template because of the regenerative effects of SNRPs on neurons. 

Following the identification of mouFSnrp gene expression, the CDS sequence and the 

putative 5’ and 3’ non-translated sequences of the gene would be verified. 

 

 

4.2 METHODS  

 

The methodology used for the work described in this chapter included optimal 

primer design to develop primers that were specific to the mouFSnrp protein coding 

sequence (CDS), and did not bind to the predicted AlkB gene that is present in 

frameshift to mouFSnrp. In order to determine the 5’ transcription region, a separate 

primer pair was designed, where the forward primer was chosen in the 5’ non-

translated region close to the predicted 5’ transcription start of the mouFSnrp gene.  

 

These primers were then used in a reverse transcriptase polymerase chain reaction 

(RT-PCR) to amplify the mouFSnrp gene. The cDNA templates used for the screening 

of mouFSnrp were transcribed from RNA isolated from different sources: the 
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Neuro2A (N2A) mouse neuroblastoma cell line (both in untreated cells and cells 

treated with oxidative injury conditions) and cortical cultures obtained from E15 

mouse brains (CD strain).  

 

PCR products of the expected size were gel purified and directly sequenced. The 

sequencing results obtained were aligned with the predicted mouFSnrp gene sequence. 

For the sequence alignment, the CLUSTALW alignment option through the San 

Diego Supercomputer (SDSC) Biology Workbench online bioinformatics website was 

used. 

 

The 3’ non-translated region of the mouFSnrp gene was indirectly confirmed using 

previous gene sequence information reported in the RIKEN database.  

 

The specific methods were modified as our initial hypothesis of the predicted 

mouFSnrp gene evolved during the course of the experiments, and are explained in 

depth in the following results sections. 

 

 

4.3 RESULTS 

 

4.3.1 Verifying the existence and expression of the predicted mouFSnrp gene 

 

The first step towards verifying the existence of the mouFSnrp gene was to confirm its 

expression in a cell system via RT-PCR. The choice of primers was critical as it had to 

be ensured that only the mouFSnrp gene was being amplified and not the predicted 

AlkB gene, since both genes are thought to share most of their gene sequence. 

Primer design programs such as Primer3 failed to design appropriate primer pairs 

within the sequence constraints, and hence the primers had to be manually designed.  

The basic parameters used while designing primers were as follows: 
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Reverse Primer 1 (R1) 

Length:    18-21bp 

% GC content:   30-60% 

Melting Temperature (Tm):  50 - 60°C  

    [where Tm = 4(G + C) + 2(A + T)] 

 

Forward and reverse primer pairs were designed such that their Tms were within 4°C 

of each other. It was also checked that a maximum of 5 consecutive bases of the 

forward primers were complementary to those in the reverse primer, so that primers 

did not bind to each other during the PCR reaction. 

 

In order to avoid amplifying traces of genomic contamination, I designed an intron-

spanning forward primer, with an appropriately matched reverse primer, as shown in 

Figure 4.2. 
 

 
 
 
ATGAATCGAAACCCTGGAGTCCCTCGAGATGGGGAAGATGGCGGCTGCTGTGGCTTCATTAGCCACGCTG 
 
 
GCTGCAGAGCCCAGAGAGGATGCTTTCCGGAAGCTTTTCCGCTTCTACCGGCAGAGCCGGCCGGGGACAG 
 
 
CGGACCTGGGAGCCGTCATCGACTTCTCAGAGGCGCACTTGGCTCGGAGCCCGAAGCCCGGCGTGCCCCA 
 
 
GGTAGGAAAGGAGGAGTAGTGTGTGCCAGCCTAGCGGCCGACTGGGCCACCCGAGACTGGGCCGCCTCCG 
 
 
GGCCGGCTTTGGAGGGAAGCCCCTGCTGGGCCTGTCCAGTGAGCTGTAATGTCGAGCGATGA 
 
 
F1: 5’ CCTGGAGTCCCTCGAGAT   3’  Tm = 58°C 
R1: 5’ CTAGGCTGGCACACACTACT 3’  Tm = 62°C 
 
Expected product size with the F1R1 primer combination = 232bp 
 

 
Figure 4.2  Selection of mouFSnrp specific F1 and R1 primers  
 

Intronic 
splice site 
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Since the key function of synthetic NRPs is their role in neural regeneration, it was 

hypothesised that a neuronal cell line would be a reasonable cell system to use as a 

starting point to verify the existence of the mouFSnrp gene in.  

 

Accordingly, I chose the Neuro2A (N2A) mouse neuroblastoma cell line (ATCC No: 

CCL-131) to screen for mouFSnrp gene expression. The cells were cultured in vitro and 

the total RNA was isolated and reverse transcribed into cDNA (Sections 3.1.8, 3.2.1-

3.2.5). This cDNA was used as a template for a PCR using the Taq Polymerase 

(Invitrogen), and the mouFSnrp primers: F1 and R1 at an annealing temperature (Ta) 

of 55.5°C for 35 cycles. A high cycle number was chosen, even though it would 

increase the probability of obtaining non-specific products, to ensure that even trace 

amounts of the mouFSnrp would be amplified. 

 

However the PCR gave no band of the expected size. Different Tas and cDNA 

concentrations were tried to optimise the PCR, but none of the reactions gave a PCR 

product of the desired size (data not shown). 

 

Since the mouFSnrp was not successfully amplified in the N2A cell line under normal 

control conditions, and with the known effects of SNRPs on neuronal repair, it 

seemed possible that mouFSnrp expression might be augmented under injury 

conditions. To further explore this possibility, I designed an injury paradigm system 

for the N2A cells.  

 

The injury conditions used on the N2A cells included 3-nitropropanoic acid (3-NP) 

(an irreversible succinate dehydrgenase inhibitor) and hydrogen peroxide (H2O2), 

both of which impart oxidative insult on the cells, with H2O2 resulting in more severe 

injury. These were administered for increasing lengths of time, ranging between 1-

3hrs, and the concentration of the injury-inducing compound used was based on 

concentrations that had previously been used in bioassays testing for survival 
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inducing ability of NRPs in presence of injury conditions (Gorba, Bradoo et al., 2006). 

Six different treatment conditions were used on the N2A cells and the control in 

order to see if mouFSnrp expression is induced (Table 1). 

 

1 2 3 4 5 6 7 

Untreated 0.5mM 3-NP 0.15mM H2O2 

Control 1hr 2hrs 3hrs 1hr 2hrs 3hrs 

 
Table 1:  Oxidative injury conditions used on N2A to induce mouFSnrp expression 
 

 

The treatments were administered on flasks containing N2A cells at confluence. The 

cells were trypsinised at the different time points indicated in Table 1, and the RNA 

was isolated. The cDNA was reverse transcribed from the RNA, and used as a 

template for PCR using the F1R1 primer pair, at different Tas. However, no 

appropriate PCR product was obtained. 

 

In order to improve the primer pair compatibility in the reaction, I designed another 

forward primer, F2, and reverse primer, R2. The F2 primer was designed such that it 

included 6bp of the 5’ transcription region before the translation start (Figure 4.3).  

 

The expected product size with the F1R2 primer combination was 326bp, and with 

F2R2 primer combination was 344bp. 
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Reverse Primer 2 (R2) 

Forward Primer 2 (F2) Intronic 
splice site 

 
 
ATAGGCCGACCAGTACTGGAACGCAGTGCGCTTAGCCCCTTTATGGCGGAGGCTGCCATGTTAAAACGGA 
 
 
 
ATGAATCGAAACCCTGGAGTCCCTCGAGATGGGGAAGATGGCGGCTGCTGTGGCTTCATTAGCCACGCTG 
 
 
GCTGCAGAGCCCAGAGAGGATGCTTTCCGGAAGCTTTTCCGCTTCTACCGGCAGAGCCGGCCGGGGACAG 
 
 
CGGACCTGGGAGCCGTCATCGACTTCTCAGAGGCGCACTTGGCTCGGAGCCCGAAGCCCGGCGTGCCCCA 
 
 
GGTAGGAAAGGAGGAGTAGTGTGTGCCAGCCTAGCGGCCGACTGGGCCACCCGAGACTGGGCCGCCTCCG 
 
 
GGCCGGCTTTGGAGGGAAGCCCCTGCTGGGCCTGTCCAGTGAGCTGTAATGTCGAGCGATGA 
 

 

F2: 5’ AACGGAATGAATCGAAACCC  3’ Tm = 58°C  
R2: 5’ CGCTCGACATTACAGCTCA 3’ Tm = 58°C 
 
Expected product size with the F2R2 primer combination = 344bp 
 
 

Figure 4.3  Selection of mouFSnrp specific F2 and R2 primers 
 

 

Further, with substantial data indicating high potency of SNRPs in inducing neuronal 

migration in vitro (Gorba, Bradoo et al., 2006), and the significant role of neuronal 

migration during mouse cortical development, I proposed that in the event that the 

N2A cells did not express mouFSnrp, the mouse embryonic cortex would be a good 

alternative to search for mouFSnrp expression. Furthermore, I decided that cortical 

tissue for analysis of mouFSnrp expression should be obtained during the last one-

third of mouse embryogenesis (E14-E19), when neuroblast migratory activity is 

dominant in the structuring of the cortical plate (Hatten, 1999). 
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Accordingly, E15 mouse cortical cells were cultured in 6-well plates (Sections 3.1.3-

3.1.5), the RNA isolated and cDNA transcribed as a further template to search for 

mouFSnrp expression. 

 

The F1R1, F1R2 and the F2R2 primer pairs were used on different, fresh cDNA 

templates obtained from RNA isolated from 3-NP injured and normal (control) N2A 

cells, as well as the E15 cortical RNA.  

 

The quality of the RNA used was constantly examined by running samples on 

formaldehyde gels (Section 3.2.2). The 18S and 28S ribosomal RNA bands were 

clearly visible in all RNA samples, indicating that all the RNA samples were intact 

and of good quality (Figure 4.4).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4: RNA Formadehyde gels 
Total RNA samples were run on an RNA formaldehyde gel. Clear 18S and 28S bands, 
corresponding to the size of ribosomal RNA, were seen in the RNA samples, indicating that the 
quality of the RNA used for reverse transcription was good. Lane 1, E15 cortical RNA; 2, 
untreated N2A RNA; 3-5, RNA from N2A cells treated with 0.5mM 3-NP for 1hr, 2hrs, 3hrs 
respectively 
 
 

 

 

 

 

 1     2      3     4      5 

28S

18S
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After several optimisation PCR rounds, a band of ~326bp was seen in the F1R2 PCR 

on the control and injury treatment N2A cDNA samples and the E15 cortical cDNA 

sample (Ta = 55.5°C; 35 cycles) (Figure 4.5 c). No bands were seen in the F1R1 (Ta = 

55.5°C; 35 cycles) or the F2R2 (Ta = 57.5°C; 35 cycles) PCR (Figure 4.5 a,b). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5: Using F1R1, F2R2 and F1R2 pimer combinations to identify mouFSnrp 
expression via RT-PCR 
PCR products using F1R1 (a), F2R2 (b) and F1R2 (c) primer combinations were run on a 1.5% 
TAE gel. Lanes 1-5 in (a), (b) and (c) represent PCR reaction using different cDNA samples, i.e. 
E15 cortical, untreated N2A cells, and N2A cells treated with 0.5mM 3-NP for 1hr, 2hrs, 3hrs 
respectively; Lane 6,–ve control, where no cDNA was used in the PCR reaction; Lane L, 123bp 
ladder. No bands were seen in PCRs using the F1R1 or F2R2 combinations (a,b). The F1R2 PCR 
showed a band of ~326bp in all samples (c). 
 

 

The ~326bp sized band in the F1R2 PCR product was gel purified and directly 

sequenced.  

 

The sequencing result obtained was aligned with the mouFSnrp gene sequence using 

the CLUSTALW function in the Workbench Bioinformatics program at the San 

Diego Supercomputer Centre (SDSC Workbench website). However the two 

sequences showed no significant alignment, indicating that the F1R2 PCR product 

was due to non-specific primer binding. 

L   1 2  3  4 5  6(a) (b) (c) L   1   2  3  4   5  6  L   1 2  3  4  5  6  

~326bp  
band 
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Despite several PCR attempts using the F1R2 primers and attempts to increase 

specific primer binding efficiency using higher Tas, the sequences of any putative 

bands seen did not match with that of the putative mouFSnrp gene sequence. Also, the 

PCR product from the F2R2 primer combination did not show any band. This was 

was unusual, given that the F2 primer contained a part of the 5’ transcription regions, 

and the F2R2 primer pair should have picked up any mouFSnrp transcripts present in 

the template, as an mRNA sequence contains the 5’ transcription region as well.  

 

At this point, I decided to use alternate Taq polymerases in an attempt to improve 

the efficiency of the PCRs. The following polymerases were tried using 

manufacturers’ instructions: Platinum Pfx Polymerase (Invitrogen), Hotstart Ampitaq 

Gold (Roche) and HotMaster Taq Polymerase (Eppendorf). Also, β-actin was chosen 

as a positive control to check the quality of the cDNA and the PCR reaction. Primers 

for the mouse β-actin gene were designed such that the length of the cDNA target 

region was 260bp, and that of the genomic sized product was 385bp. 

 

The quality of the PCR reactions with the Invitrogen Platinum Pfx polymerase and 

Roche Hotstart Ampitaq Gold was not enhanced, and in fact, the 326bp band that 

had been previously observed in the F1R2 PCR with Invitrogen Taq Polymerase, was 

no longer present (data not shown).  

 

Using the Eppendorf HotMaster Taq in the PCR on the E15 cortical, and control 

and 3-NP treated N2A cDNA samples, gave some interesting results. Firstly, the β-

actin primer pair gave a clear band of the expected size of 260bp after 20 cycles in the 

PCR, at a Ta of 56ºC (Figure 4.6).  
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Figure 4.6: β-actin PCR using Eppendorf HotMaster Taq 
β-actin forward and reverse primers were used in a PCR, and PCR products were run on a 1.5% 
TAE gel. All samples showed a band of the expected size for the β-actin cDNA amplified product 
(~260bp), and no band was seen in the –ve control. Lane 1, E15 cortical cells; 2, untreated N2A 
cells, 3-5; N2A cells treated with 0.5mM 3-NP for 1hr, 2hrs, 3hrs respectively; 6, –ve control; L, 
123bp ladder. 
 
 
 
The F1R2 primer combination (Ta = 55.5°C; 35 cycles) did not give any band in any 

of the samples using the Eppendorf HotMaster Taq reverse transcription enzyme 

(data not shown), as compared to the consistent band (albeit of the wrong gene 

sequence) that had been seen with the Invitrogen Taq Polymerase. Furthermore, for 

the first time the F2R2 primer combination (Ta = 57.5°C; 35 cycles) showed a band 

in all the PCR reactions (Figure 4.7). However, the size of this band was ~410bp, 

which corresponded with the expected size of the genomic mouFSnrp product.  

 

 

 

 

 

 

 
Figure 4.7: F2R2 PCR using Eppendorf HotMaster Taq 
The F2R2 primer pair was used in a PCR on different cDNA samples using Eppendorf HotMaster 
Taq Polymerase, and the PCR products were were run on a 1.5% TAE gel. No band of the 
expected size of 344bp for mouFSnrp was seen. However, all samples showed a band of the 
expected genomic size (~410bp). No band was seen in the –ve control. Lane 1, E15 cortical cells; 
2, untreated N2A cells; 3-5, N2A cells treated with 0.5mM 3-NP for 1hr, 2hrs, 3hrs respectively; 
6, –ve control; L, 123bp ladder. 

β-actin 
(260bp) 

 L  1  2   3   4   5     6   

 L  1  2  3  4  5  6   

~410bp  
band 
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Although no genomic sized band was seen in the β-actin PCR, fresh RNA samples 

were obtained from the mouse E15 cortical cultures and stringently treated with 

DNase I and RNase A, in order to completely eliminate the possibility of any 

genomic or non-cDNA contamination. 

 

The F2R2 (Ta = 57°C; 35 cycles) and β-actin (Ta = 56°C; 20 cycles) PCRs on the E15 

cortical cDNA samples, with appropriate –RT controls, were performed and PCR 

products were run on a 1.5% TAE gel (Figure 4.8). Firstly, A clear 260bp cDNA 

sized band was observed with the β-actin primer pair, and no genomic sized band was 

seen. No bands were seen with the F1R2 primers. A single band of approximately 

410bp (expected genomic size band for mouFSnrp) was obtained using the F2R2 

primers, as had been observed previously in Figure 4.7. All the –RT PCR reactions 

showed no bands at all, confirming that there was no genomic contamination present. 

 

 
 
 
  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8: β-actin, F1R2 and F2R2 PCRs on DNase I and RNase A treated E15 cortical 
cDNA 
E15 cortical cDNA samples were separately subject to PCRs using β-actin, F1R2 and F2R2 primer 
pairs. No band was seen in the F1R2 PCR reaction. The β-actin PCR showed a band of ~260bp, 
which corresponded with the size of the cDNA amplified product. Also, the –RT reactions shows 
no band, confirming that no genomic contamination was present in the cDNA samples. However, 
a ~410bp band that corresponded with the size of the mouFSnrp genomic amplified product, was 
still seen in the F2R2 PCR reaction. Lane 1, β-actin PCR on E15 cortical cDNA; 2, -RT PCR using 
β-actin primers; 3, F1R2 PCR on E15 cortical cDNA; 4, -RT PCR using F1R2 primers; 5, F2R2 PCR 
on E15 cortical cDNA; 6, -RT PCR using F2R2 primers; L, 123bp ladder. 

~410bp  
band 

 L    1      2      3        4         L    5    6   

β-actin 
(260bp) 
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4.3.2 Prediction of a new gene organisation structure 

 

The results described in section 4.3.1 led me to modify the original hypothesis and to 

suggest that the mouFSnrp gene was in fact a single exon gene, with no intron present. 

This would explain why the F1 primer spanning the putative mouFSnrp intron failed 

to amplify any product, even though the cDNA quality was good as seen by the β-

actin PCR. In addition, this validated the result that a 410bp product was being 

amplified using the F2R2 primers, and not the otherwise expected 344bp product, 

even though the possibility of any genomic contamination had been eliminated by 

stringent DNase I treatment (as seen via the –RT and β-actin PCR reactions). 

 

According to the new proposed structure, the mouFSnrp gene would consist of 408bp 

and encode a 135aa protein. The addition of the 66bp sequence (which was 

previously thought to be an intron) after the first 21bp of the mouFSnrp gene as a part 

of the CDS meant that the ORF for the newly hypothesised gene sequence would not 

change. The 66bp would putatively encode 22 new amino acids, and the entire gene 

would be read in the same reading frame as before. Hence, the mouFSnrp gene would 

still be organised as a -1bp frameshift to the AlkB gene according to the new 

structure. The new gene structure would therefore look as is schematically depicted in 

Figure 4.9. 
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ref|NT_039551.4|Mm12_39591_34 Mus musculus chromosome 12 genomic 
contig, strain C57BL/6J 
ACCESSION   NT_039551 
VERSION     NT_039551.4  GI:63636009 
 
TAGACTAAGGTTCTTTACAGAGAAGTTATGTTTTGCGAGTTTGTACATAGGTTTTACGCGTTACTTAAAA 
TAAAACATAAAGACTGCGCCCTTCCTCATCTCCATCACTCACTCGCTGCCGCGGTCCAAGGAATTTTTCT 
GACAAACGCAATAGGCCGACCAGTACTGGAACGCAGTGCGCTTAGCCCCTTTATGGCGGAGGCTGCCATG 
TTAAAACGGAATGAATCGAAACCCTGGAGTCGTGACCCCGGAAGAACCTGCCAGAGCCGGAATTTCGAGT 
TCTGCTTCCGGGCCAAACTGTTGGCAGCCTCGAGATGGGGAAGATGGCGGCTGCTGTGGCTTCATTAGCC 
ACGCTGGCTGCAGAGCCCAGAGAGGATGCTTTCCGGAAGCTTTTCCGCTTCTACCGGCAGAGCCGGCCGG 
GGACAGCGGACCTGGGAGCCGTCATCGACTTCTCAGAGGCGCACTTGGCTCGGAGCCCGAAGCCCGGCGT 
GCCCCAGGTAGGAAAGGAGGAGTAGTGTGTGCCAGCCTAGCGGCCGACTGGGCCACCCGAGACTGGGCCG 
CCTCCGGGCCGGCTTTGGAGGGAAGCCCCTGCTGGGCCTGTCCAGTGAGCTGTAATGTCGAGCGATGAGC 
GACCAGCTGCCTCGCTGTCCCAACGCTCTGGCCACGGCTTGTGCCTTGCCGCCATTTCCCCCAACCCACG 
CGGGCCACGGCTTGTGCCCTGCCGCCATTTCCCCCAACCCACGCGACCTTGCTAAAAAAAAAAAAAGAAA 
GAAAAGAAAAGAAAGAAAGAAAGAAAAAAATCTGGAAATTGCTTGTACCTCCTTAACTATCTGTTTAATA  
CTAATACGATATTTTGTGTAAAGCTCAGAAGAACATCTTCGTGGACGTTAGGGTGGCCTCATAACTTCAG 
ATAAAAGCAGCCATTTAATAAGTCTCAAACCGTTAATCCGTTGGGCCTGAGACTCGATCGACCCTGTCTT 
CTCTGAGGCTTTGAAAGTAAAGGTAAAATTAGCAGGTTTTTTTCCTGAGAATCTAGGAGCCTGGAGAGAT 
AGCTCAGTAATTAAGAGCATTTACCTACTGGTGTTCCCAAGAACACCAAGTAGATTTGGTTCCTTGCAGC 
CACGTGGCAGCTCACAGCCTTCTTGTAACT 
 

 CCAGCCTA New prediction of a single exon mouFSnrp CDS 

 GGAAGATG NCBI predicted AlkB Exon 1 [Version XM_127049.1] 

 GCAGCCTC 5’ transcription start region for AlkB gene 

 ATG  mouFSnrp Start Codon (Methionine) 

 TGA  mouFSnrp Stop Codon 

 ATG  AlkB Start Codon (Methionine) 

 
Figure 4.9  The new proposed structure for the mouFSnrp gene 
 

 

 

 

 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/mapview/maps.cgi?taxid=10090&MAPS=blast_set&db=all_contig%20&na=1&gnl=ref%7CNT_039551.4%7CMm12_39591_34&gi=63636009&RID=1126845950-19100-32912685010.BLASTQ3&QUERY_NUMBER=1&segs=32647897-32648304�
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4.3.3 Sequencing the mouFSnrp gene 

 

The F2R2 and β-actin PCR reactions were repeated using fresh RNA samples. A 

410bp band was consistently obtained using the F2R2 primer pair (Ta = 57°C; 35 

cycles), and a 260bp product was seen using the β-actin primers (Ta = 56°C; 35 

cycles). Further, no bands were seen in the –RT controls. It was thereby confirmed 

that the 410bp product was not due to genomic contamination, but rather was a 

result of cDNA amplification. However, the gene sequence of this amplified product 

remained yet to be confirmed. Therefore, the 410bp PCR product band, obtained 

using E15 cortical culture derived cDNA as a template, was excised from the 1.5% 

TAE agarose gel, gel purified using the MOLBIO purification system, and sent for 

direct sequencing using the R2 primer.  

 

The sequencing result obtained was extremely clean and is shown in Figure 4.10. The 

sequence obtained was reverse complemented (as the sequencing of the PCR product 

had been done using the reverse primer R2). The reverse complemented sequencing 

result was aligned with the mouFSnrp gene sequence and the alignment results are 

shown in Figure 4.11. 

 

The alignment clearly shows that the sequence of the PCR product matches that of 

the predicted mouFSnrp gene structure, confirming that the right sequence had been 

amplified by the PCR. 3 
 

Hence, the mouFSnrp gene expression had been identified in embryonic mouse 

cortical cultures and its CDS had been verified for the first time.  

 

The next step towards mouFSnrp sequence confirmation was to obtain insights into its 

5’ transcription start site and 3’ termination region. 

                                                 
3 Refer to Appendix C for the CLUSTALW alignment parameters used for the mouFSnrp CDS sequence 
alignment and the detailed alignment results 



File: FOR THESIS MOUFSNRP CDS SEQUENCE Sample: FOR THESIS MOUFSNRP CDS SEQUENCE 1358 bases in 15507 scans Page 1 of 2
10 20 30 40 50 60 70 80 90 100

A GCCG CAGGG G CT TCCC TCCAAA G C C G G C CCG G AR G CG G CCCA GNT C T CG G G TG G C CCAG T CG G C CG C T AG G C TG G C ACAC AC T AC T C C T C C T T T CC T AC C

100 110 120 130 140 150 160 170 180 190 200

C T G G G G C ACG C CG G G C T T CG G G C T CCG AG C CAAG TG C G C C T C T G AG AAG T C G AT G AC G G CT C CC AG G T C C G C T G T CCC C G G C CG G C T C T G C C G G T AG A AG

200 210 220 230 240 250 260 270 280 290 300

G C G G AA AAG C T T CC G G AA AG CAT C C T C T CT G G G C T C T G C AG C CA G C G TG G CTA AT G A A G C CAC AG CA G C C G C CA T C T T C CCCA T C T C G A G G C T GC CAA CA G T

310 320 330 340 350 360 370 380 390 400

T T G G C CC G G A AG CA R A ACT C R AA AT T CC G G C T C TG G N AG G T TC T TC C G G G G T CAC R A MW CCAG G G T T T CG AT T CA T T C CG T T A A MMN N A N NN ANNCT T K CRNM

410 420 430 440 450 460 470 480 490 500

M AA MNNGNT N N N N NY Y AR G NN N M A A A M TTTY TW T TTYTMAY M N VN A MW NNWNTYA Y TW N N W N A W M A NAY T W TY K CNMN NM N NMYSC Y N NNNSNN AYMN R S M NN

510 520 530 540 550 560 570 580 590 600 610

N N N YYN Y TNCYNTM RNN N S A N N A NRN ATW A MWWW YW NMNYNNNNTM MNN NW TWWNWNMNNW TW N AT NNNYMCNN RTSSR S RNN KN W NNN YCNYNMM N ANA MTCWMANM A

620 630 640 650 660 670 680 690 700 710 720

ANMNNYNWWA N NMNN MAA W MNTY WM N NYNNW YSNMNYWNNNNNM NWNNNNMNNA A N AN A ANM MMW NN AM ANN M M AANN A AA AYAW W RNA WAN ANM N T NN T TWNNNM YNYW

730 740 750 760 770 780 790 800 810 820 830

WT N MY M WNMN AAN N MM A ANAN ANYMWWMNN N N NSNAKNH N M MNMMN AW AM A NMMN M NNA YNNWYNNWT N NWAWNAY W A TNAAW WNAN N N Y MWMWNASW N N MNMN ANNNM M
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CLUSTAL W (1.81) multiple gene sequence alignment 
 
Consensus key (see documentation for details) 
* - single, fully conserved residue 
  - no consensus 
 
MouXs12 GenContig:  
Mus musculus Chromosome 12 genomic contig, strain C57BL/6J;  
ACCESSION   NT_039551 ; GI:63636009 
 
F2R2SeqRes: 
F2R2 PCR product sequencing result 
 
MouXs12 GenContig ATAGGCCGACCAGTACTGGAACGCAGTGCGCTTAGCCCCTTTATGGCGGA 
F2R2SeqRes     -----------------------------------------------NAA 
                    * 
 
MouXs12 GenContig GGCTGCCATGTTAAAACGGAATGAATCGAAACCCTGGAGTCGTGACCCCG 
F2R2SeqRes GNNTNNNTNNTTTTAACGGAATGAATCGAAACCCTGGATTCGTGACCCCG 
   *  *      **  ************************ *********** 
 
MouXs12 GenContig GAAGAACCTGCCAGAGCCGGAATTTCGAGTTCTGCTTCCGGGCCAAACTG 
F2R2SeqRes  GAAGAACCTNCCAGAGCCGGAATTTNGAGTTNTGCTTCCGGGCCAAACTG 
   ********* *************** ***** ****************** 
 
MouXs12 GenContig TTGGCAGCCTCGAGATGGGGAAGATGGCGGCTGCTGTGGCTTCATTAGCC 
F2R2SeqRes   TTGGCAGCCTCGAGATGGGGAAGATGGCGGCTGCTGTGGCTTCATTAGCC 
   ************************************************** 
 
MouXs12 GenContig ACGCTGGCTGCAGAGCCCAGAGAGGATGCTTTCCGGAAGCTTTTCCGCTT 
F2R2SeqRes   ACGCTGGCTGCAGAGCCCAGAGAGGATGCTTTCCGGAAGCTTTTCCGCTT 
   ************************************************** 
 
MouXs12 GenContig CTACCGGCAGAGCCGGCCGGGGACAGCGGACCTGGGAGCCGTCATCGACT 
F2R2SeqRes  CTACCGGCAGAGCCGGCCGGGGACAGCGGACCTGGGAGCCGTCATCGACT 
   ************************************************** 
 
MouXs12 GenContig TCTCAGAGGCGCACTTGGCTCGGAGCCCGAAGCCCGGCGTGCCCCAGGTA 
F2R2SeqRes  TCTCAGAGGCGCACTTGGCTCGGAGCCCGAAGCCCGGCGTGCCCCAGGTA 
   ************************************************** 
 
MouXs12 GenContig GGAAAGGAGGAGTAGTGTGTGCCAGCCTAGCGGCCGACTGGGCCACCCGA 
F2R2SeqRes   GGAAAGGAGGAGTAGTGTGTGCCAGCCTAGCGGCCGACTGGGCCACCCGA 
   ************************************************** 
 
MouXs12 GenContig GAC-TGGGCCGCCTCCGGGCCGGCTTTGGAGGGAAGCCCCTGCTGGGCCT 
F2R2SeqRes  GANCTGGGCCGCCTCCGGGCCGGCTTTGGAGGGAAGCCCCTGC--GGCT- 
   **  ***************************************  ***   
 
MouXs12 GenContig GTCCAGTGAGCTGTAATGTCGAGCGATGAGCGACCAGCTGCCTCGCTGTC 
F2R2SeqRes   -------------------------------------------------- 
 

Figure 4.11 CLUSTALW gene sequence alignment of the predicted mouFSnrp gene 
with the F2R2 sequencing result 
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4.3.4 Identifying a part of the mouFSnrp 5’ transcription region 

 

Using the Promoter 2.0 software, the 5’ transcription start was predicted by Dr. Sieg 

to be 114bp upstream of the translation start of the mouFSnrp CDS. This could be 

experimentally verified by creating a forward primer close to the predicted 

transcription start and within appropriate parameter constraints for primer design.  

 

A suitable primer was designed starting at 99bp upstream of the mouFSnrp translation 

start: 
F3: 5’ CGGTCCAAAGGAATTTTTCTG 3’  Tm = 60°C  

 

The expected product size using the F3 primer with the previously designed R2 

primer was 503bp. 

 

Using the F3R2 primer pair in a PCR on cDNA derived from fresh E15 cortical 

DNase I treated RNA (Ta = 60°C; 35 cycles), a product of ~503bp was obtained 

(Figure 4.12). The F3R2 PCR product was gel purified and sequenced directly using 

the R2 primer. The sequencing result obtained is shown in Figure 4.13. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12: F3R2 PCR to identify mouFSnrp 5’ transcription region 
The F3R2 PCR reaction on E15 cortical cDNA showed a band that corresponded with the 
expected product size of 503bp. Lane 1, F3R2 PCR reaction on E15 cortical cDNA; 2, -RT PCR 
using F3R2 primers; L, 123 bp ladder. 

  L    1         2   

~503bp  
band 



File: FOR THESIS 5' SEQUENCE Sample: FOR THESIS 5' SEQUENCE 1583 bases in 16746 scans Page 1 of 2
10 20 30 40 50 60 70 80 90 100

CNG ARNMGCAGGGGG C TTCCC TCCAAA GC C G G C CC G GAAG G C G G C CCAG T C T CG G G TG G CY YAG T CG G C CG C T AG G CT G G CACACAC T AC T C C T C C T T T CC T AC C

110 120 130 140 150 160 170 180 190 200

C T G G G G CACG C CG G G C T T CG G G C T C CG AG C CAAG T G C G C C T C T G AG AAG T C G AT G A C G G C T C CC AG G T C C G C T G T CCC CG G C C G G C T C T G C C G G T AG A A

210 220 230 240 250 260 270 280 290 300

AG C G G A AAA GC T T C C G G A AA S NAWC C TC T N T G G G AT C TG C WG CK AG N G TG G CT AA Y G N A AM Y M M GN AST TT T Y M T M T Y C CA CA W CTMC N WS N NTGMNMM A

310 320 330 340 350 360 370 380 390 400 410

AM N N N W WGTNKN N S N ANTANATAAWATTCNAN WASAGM C M AN T ANCK ANCA GWVNMNA TAYK G N AT TNA AWA MGW ARTAT N T ASAT S YA NC N GCWGN MCKSRNKMARTNR MCAAG AC

420 430 440 450 460 470 480 490 500 510 520 530

CS A ANNA CMMY MCWNT N NTMTYM NAAW NT NAM MSANSWTMT N MTN YNWNNT AT T M K NAWANK KS ARTAT C T ARCNG CNC N NCK ASCAMNANNYN AANYRNWNNTAW T MNMAAM A RN A SY

540 550 560 570 580 590 600 610 620 630 640 650

SYNTWCCNSNMNA T M ANM RGMAN AM N AGAAAC ATWAAWWNA AANNAM TMAKC MTANNNN RKSMNK T MNT NKNS CN NACSMNTR AMAY TTTTT T TWT TA NNMAKCATYANNSKR AG GGGGNGGGN

660 670 680 690 700 710 720 730 740 750 760 770 780

NGGNNG NTKAKTTTAYA C GNWMTANYCNNNMCNTW T T ATKNTWTKA RKMWTNR NNNGCAANAAN SAMTAMNANMAVMTTTASSR MCTAGM TCCT GRW CA RA AATMT WATA YATNNMAN RTC NA TM N W

790 800 810 820 830 840 850 860 870 880 890 900

W TAKM ASNWSNNNNTTN N C W N A AN KNCATAATCTNTGATT A TN NWASTGTKTNKA ANTN A A AKNM N AATKAMKNNANMMKYNAWAGN TT ACWGRW NNN AW WNN N NMRNNCNNN ANTAG ASCASN
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The sequence obtained was reverse complemented (as the sequencing of the PCR 

product had been done using the reverse primer R2). The reverse complemented 

sequencing result was aligned with the mouFSnrp sequence. The sequence alignment 

of the F3R2 amplified sequence with the mouFSnrp sequence showed complete 

homology over the latter part of the sequence (Figure 4.14). This is expected, as the 

reverse primer was used for sequencing and the quality of sequencing is known to 

deteriorate further away from the sequencing primer used, when a PCR product is 

directly sequenced. However, a complete homology of the sequenced product and 

the mouFSnrp gene sequence, albeit in the latter region, implied that the correct 

product, i.e. the mouFSnrp gene transcript including the predicted 5’ region, had been 

amplified in the F3R2 PCR.  

 

This result confirmed that the 99bp region, upstream of mouFSnrp translation start, is 

included in the 5’ transcription region of mouFSnrp.   
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CLUSTAL W (1.81) multiple gene sequence alignment 
 
Consensus key (see documentation for details) 
* - single, fully conserved residue 
  - no consensus 
 
MouXs12 GenContig:  
Mus musculus Chromosome 12 genomic contig, strain C57BL/6J;  
ACCESSION   NT_039551 ; GI:63636009 
 
F3R2SeqRes: 
F3R2 PCR product sequencing result 
 
 
MouXs12 GenContig GCCCAGAGAGGATGCTTTCCGGAAGCTTTTCCGCTTCTACCGGCAGAGCC 
F3R2SeqRes   TCCCANAGAGGATNCTTTCCGGAAGCTTTTCCGCTTCTACCGGCAGAGCC 
      **** ******* ************************************ 
 
MouXs12 GenContig GGCCGGGGACAGCGGACCTGGGAGCCGTCATCGACTTCTCAGAGGCGCAC 
F3R2SeqRes    GGCCGGGGACAGCGGACCTGGGAGCCGTCATCGACTTCTCAGAGGCGCAC 
    ************************************************** 
 
MouXs12 GenContig TTGGCTCGGAGCCCGAAGCCCGGCGTGCCCCAGGTAGGAAAGGAGGAGTA 
F3R2SeqRes    TTGGCTCGGAGCCCGAAGCCCGGCGTGCCCCAGGTAGGAAAGGAGGAGTA 
    ************************************************** 
 
MouXs12 GenContig GTGTGTGCCAGCCTAGCGGCCGACTGGGCCACCCGAGACTGGGCCGCCT- 
F3R2SeqRes    GTGTGTGCCAGCCTAGCGGCCGACTGGGCCACCCGAGACTGGGCCGCCTT 
    *************************************************  
 
MouXs12 GenContig CCGGGCCGGCTTTGGAGGGAAGCCCCTGCTGGGCCTGTCCAGTGAGCTGT 
F3R2SeqRes    CCGGGCCGGCTTTGGAGGGAAGCCCCCTGCNNCTCNG------------- 
    **************************        * *              

 
Figure 4.14: CLUSTALW gene sequence alignment of the F3R2 sequencing result over 
the predicted mouFSnrp 5’ transcription region 
 
 

 

The 507bp mouFSnrp gene sequence (including the 99bp 5’ transcription region and 

the 408 bp mouFSnrp CDS that was previously confirmed) was submitted to NCBI, 

and this is now reported under the Accession No. AY753183. 

 
 

 

 

 



NCBI Sequence Viewer v2.0 http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&qty=...

1 of 2 20/02/2008 11:50 p.m.

My NCBI

[Sign In]  [Register]

PubMed Nucleotide Protein Genome Structure PMC Taxonomy OMIM Books

 Search NucleotideNucleotide  for   Go   Clear

 Limits Preview/Index History Clipboard Details

 Display  GenBank(Full)GenBank(Full)   Show 55 Send toSend to     Hide:     sequence      all but gene, CDS and mRNA features  

  Range: from    to     Reverse complemented strand Features:   + Refresh

1:  AY753183. Reports  Mus musculus neur...[gi:53774148] Links

LOCUS       AY753183                 507 bp    mRNA    linear   ROD 08-SEP-2006

DEFINITION  Mus musculus neural regeneration protein (Nrp) mRNA, complete cds.

ACCESSION   AY753183

VERSION     AY753183.1  GI:53774148

KEYWORDS    .

SOURCE      Mus musculus (house mouse)

  ORGANISM  Mus musculus

            Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi;

            Mammalia; Eutheria; Euarchontoglires; Glires; Rodentia;

            Sciurognathi; Muroidea; Muridae; Murinae; Mus.

REFERENCE   1  (bases 1 to 507)

  AUTHORS   Gorba,T., Bradoo,P., Antonic,A., Marvin,K., Liu,D.-X., Lobie,P.E.,

            Reymann,K.G., Gluckman,P.D. and Sieg,F.

  TITLE     Neural regeneration protein is a novel chemoattractive and neuronal

            survival-promoting factor

  JOURNAL   Exp. Cell Res. 312 (16), 3060-3074 (2006)

   PUBMED   16860792

REFERENCE   2  (bases 1 to 507)

  AUTHORS   Sieg,F., Bradoo,P. and Gorba,T.

  TITLE     Direct Submission

  JOURNAL   Submitted (16-SEP-2004) In Vitro Systems and Gene Discovery, Neuren

            Pharamceuticals Ltd, 2-6 Park Avenue, Grafton, Auckland 1004, New

            Zealand

FEATURES             Location/Qualifiers

     source          1..507

                     /organism="Mus musculus"

                     /mol_type="mRNA"

                     /strain="C57BL"

                     /db_xref="taxon:10090"

                     /chromosome="12"

                     /cell_type="neural stem"

                     /dev_stage="E14 embryo"

     gene            1..507

                     /gene="Nrp"

     CDS             100..507

                     /gene="Nrp"

                     /function="survival and neuronal proliferation induction,

                     chemoattraction and promotion of neuronal differentiation"

                     /note="neuronal survival-promoting factor; neuronal

                     chemoattractant"

                     /codon_start=1

                     /product="neural regeneration protein"

                     /protein_id="AAU93563.1"

                     /db_xref="GI:53774149"

                     /translation="MNRNPGVVTPEEPARAGISSSASGPNCWQPRDGEDGGCCGFISH

                     AGCRAQRGCFPEAFPLLPAEPAGDSGPGSRHRLLRGALGSEPEARRAPGRKGGVVCAS

                     LAADWATRDWAASGPALEGSPCWACPVSCNVER"

ORIGIN      

        1 cggtccaagg aatttttctg acaaacgcaa taggccgacc agtactggaa cgcagtgcgc

       61 ttagcccctt tatggcggag gctgccatgt taaaacggaa tgaatcgaaa ccctggagtc

      121 gtgaccccgg aagaacctgc cagagccgga atttcgagtt ctgcttccgg gccaaactgt

      181 tggcagcctc gagatgggga agatggcggc tgctgtggct tcattagcca cgctggctgc

      241 agagcccaga gaggatgctt tccggaagct tttccgcttc taccggcaga gccggccggg

      301 gacagcggac ctgggagccg tcatcgactt ctcagaggcg cacttggctc ggagcccgaa

      361 gcccggcgtg ccccaggtag gaaaggagga gtagtgtgtg ccagcctagc ggccgactgg

      421 gccacccgag actgggccgc ctccgggccg gctttggagg gaagcccctg ctgggcctgt

      481 ccagtgagct gtaatgtcga gcgatga

//

Disclaimer | Write to the Help Desk
NCBI | NLM | NIH

 

begin end

Features Sequence
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4.3.5 Determining the mouFSnrp 3’ non-translated region 

 

Evidence for the mouFSnrp 3’ non-translated region came indirectly, from the 

Japanese RIKEN sequencing effort that identified a 1158bp long cDNA (named 

hypothetical protein; NCBI Accession No. AK049549), which is truncated at the 5’ 

end. 

 

The alignment of the hypothetical protein sequence coded for by the confirmed 

RIKEN gene sequence with the predicted mouFSnrp coding protein showed full 

homology, despite the truncated C-terminal end in the RIKEN hypothetical protein 

(Figure 4.15). 

 

 

CLUSTAL W (1.81) multiple protein sequence alignment 
 
Consensus key (see documentation for details) 
* - single, fully conserved residue 
: - conservation of strong groups 
. - conservation of weak groups 
  - no consensus 
 
RIKENHP:  
RIKEN_hypothtical_protein_Version_AK049549.1__GI:26340283 
 
MOUFSNRP: 
mouFSnrp_protein_from_CDS_Version:_AY753183.1_GI:53774148  
 

MOUFSNRP  MNRNPGVVTPEEPARAGISSSASGPNCWQPRDGEDGGCCGFISHAGCRAQ 
RIKENHP   -----------------------G---WQPRDGEDGGCCGFISHAGCRAQ 
               *   *********************** 
 
MOUFSNRP  RGCFPEAFPLLPAEPAGDSGPGSRHRLLRGALGSEPEARRAPGRKGGVVC 
RIKENHP   RGCFPEAFPLLPAEPAGDSGPGSRHRLLRGALGSEPEARRAPGRKGGVVC 
  ************************************************** 
 
MOUFSNRP  ASLAADWATRDWAASGPALEGSPCWACPVSCNVER 
RIKENHP   ASLAADWATRDWAASGPALEGSPCWACPVSCNVER 
          *********************************** 
 

 
Figure 4.15:  CLUSTALW protein sequence alignment of the putative mouFSnrp 
protein product with the RIKEN predicted hypothetical protein 
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This alignment shows that the RIKEN sequencing effort had identified a part of the 

gene coding for the mouFSnrp protein, without realizing its putative functional 

significance. This RIKEN sequencing result therefore provided indirect confirmation 

of the 3’ non-translated transcription region of mouFSnrp. Using CLUSTALW 

alignment, it was seen that the RIKEN sequencing effort had sequenced 831bp of the 

3’ region downstream the ‘TGA’ stop codon of the mouFSnrp gene. 4 

 

 

4.3.6 The identified mouFSnrp mRNA transcript sequence 

 

Using the 99bp sequence of 5’ transcription region, as verified by RT-PCR, the 408bp 

mouFSnrp CDS previously sequenced, and the 831bp 3’ transcription region as 

indirectly shown by the RIKEN sequencing effort, the entire length of the mouFSnrp 

mRNA transcript sequence that had been confirmed was 1335bp long, as shown in 

Figure 4.16. 

 

 

 

 

 

 

 

 

 

 
                                                 
4 Refer to Appendix D for CLUSTALW alignment of the RIKEN hypothetical protein coding gene sequence 
(NCBI Accession No. AK049549) and the mouFSnrp sequence (NCBI Accession No. AY753183) 
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 5' 

CGGTCCAAGGAATTTTTCTGACAAACGCAATAGGCCGACCAGTACTGGAACGCAGTGCGC 
TTAGCCCCTTTATGGCGGAGGCTGCCATGTTAAAACGGAATGAATCGAAACCCTGGAGTC 
GTGACCCCGGAAGAACCTGCCAGAGCCGGAATTTCGAGTTCTGCTTCCGGGCCAAACTGT 
TGGCAGCCTCGAGATGGGGAAGATGGCGGCTGCTGTGGCTTCATTAGCCACGCTGGCTGC 
AGAGCCCAGAGAGGATGCTTTCCGGAAGCTTTTCCGCTTCTACCGGCAGAGCCGGCCGGG 
GACAGCGGACCTGGGAGCCGTCATCGACTTCTCAGAGGCGCACTTGGCTCGGAGCCCGAA 
GCCCGGCGTGCCCCAGGTAGGAAAGGAGGAGTAGTGTGTGCCAGCCTAGCGGCCGACTGG 
GCCACCCGAGACTGGGCCGCCTCCGGGCCGGCTTTGGAGGGAAGCCCCTGCTGGGCCTGT 
CCAGTGAGCTGTAATGTCGAGCGATGAGCGACCAGCTGCCTCGCTGTCCCAACGCTCTGG 
CCACGGCTTGTGCCTTGCCGCCATTTCCCCCAACCCACGCGGGCCACGGCTTGTGCCCTG 
CCGCCATTTCCCCCAACCCACGCGACCTTGCTAAAAAAAAAAAAAGAAAGAAAAGAAAAG 
AAAGAAAGAAAGAAAAAAATCTGGAAATTGCTTGTACCTCCTTAACTATCTGTTTAATAC 
TAATACGATATTTTGTGTAAAGCTCAGAAGAACATCTTCGTGGACGTTAGGGTGGCCTCA 
TAACTTCAGATAAAAGCAGCCATTTAATAAGTCTCAAACCGTTAATCCGTTGGGCCTGAG 
ACTCGATCGACCCTGTCTTCTCTGAGGCTTTGAAAGTAAAGGTAAAATTAGCAGGTTTTT 
TTCCTGAGAATCTAGGAGCCTGGAGAGATAGCTCAGTAATTAAGAGCATTTACCTACTGG 
TGTTCCCAAGAACACCAAGTAGATTTGGTTCCTTGCAGCCACGTGGCAGCTCACAGCCTT 
CTTGTAACTCTTCCGGAGGATCAGACACCCTCTCTTGAGCTCCACAGGAGAGCACTCGTA 
GACATGTAAATAAACTTCTAAGCTAAATCTAAACAATTTATGTACCCTCCCTATTTCTTC 
GTGATGAGAAGAAAGGGGCCAGAGGGTATGTTTATGTATGGTTTTTCAAGACAGGGTTTC 
TGTGTATCCTTGCCTTTTCTGAAGCTCACTCTGTAGACCAAGATGGCCTCAGACTCACAG 
AGATCCTCCTTGCCTCTGCCTCCTGAGGGCTGGGATAAAGGTGTGCACCACCACTGCCTG 

 GCCATAGTCATATTT 
 3’ 
 

CGCTTCT 408bp mouFSnrp CDS 

ATG  mouFSnrp Start Codon (Methionine) 

 TGA mouFSnrp Stop Codon  

 
Figure 4.16 The 1335bp confirmed mouFSnrp gene sequence 
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4.3 DISCUSSION  

 

The functional significance of SNRPs has been extensively studied through numerous 

in vitro bioassays that demonstrate their highly potent regenerative actions on 

neuronal cells (Gorba, Bradoo et al., 2006). These regenerative effects of SNRPs have 

been summarised in Table 2. 

 

 

Neuronal regenerative effects of NRPs 

1.  Survival Induction/Neuroprotection 

2.  Proliferation Induction 

3.  Chemoattraction 
4.  Promotion of neuronal Differentiation of  

 Stem Cells 
5.  Promotion of Neurite and Axonal  

 Outgrowth 
 
Table 2: Neuronal regenerative effects of SNRPs as shown by Gorba, Bradoo et al., 
2006 
 
 
 
The putative native NRP proteins are encoded by the predicted nrp genes, with gene 

candidates in the rat, mouse and human genomes. The identification of the mouFSnrp 

gene, as described in this chapter, provides the first in vivo evidence of the biological 

existence of a member of the nrp gene family.  

 

The total length of mouFSnrp, including the 5’ and 3’ non-translated regions, that has 

been confirmed so far, is 1335bp. This size corresponds with results from Northern 

Blot experiments, which were done within our lab by Dr. Gorba using an 88-mer 

mouFSnrp specific cRNA as a probe (Gorba, Bradoo et al., 2006). The Northern Blot 

result additionally showed a smaller product of 0.9kbp. Although the exact 

significance of this is not yet understood, it could suggest the possible existence of 

multiple gene transcripts or 3’ splice variants of mouFSnrp. It should also be noted 
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that although the results described in this chapter show that a part of the 5’ 

transcription region has been identified, and that the 3’ region has been indirectly 

confirmed, further 5’ and 3’ RACE experiments would be necessary to sequence and 

characterise the exact and entire 5’ transcription start site and 3’ end. 

 

The identification of the mouFSnrp gene presents an interesting paradigm in 

relationship to our current understanding of the mammalian genomic organisation 

structure. The mouFSnrp gene sequence overlaps with the first exon of the gene 

predicted by NCBI to code for AlkB, an alkylated DNA repair protein homolog in 

mice. mouFSnrp has an open reading frame (ORF) that is organised as a -1bp 

frameshift to the AlkB gene.  

 

In all species, the translation of mRNA sequences into polypeptides takes place via 

the recognition of mRNA triplet codons by aminoacyl tRNAs, while the ORF of the 

mRNA is maintained. A frameshift occurrence in a gene sequence refers to a change 

in ORF in which the mRNA sequence is recognised, usually leading to the disruption 

of the translation of the gene involved.  

 

Gene frameshifts have traditionally been viewed as mutation events within the 

genome, which result in deleterious effects within the cell or organism. However, 

instances of the use of frameshift structures within a gene in order to encode 

functionally active proteins in a cell, as opposed to being the result of a mutation, has 

been observed previously in viruses.  

 

This non-standard decoding mechanism, called ‘programmed translational 

frameshifting’, causes translating ribosomes to slide 1 nucleotide forward (+1 

frameshifting) or backwards (–1 frameshifting) at a specific recoding site on the 

mRNA. In this way, a single mRNA can be translated in multiple ORFs, thereby 
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increasing the diversity of polypeptide coding sequence information of gene 

transcription units (Farabaugh, 1996; Shigemoto et al., 2001). 

 

Programmed frameshifting is frequently observed in viral genomes, particularly 

retroviruses, coronaviruses, toroviruses, arteriviruses and paromyxoviruses of 

mammals, as this allows the organism to maximally utilise their compact genomes 

(Farabaugh, 1996; Shigemoto et al., 2001).  This frameshifting mechanism, however, is 

rarely reported amongst prokaryotic and eukaryotic cellular genes.  

 

+1 programmed frameshifting has been reported in the prfB gene of Escherichia coli, 

which codes for the peptide release factor 2 (RF2), and the gene encoding the 

mammalian ornithine decarboxylase (ODC) antizyme. Both genes use +1 

frameshifting as a means to regulate their own expression by negative feedback 

mechanisms (Craigen et al., 1986; Matsufuji et al., 1995; Shigemoto et al., 2001). 

 

In 2001, Shigemoto et al. reported the first instance of a mammalian gene, Edr 

(embryonal carcinoma differentiation regulated), utilising the frameshifting 

mechanism to encode distinct polypeptides. Edr was shown to use -1 ribosomal 

frameshifting to translate distinct polypeptides from overlapping reading frames in 

mice, which then form a fused protein (Shigemoto et al., 2001). 

 

The results presented in this chapter demonstrate yet another example of the possible 

utilisation of programmed frameshifting in mammalian genomes. In this case, the 

same gene sequence is thought to be translated in two ORFs, and apparently codes 

for two distinct, non-related proteins, i.e. the AlkB DNA repair protein homolog in 

mouse and the mouse frameshift NRP. However, the limitation of this hypothesis is 

that at this stage neither of the genes, i.e. mouFSnrp or AlkB, have been shown to 

encode a functionally active protein. In fact, the expression of the AlkB gene is yet to 

be confirmed in mouse.  
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As ribosomal frameshifting develops as a new genetic paradigm in mammalian 

genomes, genes such as Edr and possibly mouFSnrp/AlkB represent an emerging class 

of eukaryotic genes that mimic the recoding characteristics of retroviral genomes. 

However, the results at hand indicating the frameshift structure of the mouFSnrp and 

AlkB genes are only preliminary. There is a significant amount of work that needs to 

be done to first verify AlkB gene expression in vivo, and to investigate whether the 

AlkB and mouFSnrp genes (and their encoding proteins) are expressed in the same 

tissues, or if they have different sites of expression. Further, the exact mechanisms 

involved in the expression of mouFSnrp and the AlkB genes from the same gene 

sequence, and events that may upregulate the relative expression of either gene, need 

to be comprehensively studied. 

 

The expression of the mouFSnrp gene in neural tissue concurred with our existing 

knowledge of the neural regenerative effects of SNRPs in vitro. Nonetheless, it 

remained yet to be determined whether mouFSnrp expression is restricted to neural 

tissue or can also be observed in non-neural tissues.  

 

Further, it had to be confirmed whether mouFSnrp is only expressed in the embryonic 

mouse brain, or whether it is expressed in postnatal and adult mice as well. Also, in 

order to obtain initial insights into the role of mouFSnrp in corticogenesis, the 

mouFSnrp expression profile within the cortex during various stages of brain 

development needed to be characterised. 

 

It should be noted that although the SNRPs have a neuronal regenerative acitivity 

profile (Gorba, Bradoo et al., 2006), and the evidence presented in this chapter 

confirmedhe expression of the mouFSnrp gene in the mouse embryonic brain, no 

conclusions could yet be drawn on the functional significance of the mouFSnrp gene.  
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Traditionally, knock-out studies have been used to study gene function in vivo. 

However, it is important to consider that the mouFSnrp gene and the predicted AlkB 

gene have an overlapping gene sequence, due to their frameshift organisation. 

Therefore, creating a mouFSnrp knock-out mouse might result in the predicted AlkB 

gene being knocked-out as well. Hence, if the gene knock-out mouse created is 

embyonically lethal or if there are any altered phenotypes in adult stages, it would be 

difficult to specifically attribute the loss of function effect to mouFSnrp or the AlkB 

gene. 

 

A more viable system to study the functional significance of the mouFSnrp gene would 

be to establish a mouFSnrp-specific gene knock-down using RNA interference 

technology. In particular, 21-mer small interfering RNA (siRNA) molecules have 

been successfully used to affect gene knock-down in vitro. Thus, a 21-mer siRNA 

molecule targeted against the non-AlkB-sequence-overlapping region of the mouFSnrp 

gene sequence can be developed. This can be used to result in a partial or complete 

loss of function of mousFSnrp, depending on the efficiency of knock-down, and 

would provide preliminary insights into the functional significance of the mouFSnrp 

gene.  
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Chapter 5 Chapter 5 
 
TISSUE SPECIFICITY AND CELL 

ONTOGENY OF mouFSnrp EXPRESSION 

 

 
5.1 INTRODUCTION 

 

The complex functional neuronal circuitry in the CNS evolves from the 

combinatorial processes of cell proliferation, differentiation, migration, survival, and 

synapse formation. There are a myriad of factors with trophic effects that help the 

growth of the brain during embryogenesis as well as during its adult development, 

such as neurotrophins (e.g. brain derived neurotrophic factor (BDNF), nerve growth 

factor (NGF)), cytokines (e.g. ciliary neurotrophic factor (CNTF), interleukins) and 

members of the transforming growth factor β (TGFβ) family (e.g. glial derived 

neurotrophic factor (GDNF), neurturin) (Levi-Montalcini & Angeletti, 1963; Needels 

et al., 1985; Johnsen et al., 1986; Hama et al., 1989; Lin et al., 1993; Kotzbauer et al., 

1996). Many of these factors are upregulated in neural tissue in response to brain 

damage, and are being investigated as potential therapeutic targets for nerve injury or 

neurodegenerative diseases (Ebadi et al., 1997).  

 

At the genetic level, the tissue and cell ontogeny of these factors and their encoding 

genes has been a primary focus of investigation. For example, GDNF is a 

neurotrophic factor that plays a key role in promoting survival, dopamine uptake and 

neurite outgrowth. Studies of the distribution of GDNF mRNA expression have 

shown strong expression in the spinal cord and striatum of rat brains and lower level 

expression in the cerebellum, diencephalon and telencephalon. GDNF mRNA 
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expression is also observed in peripheral organs (eg: heart, limb bud, kidney and gut) 

at higher levels than in the brain (Choi-Lundberg & Bohn, 1995).  

 
Similar studies on the neurotrophin, BDNF, showed high BDNF mRNA expression 

in rat brain hippocampus, hypothalamus, and cerebellum, and much lower level 

expression in peripheral tissues such as thymus, liver and spleen (Katoh-Semba et al., 

1997). It is evident that the ability of a molecule to exert neurotrophic effects does 

not restrict its expression to the brain, or make the brain its primary site of 

expression. 

 

Having proved the existence of the mouFSnrp gene, and its neural expression, a key 

step towards furthering our understanding of this novel gene was gaining insights 

into the tissue specificity and cell ontogeny of its expression. This chapter provides 

an initial analysis of mouFSnrp expression in peripheral tissues in the developing 

mouse embryo. Further, the chapter describes the results of a study of the mouFSnrp 

gene expression within different parts of the embryonic mouse brain, and in 

undifferentiated and differentiated embryonic neural stem cells. 

 

 

5.2 METHODS 

 

The heart, lung, liver and spleen were extracted from E19 mouse embryos obtained 

from pregnant CD mice. Further, the cortex, striatum and olfactory bulb (OB) were 

extracted from E15 mouse brains. The tissues were separately powdered in 

microcentrifuge tubes on dry ice (Section 3.1.7). The powdered tissue was 

homogenised in Lysis Buffer, and the total RNA was isolated (Section 3.2.1). 

 

Cultured undifferentiated primary neural stem cells (NSCs) from E15 mouse 

forebrains (cortex + striatum) as well as MEB5 cells (which are secondary 

immortalised NSCs established from embryonic mouse forebrains) were harvested 
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(Section 3.1.6) and their RNA was isolated. Additionally, RNA was isolated from E15 

cortical and MEB5 NSCs that had been separately differentiated towards astrocytic 

and neuronal lineages using CNTF and BDNF respectively.  

 

Primary astrocytes were derived from P1 CD mouse forebrains, and cultured in vitro 

for 14 days until they were confluent (Section 3.1.2), and the RNA was isolated. 

 

The RNA samples obtained were treated with DNase I, and reverse transcribed into 

cDNA (Sections 3.2.1-3.2.4).  The cDNA templates were subject to a multiplex PCR 

(Ta = 56°C; 35 cycles) using β-actin primers along with the F2R2 primers to amplify 

any mouFSnrp mRNA transcripts (Section 3.2.6). Such a multiplex PCR provided an 

intrinsic positive control in each PCR reaction, and allowed a simple, non-quantitative 

comparison of mouFSnrp expression in the different tissues, using the β-actin 

expression levels as a control. –RT controls were used in all PCRs to ensure that any 

PCR product obtained was only due to cDNA amplification, and not due to genomic 

contamination. The PCR products were run on a 1.5% TAE gel and the resultant 

bands were analysed. 

 

 

5.3 RESULTS 

 

5.3.1 Non-neural expression of mouFSnrp 

 

In order to ascertain whether mouFSnrp is expressed only in neural tissue or in 

peripheral organs as well, mouFSnrp gene expression was examined in non-neural E19 

tissues such as heart, liver, lung and spleen using F2R2/β-actin multiplex PCR, and 

E15 cortical tissue was used as a positive control (Figure 5.1).  
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Figure 5.1: Expression of the mouFSnrp gene in non-neural tissues 
The mouFSnrp gene expression was screened in different non-neural tissues obtained from E19 
mice, via a mouFSnrp/β-actin multiplex PCR. The -RT controls showed no bands confirming that 
the products were amplified from cDNA and not due to genomic contamination. –RT, -RT controls 
for PCR reactions; H, heart; S, spleen; L, liver; Lu, lung; C, E15 cortex (positive control for 
mouFSnrp expression).  
 

 

As the PCR result shown in Figure 5.1 indicates, mouFSnrp expression is not solely 

restricted to the brain. mouFSnrp gene transcripts were identified in the liver, heart 

and the lung, albeit at lower levels that the E15 cortex. No significant expression was 

observed in the spleen. The –RT PCR reactions showed no bands. 

 

 

5.3.2 mouFSnrp expression in different parts of the embryonic mouse brain 

 

To determine whether mouFSnrp expression in the brain only occurs within the 

cortex, or in other regions of the brain as well, RNA was isolated from fresh 

homogenised OB extract and the striatum from E15 mouse brains. The cDNA 

derived was subject to a multiplex PCR with β-actin and F2R2 primers.  

 
 

 

 

 

β-actin 
(260bp) 

mouFSnrp 
(410bp) 

       -RT           L    H    S   L   Lu  C 
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Figure 5.2: mouFSnrp expression in neural tissues 
Apart from the cortex, expression of the mouFSnrp gene was observed in striatum and olfactory 
bulb. No bands were seen in the –RT reactions (data not shown). Str, E15 striatum; OB; E15 
olfactory bulb; C, E15 cortex.  
 

 

The PCR result shows mouFSnrp expression in the cortical, striatal and OB tissue, 

indicating that the gene may be constitutively expressed in neural tissue (Figure 5.2). 

 

 

5.3.3 mouFSnrp expression in neural stem cells 

 

Since SNRPs have been revealed to have a regenerative role in promoting migration, 

proliferation and differentiation, and with the mouFSnrp expression being observed in 

the embryonic mouse neural tissue, I hypothesised that a key site of mouFSnrp 

expression may be embryonic neural stem cells (NSCs) derived from mouse 

forebrains. cDNA templates obtained from E15 and MEB-5 NSC RNA were subject 

to multiplex PCR (Figure 5.3).  

 

 

 

 

 
 
 
Figure 5.3: mouFSnrp expression in primary and secondary stem cells 
High levels of mouFSnrp gene were seen to be expressed in primary (E15 forebrain derived) and 
secondary (MEB-5) cultured stem cells, compared to cortical expression. No bands were seen in 
the –RT reactions (data not shown). E15C, cultured E15 cortical cells; mNSC, primary NSCs 
derived from E15 forebrain; MEB5, secondary immortalised MEB-5 neural stem cell line.  

β-actin 
(260bp) 

mouFSnrp 
(410bp) 

         Str       OB         C

β-actin 
(260bp) 

mouFSnrp 
(410bp) 

     E15C    mNSC  MEB5  
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Significant mouFSnrp expression was observed in both, primary (E15 forebrain 

derived) and secondary (MEB-5) NSCs, indicating that neural stem cells were in fact 

an important site of mouFSnrp gene expression. 

 

 

5.3.4 Effect of E15 and MEB-5 NSC differentiation towards astrocytic and 

neuronal lineages in vitro on mouFSnrp expression 

 

mouFSnrp expression was compared between undifferentiated, neuronally 

differentiated, and astrocytically differentiated E15 and MEB-5 NSCs using multiplex 

PCR. 

 

 

 

 

 
 
 
Figure 5.4: mouFSnrp expression in undifferentiated, and astrocytically and 
neuronally differentiated primary and secondary stem cells 
Expression of the mouFSnrp gene transcripts is enhanced due to CNTF-induced astrocytic 
differentiation in both E15 and MEB-5 NSCs, as compared to undifferentiated and BDNF-induced 
neuronally differentiated stem cells. No bands were seen in the –RT reactions (data not shown). 
mNSC, undifferentiated NSCs derived from E15 forebrains; mNSC-A, astrocytically differentiated 
E15 NSCs using CNTF; mNSC-N, neuronally differentiated E15 NSCs using BDNF; MEB5, 
undifferentiated secondary immortalised MEB-5 neural stem cell line; MEB5-A, astrocytically 
differentiated MEB-5 NSCs using CNTF; MEB5-N, neuronally differentiated MEB-5 NSCs using 
BDNF.  
 

 

mouFSnrp expression was observed to be consistently higher in CNTF-mediated 

astrocytically differentiated stem cells, in comparison with undifferentiated and 

BDNF-mediated neuronally differentiated stem cells, in both stem cell lines (Figure 

5.4). 

 

mNSC     mNSC-A   mNSC-N       MEB5     MEB5-A    MEB5-N 

β-actin 
(260bp) 

mouFSnrp 
(410bp) 
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5.3.5 mouFSnrp expression in postnatal astrocytes 

 

Having seen the preferential upregulation of mouFSnrp expression due to 

differentiation of embryonic NSCs towards an astrocytic lineage, it was thought that 

the expression of this gene may be continued in postnatal astrocytes.  

 

P1 astrocytes were screened for mouFSnrp expression via multiplex PCR, and 

compared with mouFSnrp expression in E15 cortical cultures and E15 astrocytically 

differentiated NSCs. 

 

 

 

 

 

 
 
 
Figure 5.5: mouFSnrp expression in postnatal astrocytes 
mouFSnrp expression is observed in cultured P1 astrocytes, although at lower levels compared to 
expression in astrocytically differentiated E15 NSCs. No bands were seen in the –RT reactions 
(data not shown). E15C, cultured E15 cortical cells; mNSC-A, astrocytically differentiated E15 
NSCs using CNTF, P1A, astrocytes from P1 mice. 
 

 

Expression of mouFSnrp was observed in postnatal astrocytes. The astrocytic 

mouFSnrp expression level appeared to be similar to that in cortical cells, but lower 

than the gene expression in astrocytically differentiated E15 NSCs (Figure 5.5).  

 

 

 

 

 

β-actin 
(260bp) 

mouFSnrp 
(410bp) 

           E15C     mNSC-A    P1A 
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5.4 DISCUSSION  

 

The results presented in this chapter provide the first insights into the tissue and cell 

ontogeny of mouFSnrp expression. The identification of the mouFSnrp gene in striatum 

and OB indicates that mouFSnrp gene expression is not restricted to the cortex. 

Further, the presence of mouFSnrp gene transcripts in non-neural tissues clearly shows 

that the brain is not the sole site of mouFSnrp expression.   

 

Factors with neurotrophic effects such as GDNF and BDNF have been shown to 

have mRNA expression in peripheral tissues. Such non-neural expression of 

neurotrophic factors has traditionally been implicated in the stimulation of outgrowth 

and maintenance of the peripheral nervous system in the target tissues (Barde, 1989). 

For example, in 2002, Martinelli and colleagues showed GDNF mRNA expression in 

myocytes of the heart and postulated a role for GDNF in nerve regeneration soon 

after cardiac sympathetic denervation (Martinelli et al., 2002).  

 

More recently, the expression of such neurotrophic factors in peripheral tissues has 

been attributed to their possible involvement in providing trophic support to non-

neural tissues. For instance, mRNA expression of neurotrophins like BDNF and NT-

3 was reported in hepatic stellate cells of the liver, and associated with a role in tissue 

remodelling and promoting proliferation in acute necrotizing liver pathology 

(Cassiman et al., 2001).  

 

As is seen from the results described in this chapter, mouFSnrp expression is present 

in neural tissue as well as in tissues such as the heart, lung and liver. However, all the 

data at this stage only provides gene expression information. Identifying the 

expression of the native protein product of the mouFSnrp gene, as well as gene knock-

down studies are necessary to further understanding whether this gene is involved in 
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stimulating and enhancing central and peripheral nervous innervation, or mediating 

non-neural trophic effects.  

 

Preliminary insights into the potential significance of the NRP proteins come from 

the ability of SNRPs to induce effects such as differentiation, proliferation and 

migration induction in vitro. All the in vitro effects of SNRPs are key events in the 

differentiation of stem cells in the ventricular zone (VZ) to form functional cortical 

neurons during corticogenesis (Proliferation  Differentiation  Migration  

Neurite/Axonal Outgrowth  Promotion of neuronal survival). This activity profile 

correlates well with the finding that mouFSnrp expression is higher in embryonic 

NSCs as compared to other tissues and cell types screened.  

 

The increase in mouFSnrp expression as the undifferentiated NSCs are stimulated 

towards the astrocytic phenotype using CNTF (and no such effect seen with BDNF-

induced neuronal differentiation of NSCs), and its continued expression in postnatal 

primary astrocytes, suggests that mouFSnrp expression may be mainly carried through 

the glial lineage. Finding mouFSnrp transcripts in P1 astrocytes also shows that the 

gene could play a role in postnatal brain development, when neuronal migration 

continues via the rostral migratory stream (RMS). Further, the astrocytic expression 

of the mouFSnrp may indicate an importance of the gene as being a part of the array 

of survival and trophic factors that astrocytes provide to neuronal cells.  

It is important to note that there is no data so far to show that the mouFSnrp gene 

encodes a biologically active protein product, or that it has functions identical to the 

synthetic peptide fragments of the putative mouFSnrp protein product. However, the 

in vitro neural regenerative activity profile of SNRPs and the neural and non-neural 

expression of mouFSnrp present a robust platform for further work to be done 

towards unravelling a possible role of this gene in brain development and peripheral 

organogenesis in mice. 
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Chapter 6 Chapter 6           
 
IN SITU HYBRIDIZATION STUDY OF 

mouFSnrp EXPRESSION DURING MOUSE 

NEUROGENESIS 

 

 

6.1 INTRODUCTION 

 

The cerebral cortex arises from the rostral dorsal part of the neural tube called the 

telencephalic pallium. The pallial walls consist of neuroepithelial germinal cells or 

neural stem cells (NSCs) which are highly proliferative and give rise to the cerebral 

vesicles (Parnavelas, 2002).  

 

In mice, cortical neurogenesis begins just after mid-gestation (~E12.5). The majority 

(75-80%) of cortical neurons originate from the NSCs that reside at ventricular 

surface of the neural tube (also commonly referred to as the ventricular zone or VZ). 

These neurons migrate radially from the VZ to form the excitatory pyramidal 

projection neurons of the 6-layered cortex.  

 

The earliest born post-mitotic neurons exit the VZ and move towards the pial surface 

of the cortex to form the primordial plexiform layer or the preplate (PP). The next set 

of postmitotic neurons exit the cortical VZ and split the initial PP into the marginal 

zone or MZ (which is, in fact, layer I of the cortex) and the deeper subplate (SP). As 

newer neurons are born, they form the cortical plate (CP) between the MZ and the 

SP. According to the characteristic ‘inside-out’ patterning of the CP, the deeper 

cortical layers V and VI are generated early and the neurons of these layers are 

positioned just above the SP. Progressively younger neurons split the previously 
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formed neuronal layer and form cortical layers IV, III, and finally layer II (Hatten, 

1999; Parnavelas, 2002) (Figure 6.1).  

 

The region separating the SP and the VZ develops into a proliferative subventricular 

zone (SVZ) and an intermediate zone (IZ). During the course of brain development, 

the IZ contains afferent and efferent tracts of the cortical neurons and eventually 

becomes the white matter. 

 

 
 
Figure 6.1: The layers of the cerebral wall at different stages of development 
VZ, ventricular zone; PP, preplate; IZ, intermediate zone; MZ, marginal zone; CP, cortical plate; 
SP, subplate; SVZ, subventricular zone. (adapted from Parnavelas, 2002) 
 

 

Apart from the radially migrating glutaminergic cortical neurons, a major proportion 

of the neurons that occupy their final positions in the cortex (~20-25%) are 

inhibitory (GABA-ergic) cortical interneurons. These interneurons migrate 

tangentially to the cortex, from their origins in the lateral and ganglionic eminences 

(LGE and MGE) in the subpallium.  
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Hence, neurons migrate radially and tangentially from their pallial and subpallial 

origins, with the combinatorial actions of numerous genetic, positional and guidance 

cues, to form the complex circuitry of excitatory and inhibitory neurons that reside in 

the developed cortex. (Hatten, 1999; Parnavelas, 2002).  

 

Although migratory activity in the cortex is dominant between the E14.5 – E16.5 

embryonic stages in mice, the process of neurogenesis continues until the end of 

gestation and even in early stages of postnatal development. The two major 

neurogenic regions in the postnatal brain are the anterior portion of the lateral 

ventricle SVZ (SVZa) and the hippocampal dentate gyrus (Ming & Song, 2005).  

 

SVZa-derived cells migrate along the rostral migratory stream (RMS) into the 

olfactory bulb (OB). In the early postnatal rodent brain (~P4), three distinct cell 

layers are present in the OB: the glomerular, mitral, and granule cell layers (Figure 

6.2). The SVZa-derived cells of the developing OB differentiate into local granular 

and periglomerular interneurons of the granule and glomerular layers respectively 

(Menezes et al, 2002; Luskins, 1993).  

 

 

 

 

 

 

 

 

 

 
Figure 6.2: Anatomical layers of the early postnatal rodent OB 
The early postnatal rodent OB consists of the distinct glomerular, mitral and granule cell layers as 
seen in a sagittal (A) and coronal (B) section overview. GL, glomerular layer; ML, mitral layer; 
GCL, granule cell layers [adapted from Liu & Rao, 2003] 
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Furthermore, the hippocampus is known to have a high degree of neuroplasticity, 

and is strongly implicated in neurogenesis. However, our understanding of migration 

within the hippocampus is not very advanced. A recent report by Nakahira and Yuasa 

has shown that the pyramidal cells of CA region present in the E14 hippocampus are 

derived from from a broad neuroepithelial region, and undergo radial migration along 

radial glia (RG). Further, dentate granule cells seen in the E16 hippocampus are 

thought to originate from a restricted area of neuroepithelium adjacent to the fimbria 

and migrate independent of RG (Nakahira & Yuasa, 2005).  

 

Having found mouFSnrp expression in neural tissue, and particularly strong expression 

in forebrain-derived NSCs, the next goal of this project was to investigate the pattern 

of mouFSnrp expression in cortical laminar formation during mouse embryogenesis, 

using in situ hybridization (ISH) as a tool. 

 

In situ analysis of nucleic acids was first described in 1969 (Buongiorno-Nardelli and 

Amaldi, 1969; John et al., 1969), and is based on the fact that a labelled nucleotide 

probe hybridizes via hydrogen bonding to complementary target RNA or DNA 

sequences. Applying labelled probes of sufficient length (~50-300 nucleotides) to 

tissue sections or cell cultures allows localization and detection of specific DNA or 

RNA sequences within tissue regions and cell types.  

 

Since its discovery, the ISH technique has become a popular means of visualizing the 

macroscopic distribution and cellular localization of gene expression in a 

heterogeneous cell population. This tool has been particularly powerful in 

developmental neuroscience, where tight regulation of gene transcription is vital for 

neural functioning. 

 

During an ISH reaction, the antisense probe, which is complementary to the mRNA 

gene transcript, hybridises with the mRNA. The sense probe on the other hand acts 
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as a negative control, as it is not specific to any particular mRNA sequence (this is 

confirmed by conducting a NCBI nucleotide BLAST search with the sense probe 

against the genome of the target organism). 

 

As this was the first attempt to identify mouFSnrp expression in situ, a key goal of the 

study described in this chapter was to develop an appropriately labelled mouFSnrp 

specific probe and establish ISH conditions whereby mouFSnrp transcripts could be 

successfully detected in the embryonic brain tissue sections.  

 

Further, this study was aimed at understanding the mouFSnrp expression pattern in 

the mouse forebrain during embryonic and early postnatal brain development, as well 

as obtaining preliminary insights into the cell ontogeny and lineage of mouFSnrp 

expression during neurogenesis, using immunohistochemical analysis of the in situ 

hybridised sections.  

 

 

6.2 METHODS 

 

6.2.1 Developing a mouFSnrp specific DIG labelled probe 

 

In order to localise mouFSnrp mRNA transcripts in the embryonic mouse brain in situ, 

it was decided that a digoxygenin (DIG) labelled riboprobe would be used. An 84bp 

mouFSnrp specific sequence (upstream of the AlkB gene transcription start) was 

chosen for the synthesis of sense and antisense riboprobes, as shown in the schematic 

representation in Figure 6.3. 
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ref|NT_039551.4|Mm12_39591_34 Mus musculus chromosome 12 genomic 
contig, strain C57BL/6J 
ACCESSION   NT_039551 
VERSION     NT_039551.4  GI:63636009 
 
TAGACTAAGGTTCTTTACAGAGAAGTTATGTTTTGCGAGTTTGTACATAGGTTTTACGCGTTACTTAAAA 
TAAAACATAAAGACTGCGCCCTTCCTCATCTCCATCACTCACTCGCTGCCGCGGTCCAAGGAATTTTTCT 
GACAAACGCAATAGGCCGACCAGTACTGGAACGCAGTGCGCTTAGCCCCTTTATGGCGGAGGCTGCCATG 
TTAAAACGGAATGAATCGAAACCCTGGAGTCGTGACCCCGGAAGAACCTGCCAGAGCCGGAATTTCGAGT 
TCTGCTTCCGGGCCAAACTGTTGGCAGCCTCGAGATGGGGAAGATGGCGGCTGCTGTGGCTTCATTAGCC 
ACGCTGGCTGCAGAGCCCAGAGAGGATGCTTTCCGGAAGCTTTTCCGCTTCTACCGGCAGAGCCGGCCGG 
GGACAGCGGACCTGGGAGCCGTCATCGACTTCTCAGAGGCGCACTTGGCTCGGAGCCCGAAGCCCGGCGT 
GCCCCAGGTAGGAAAGGAGGAGTAGTGTGTGCCAGCCTAGCGGCCGACTGGGCCACCCGAGACTGGGCCG 
CCTCCGGGCCGGCTTTGGAGGGAAGCCCCTGCTGGGCCTGTCCAGTGAGCTGTAATGTCGAGCGATGAGC 
GACCAGCTGCCTCGCTGTCCCAACGCTCTGGCCACGGCTTGTGCCTTGCCGCCATTTCCCCCAACCCACG 
CGGGCCACGGCTTGTGCCCTGCCGCCATTTCCCCCAACCCACGCGACCTTGCTAAAAAAAAAAAAAGAAA 
GAAAAGAAAAGAAAGAAAGAAAGAAAAAAATCTGGAAATTGCTTGTACCTCCTTAACTATCTGTTTAATA  
CTAATACGATATTTTGTGTAAAGCTCAGAAGAACATCTTCGTGGACGTTAGGGTGGCCTCATAACTTCAG 
ATAAAAGCAGCCATTTAATAAGTCTCAAACCGTTAATCCGTTGGGCCTGAGACTCGATCGACCCTGTCTT 
CTCTGAGGCTTTGAAAGTAAAGGTAAAATTAGCAGGTTTTTTTCCTGAGAATCTAGGAGCCTGGAGAGAT 
AGCTCAGTAATTAAGAGCATTTACCTACTGGTGTTCCCAAGAACACCAAGTAGATTTGGTTCCTTGCAGC 
CACGTGGCAGCTCACAGCCTTCTTGTAACT 
 
 
 CCAGCCTA Confirmed mouFSnrp CDS and 5’ transcription start  
  sequence  
 
 GGAAGATG Predicted AlkB CDS and 5’ transcription start sequence 
 
 AATGAATC mouFSnrp sequence, upstream of AlkB sequence, chosen to 

develop sense and antisense riboprobes 
 

 
Figure 6.3: mouFSnrp specific region chosen for development of sense and antisense 
ISH riboprobes 
 
 
 
Based on the chosen sequence, sense and antisense synthetic oligonucleotides were 

developed at Invitrogen, and subsequently cloned between the BamHI and EcoRI 

restriction sites of the pGEM vector (courtesy Dr. Keith Marvin). The synthetic 

oligos included the 84bp mouFSnrp region and the appropriate 4 nucleotide 5’ 

overhangs required for cloning (resulting in an 88-mer probe). 

 

 

 

 

http://www.ncbi.nlm.nih.gov/mapview/maps.cgi?taxid=10090&MAPS=blast_set&db=all_contig%20&na=1&gnl=ref%7CNT_039551.4%7CMm12_39591_34&gi=63636009&RID=1126845950-19100-32912685010.BLASTQ3&QUERY_NUMBER=1&segs=32647897-32648304�
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mouFSnrp 88-mer Sense probe (mouFSnrpS88): 
5’ AATT CGG AAT GAA TCG AAA CCC TGG AGT CGT GAC CCC GGA AGA ACC TGC CAG 

AGC CGG AAT TTC GAG TTC TGC TTC CGG GCC AAA CTG  3’ 

(The underlined region AATT represents the 5’ overhang required for ligation into the 

BamHI restriction site) 

 

mouFSnrp 88-mer Antisense probe (mouFSnrpAS88): 

5’ GATC CAG TTT GGC CCG GAA GCA GAA CTC GAA ATT CCG GCT CTG GCA GGT TCT 

TCC GGG GTC ACG ACT CCA GGG TTT CGA TTC ATT CCG  3’ 

(The underlined region GATC represents the 5’ overhang required for ligation into the 

EcoRI restriction site) 

 

The synthetic sense and antisense oligos were cloned between the BamHI and EcoRI 

sites of the pGEM vector, followed by linearization of the plasmid containing the 

cloned riboprobes (Section 3.3.3; courtesy Dr. Keith Marvin and Dr. Thorsten 

Gorba). The linearised plasmid and probe was DIG-labelled via an in vitro 

transcription reaction (Section 3.3.3). A spot asay using the transcribed DIG-labelled 

riboprobes was performed to determine the labelling efficiency and the relative 

concentrations of the sense and antisense probes, for a direct comparison during the 

in situ procedure (Section 3.3.4). 

 

 

6.2.2 Obtaining brain sections from embryonic and postnatal mouse brains 

 

Whole brains were extracted from E13, E15, E17, E19, P0, P2 and P4 mice, fixed, 

cryoprotected and preserved at -80°C (Section 3.3.1). 14µm coronal sections were 

obtained from E13, E15, E17, E19 and P0 brains in a cryostat, and 14µm sagittal 

sections were obtained from P0 and P2 whole brains and P4 forebrains (Section 

3.3.2). The sections were stored at -80°C until they were used for the ISH protocol. 
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6.2.3 ISH on mouse brain sections 

 

The coronal and sagittal mouse brain sections were subject to ISH using the 

mouFSnrp-specific antisense probe and the sense probe as a negative control. The 

hybridisation process described in section 3.3.5 required significant fine-tuning to 

obtain a clear signal with minimal background while maintaining intact tissue 

morphology.  

 

During the proteinase K treatment step (which is used to allow permeabilisation of 

the tissue, for better probe penetration), concentration of proteinase K and treatment 

times were optimized for E13 and E15 sections to be 8µg/ml Proteinase K in PBST, 

for 6mins. For the E17 and E19 mouse brain sections, the Proteinase K treatment 

time was increased to 8mins, to allow better tissue permeation of the probes.  The 

proteinase K treatment time during the ISH procedure on the P0, P2 and P4 sagittal 

and coronal sections was optimised to be 10mins. 

 

Separate slides containing brain sections were hybridized with the appropriate 

dilution of sense and antisense probes overnight. After trying several hybridization 

temperatures, a temperature of 47°C was determined to be optimal for this specific 

hybridisation. 

 

It was extremely important to ensure that all the sections were completely covered in 

the hybridization solution before placing the slides in the oven, and that the slides 

were placed in a stable, moist and RNase free chamber, sealed with parafilm, to avoid 

drying out of the sections or incomplete probe hybridization. Although cover-slips 

have been suggested to be used during the hybridization procedure, I observed that 

there was a greater risk of damaging the tissue on the following day while taking the 

cover slips off. Therefore, I decided not to use cover-slips while proceeding with the 

overnight hybridization. 
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After the overnight hybridization, the sections were subject to stringent high-salt and 

low-salt post-hybridisation washes at 53°C. The sections were blocked in In situ 

Blocking Solution for 1hr followed by Anti-Digoxigenin-AP incubation (1:2000 in the 

In situ Blocking Solution) for 3hrs. The sections were then washed to remove any 

unbound antibody, and the signal was developed using the NBT/BCIP system (a 

substrate used for the colour detection of DIG labelled probes). The sections were 

incubated with NBT/BCIP in the dark, first at RT for 1hr, followed by overnight 

colour development at 4°C. In the absence of significant colour development 

overnight, the slides were left at RT on the next day, in the dark. The colour 

development was carefully monitored from time to time, in order to reduce 

background as well as to avoid over-development of signal.  

 

Once the signal was developed at the right intensity, the color reaction was stopped 

using TE buffer and the sections were thoroughly washed, in order to minimize 

background signal.  The brain sections were then examined and photographed using a 

Zeiss Axioskop microscope equipped with Axiovision 3.1 software. 

 

 

6.2.4 IHC using neural molecular markers in situ hybridised mouse brain 

sections 

 

The molecular markers used to obtain a double-localisation signal with the mouFSnrp 

gene were nestin (NSC marker), βIII tubulin (marker for neuronal precursors), 

vimentin (radial glial marker), calbindin (interneuron marker), MAP2 (neuronal 

marker) and GFAP (astrocytic marker). 

 

In trying to optimise the conditions for co-localising the in situ signal with the 

molecular cell markers, numerous attempts were made to perform 

immunohistochemistry (IHC) on fresh in situ hybridised brain sections, with non-in 

situ hybridised slides as a positive control for detecting the cell markers. However, it 
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was observed that whereas the cell markers could be detected in the positive controls, 

the in situ hybridised sections showed no presence of the molecular markers in any of 

the cells. 

 

The cause of this discrepancy was eventually identified to be the proteinase K 

treatment during the in situ procedure. The proteinase K treatment is used during ISH 

to degrade excessive proteins in the tissue, allowing better penetration of the probe 

into the tissue and cells. However, due to the broad specificity spectrum of this 

enzyme, treatment of tissue with proteinase K resulted in the general loss of cell 

protein marker antigenicity. 

 

Various reports have previously described dual mRNA ISH and antigen 

immunolocalization, where IHC has been performed before the ISH (Couwenhoven 

et al., 1990; Hrabovszky et al., 1995), so that the cell marker can be identified before it 

is lost due to the proteinase K treatment in the in situ protocol. However, this requires 

that the IHC is stringently done under RNase-free conditions to preserve the mRNA 

for subsequent ISH detection, and makes the procedure considerably more tedious. 

 

As an alternative to this, I tried performing the ISH without the proteinase K 

treatment. I reduced the fixation time in 4% PFA that was previously done after the 

proteinase K step, from 10mins to 5mins, to avoid over-fixation, and in order to 

compensate for the lack of tissue permeabilisation due to proteinase K. Further, I 

used PBS-0.2% Tween 205 (instead of the 0.1% Tween 20 concentration normally 

used in PBST) for the three wash steps following 4% PFA fixation, and increased the 

time of each wash step to 15min (instead of three 5min washes as done when 

Proteinase K treatment was used).  After the ISH procedure minus the proteinase K 

treatment step, IHC using the different molecular markers was performed on the ISH 

                                                 
5 Tween 20 is a commonly used surfactant which helps in cell plasma membrane 
solubilisation. 
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treated sections, and thereby cells positive for various molecular marker could be 

detected in the sections. 

 

Having overcome this technical limitation, the mouFSnrp in situ signal could now be 

successfully colocalised with different cell markers (Sections 3.3.6-3.3.7).  

 

 

6.3 RESULTS  

 

6.3.1 Spot assay to match the sense and antisense probe concentrations 

 

Each time new probes were synthesized for ISH, a spot assay was performed to 

determine the efficiency of DIG labelling during in vitro transcription, and to compare 

the relative concentrations of the sense and antisense probes with known 

concentrations of control RNA (Figure 6.4). This was to ensure that the sense and 

antisense probe concentrations could be matched during hybridization.  

 

 

 

 

 

 

 

 

 

 

 
Figure 6.4: Spot assay comparing sense and antisense probe concentrations with 
control RNA 
Serial dilutions of DIG-labelled sense and antisense probes were crosslinked on a positively 
charged nylon membrane and their concentration was estimated by comparing spot intensities 
with known concentrations of control RNA serial dilutions, which were also crosslinked to the 
membrane. 

10       3        1      0.3    0.1    0.03  0.01   0.03     0Concentration of 
Control RNA (pg/µl) 

Sense probe 
(mouFSnrpS88) 

Antisense probe 
(mouFSnrpAS88) 

Control RNA 
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6.3.2 In situ confirmation of mouFSnrp mRNA expression in embryonic 

mouse brain 

 

Since the initial PCR identification of the mouFSnrp gene was in E15 neural tissue, this 

embryonic age was seen as an appropriate starting point for investigating in situ 

expression of mouFSnrp gene transcripts in.  

 

Analysis of the E15 sections showed mouFSnrp expression in the sections that had 

been treated with the antisense probe, mouFSnrpAS88. A strong signal was observed 

in the MZ and the SP of the developing parietal CP as well as the VZ (Figure 6.5). 

The cortical signal diminished gradually venterolaterally, and was virtually absent in 

the GE.  Under higher magnification (20X and 40X) it was clear that the signal in the 

cells was seen in the cytoplasm, with a clear nuclear region (Figure 6.6). This would 

be expected, since mRNA transcripts are expressed in the cytoplasm. The sections 

treated with the sense control, mouFSnrpS88, did not show any signal (Figure 6.7).  

 

The results confirmed the expression of mouFSnrp in the E15 brain, the efficiency of 

the antisense and sense probes, and the success of the ISH procedure. It also led to 

the next step, which was to study the mouFSnrp expression pattern during various 

stages of embryonic brain development.  
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Figure 6.5: In situ expression of mouFSnrp mRNA in E15 mouse cortex (10X, Coronal Section) 
mouFSnrp mRNA positive cells are seen in the MZ, SP, CP and VZ. No significant in situ labelling is observed in the LGE and MGE. SP, 
subplate; CP, cortical plate; MZ, marginal zone; VZ, ventricular zone; LGE, lateral ganglionic eminence; MGE, medial ganglionic 
eminence 
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Figure 6.6: In situ expression of mouFSnrp mRNA in E15 mouse cortex (20X, Coronal 
Section) 
SP, subplate; CP, cortical plate; MZ, marginal zone; VZ, ventricular zone 
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Figure 6.7: Sense control for in situ hybridisation on E15 mouse cortex (10X, Coronal 
Section) 
Coronal sections of the E15 mouse cortex showed no in situ signal with the sense mouFSnrp 
probe, indicating that the in situ signal seen with the mouFSnrp antisense probe is specific. 
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6.3.3 Pattern of mouFSnrp in situ expression during embryonic neural 

development 

 

Strong mouFSnrp mRNA expression was seen through the entire thickness of the E13 

cortex. At E13, the mouse cortex is still in the early phases of development. It mainly 

comprises of the MZ, SP and the VZ. The MZ and SP (which cannot be clearly 

differentiated as the CP is not yet well developed. mouFSnrp-positive cells appear in 

the VZ as well as in the MZ and SP cells which are in close proximity to each other 

(Figure 6.8a). 

 

In the E17 coronal brain sections, strong mouFSnrp expression was seen in the CP, 

which continued into the developing hippocampus. As seen previously in the E15 

cortex, in situ signal was still present in the E17 cortical VZ (Figure 6.9). Under higher 

magnification, mouFSnrp-positive cells were clearly visible in the MZ and in the the 

more superficial cells of the CP. Further, a positive in situ signal was also observed in 

certain cells in the SP layer. No significant mouFSnrp signal was seen in the IZ (Figure 

6.10).  

 

E19 sections showed a similar mouFSnrp mRNA expression profile in the cortex as 

the E17 brain sections, with a more prominent intensity of the signal in the SP cells. 

Also, the mouFSnrp signal generally persisted along the perimeter of the cortex. The in 

situ signal continued dorsomedially, and a strong signal was evident in the 

hippocampal region, whereas expression gradually diminished ventrolaterally and 

towards the GEs. Unlike the significant VZ localisation of mouFSnrp signal from E13-

E17, the E19 VZ shows a significantly reduced intensity of mouFSnrp signal (Figure 

6.12, 6.13). 

 

The mouFSnrpS88 treated E13, E17 and E19 negative control sections showed no 

mouFSnrp signal (Figure 6.8b, 6.11, 6.14).  
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Figure 6.8: In situ expression of mouFSnrp mRNA in E13 mouse cortex (10X, Coronal 
Section) 
mouFSnrp-positive in situ hybridisation is seen in coronal sections of the E13 mouse cortex using 
the antisense mouFSnrp probe (a), and no signal is seen in the sense control (b). SP, subplate; 
MZ, marginal zone; VZ, ventricular zone 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MZ  

VZ

SP 
(a)

(b) 



Chapter 6            In situ hybridisation study of mouFSnrp expression during mouse neurogenesis  
 

 113

Figure 6.9  In situ expression of mouFSnrp mRNA in E17 mouse brain (2.5X, Coronal 
Section) 
Strong mouFSnrp-positive in situ signal can be observed in the VZ and the developing CP of the 
E17 mouse brain, using the antisense mouFSnrp probe. The signal continues dorsomedially along 
the perimeter of the cortex, into the hippocampal (H) region, and ventrolaterally, the signal 
diminishes towards the GEs. CP, cortical plate; VZ, ventricular zone; H, hippocampus; GE, 
ganglionic eminence 
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Figure 6.10: In situ expression of mouFSnrp mRNA in E17 mouse cortex (20X, 
Coronal Section) 
mouFSnrp-positive in situ hybridisation signal is visible in cells of the MZ, CP and SP in coronal 
sections of the E17 mouse cortex using the antisense mouFSnrp probe, and no significant signal 
is seen in the IZ. SP, subplate; CP, cortical plate; MZ, marginal zone; IZ, intermediate zone 
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Figure 6.11: Sense control for in situ hybridisation on E17 mouse cortex (10X, 20X, 
Coronal Section) 
No in situ hybridisation signal was observed in coronal sections of the E17 mouse cortex using 
the sense mouFSnrp probe, as seen under 10X (a) and 20X (b) magnification. SP, subplate; CP, 
cortical plate; MZ, marginal zone 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MZ 

SP 

CP 

a. 

b. 



Chapter 6            In situ hybridisation study of mouFSnrp expression during mouse neurogenesis  
 

 116

Figure 6.12: In situ expression of mouFSnrp mRNA in E19 mouse brain (2.5X, Coronal 
Section) 
mouFSnrp-positive in situ signal is seen in the MZ and CP of the E19 cortex and the signal in the 
SP cell layer is clearly distinguishable. mouFSnrp signal is also observed in the hippocampal (H) 
region, but is absent in the GEs. SP, subplate; CP, cortical plate; MZ, marginal zone; H, 
hippocampus; GE, ganglionic eminence 
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Figure 6.13: In situ expression of mouFSnrp mRNA in E19 mouse cortex (10X, 
Coronal Section) 
A higher magnification image showing positive mouFSnrp in situ hybridisation in coronal sections 
of the E19 mouse cortex, using the antisense mouFSnrp probe. Clear mouFSnrp mRNA-positive 
labelling is seen in cells of the MZ, SP and superficial layers of the CP. SP, subplate; CP, cortical 
plate; MZ, marginal zone 
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Figure 6.14: Sense control for in situ hybridisation on E19 mouse cortex (10X, 
Coronal Section) 
No in situ signal is seen in the E19 cortex with the sense mouFSnrp probe. SP, subplate; CP, 
cortical plate; MZ, marginal zone 
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6.3.4 mouFSnrp expression continues in early postnatal mouse brain tissue 

 

In the previous chapter, mouFSnrp expression was observed in postnatal astrocytes, 

which showed that mouFSnrp gene expression is not just restricted to the embryonic 

brain, but persists during postnatal brain development. In order to attain an initial 

understanding of the mouFSnrp expression pattern in the postnatal brain, ISH was 

performed on P0, P2 and P4 mouse brain sections. 

 

In the P0 coronal brain sections, mouFSnrp mRNA was detected in cells in the MZ, 

CP and the SP of the cortex. The in situ signal that was prominent in the early 

embryonic (Figure 6.15).  mouFSnrp in situ signal was visible in the the parietal and 

frontal cortex, hippocampus and OB of the P0 sagittal brain sections (Figure 6.16). In 

the P0 hippocampus, a strong mouFSnrp signal was seen mainly in the CA region 

(Figure 6.17). In the P0 OB, strong mouFSnrp signal was seen in a distinct layer, which 

appears to be the mitral cells (Figure 6.18). No mouFSnrp signal was seen in the P0 

sections treated with the sense control (Figure 6.19). 

 

The P2 sagittal sections showed a mouFSnrp expression pattern similar to that 

previously observed in the P0 sagittal sections. P2 mouFSnrp expression continued in 

the cortex, hippocampus and OB. However, for the first time, clear mouFSnrp in situ 

positive signal was visible in the cerebellum, which appeared to be localised to the 

cerebellar granule layer (Figure 6.20). Sagittal sections of the P4 forebrain showed 

mouFSnrp expression in the cortex and hippocampus (Figure 6.21), similar to P0 and 

P2 sections. However, as opposed to the expression of mouFSnrp in the single layer of 

mitral cells of the OB that was seen in P0 and P2 sections, the P4 OB showed 

mouFSnrp-positive cells in two distinct layers, which appear to be the mitral cell layer 

and the glomerular cell layer (Figure 6.22). mouFSnrp expression in the P4 cerebellum 

was not examined. Like the P0 sections, the P2 and P4 sections treated with the sense 

control showed no mouFSnrp-positive signal (data not shown). 
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Figure 6.15: In situ expression of mouFSnrp mRNA in P0 mouse cortex (10X, Coronal 
Section) 
mouFSnrp in situ signal is visible in the MZ, SP and CP of coronal sections of the P0 mouse cortex 
using the antisense mouFSnrp probe. SP, subplate; CP, cortical plate; MZ, marginal zone 
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Figure 6.16: In situ expression of mouFSnrp mRNA in P0 mouse brain (2.5X, Sagittal Section) 
mouFSnrp in situ signal can be observed in the cortex, hippocampus (H) and the OB in sagittal sections of the P0 mouse brain using 
the antisense mouFSnrp probe. H, Hippocampus; OB, olfactory bulb 
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Figure 6.17: In situ expression of mouFSnrp mRNA in P0 mouse hippocampus (10X, Sagittal Section) 
A higher magnification image of the P0 hippocampus showing mouFSnrp mRNA positive cells in the CA1 and CA3 regions using 
the antisense mouFSnrp probe.  
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Figure 6.18: In situ expression of mouFSnrp mRNA in P0 mouse Olfactory Bulb (10X, 
Sagittal Section) 
Strong mouFSnrp mRNA-positive labelling is visible in the mitral cell layer of the P0 mouse OB 
using the antisense mouFSnrp probe. 
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Figure 6.19: Sense control for in situ hybridisation on P0 mouse cortex (10X, Coronal 
Section) 
No in situ signal is seen in the P0 cortex with the sense mouFSnrp probe. SP, subplate; CP, 
cortical plate; MZ, marginal zone 
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Figure 6.20: In situ expression of mouFSnrp mRNA in P2 mouse brain (2.5X, Sagittal Section) 
mouFSnrp in situ signal can be observed in the superficial layers and the subplate of the cortex, the CA region of the hippocampus 
(H) and the mitral cell layer of the OB in sagittal sections of the P2 mouse brain, Additionally, mouFSnrp signal is observed in the 
granule cell layer of the cerebellum. H, Hippocampus; OB, olfactory bulb 
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Figure 6.21: In situ expression of mouFSnrp mRNA in P4 mouse forebrain (2.5X, Sagittal Section) 
mouFSnrp in situ signal can be observed in the cortex, hippocampus (H) and OB in sagittal sections of the P4 mouse forebrain. H, 
Hippocampus; OB, olfactory bulb 
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Figure 6.22: mouFSnrp in situ signal in P4 mouse olfactory bulb (10X, Sagittal 
Section) 
In the P4 OB, mouFSnrp signal can be observed in the mitral cell layer, as well as an additional 
layer, which appears to be the periglomerular cells of the OB glomerular layer. 
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6.3.5 Characterising the cell ontogeny of mouFSnrp expression in neural 

development 

 

Having successfully obtained in situ signals for mouFSnrp expression in various stages 

of cortical development (Figure 6.23), it was important to correlate the mouFSnrp in 

situ signal with specific neural cell types. IHC was performed on E13 to P0 brain 

sections using nestin, vimentin, βIII- tubulin, MAP2, calbindin and GFAP to 

colocalise the cell specific markers with the mouFSnrp-positive in situ signal. 

 

mouFSnrp-positive cells were colocalised with nestin in the cortex of E13 and E15 

brain sections, confirming the expression of the gene in cortical NSCs (Figure 6.24, 

6.25). With our earlier findings of mouFSnrp expression in postnatal astrocytes as 

shown in section 5.3.5, it was investigated if mouFSnrp was present in the glial lineage 

in the embryonic mouse brains. Using vimentin as a radial glial marker, mouFSnrp 

expression was detected in RG in the cortex and towards the developing 

hippocampal region of E17 brain sections (Figure 6.26). Further, as seen via double 

labelling with the astrocytic marker, GFAP, the mouFSnrp signal was observed in P0 

astrocytes (Figure 6.27).  

 

Next, neuronal specific mouFSnrp mRNA expression was investigated. It was seen 

that mouFSnrp did not colocalise with βIII-tubulin, which is a marker for neuronal 

restricted precursors (Figure 6.28). Interestingly however, MAP2 double labelling was 

observed with the mouFSnrp signal seen in the cells of the cortical hem and the 

subplate from E17 to P0 mouse embryonic ages (Figure 6.29, 6.30). This indicated 

that although mouFSnrp is not present in neuronal specific precursors, it is expressed 

in mature cortical neurons in later stages of brain embryogenesis. Further, calbindin 

IHC on the in situ hybridised sections was used to determine whether inhibitory GE 

interneurons express mouFSnrp. However, no mouFSnrp colocalisation was seen with 

calbindin labelled cells (Figure 6.31).  
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igure 0.16: IHC using nestin on an in situ hybridised E13 brain section  
(2.5X, Coronal Section)  
 
 
 
 
Add image here 

 

 
 
 
 
 

Figure 6.23  IHC using anti-nestin antibody on an in situ hybridised E13 brain section (2.5X, Coronal Section)  
This figure shows an example of successful IHC double labeling in sections previously subject to mouFSnrp in situ 
hybridisation. Nestin positive NSCs are clearly visible throughout the entire E13 brain section.  
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Figure 6.24: Nestin colocalisation with mouFSnrp in situ signal in E13 cortex (20X, 
Coronal Section)  
Nestin (Cy3 red fluorescence labelled) is colocalised with mouFSnrp-positive cells in the E13 
cortex, indicating that cortical NSCs in the E13 brain express mouFSnrp.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 6            In situ hybridisation study of mouFSnrp expression during mouse neurogenesis  
 

 131

Figure 6.25:  Nestin colocalisation with mouFSnrp-positive cells in E15 cortex (40X, 
Coronal Section) 
mouFSnrp in situ positive cells in the E15 cortex showed colocalisation with the neural stem cell 
marker, nestin, as indicated in the figure by the cells marked by arrows. 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.26:  Vimentin colocalisation with mouFSnrp-positive cells in E17 cortex (20X, 
Coronal Section) 
Vimentin-positive radial glial cells coexpress mouFSnrp mRNA transcripts in E17 cortex, as 
indicated in the figure by the cells marked by arrows. 
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Figure 6.27:  GFAP double labelling with mouFSnrp-positive cells in P0 cortex (40X, 
Coronal Section) 
GFAP double labelling is observed with mouFSnrp in the P0 cortex, showing that mouFSnrp is 
expressed by postnatal astrocytes. 
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Figure 6.28:  mouFSnrp is not expressed in neuronal precursor cells in the mouse 
cortex (20X, Coronal Section) 
No colocalisation of the neuronal precursor cell marker, βIII-tubulin is seen with the mouFSnrp in 
situ signal in the E15 cortex. Cy3 red fluorescent βIII-tubulin staining is seen mainly in the IZ, 
while mouFSnrp signal is localised to the developing CP and VZ, and is absent in the IZ. IZ, 
intermediate zone; CP, cortical plate; VZ, ventricular zone 
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Figure 6.29: MAP2 colocalisation with mouFSnrp in situ signal in E17 cortical plate 
(20X, Coronal Section)  
FITC labelled green fluorescent MAP2 staining is seen in the IZ and CP of the E17 mouse cortex 
(a). mouFSnrp signal is colocalised with MAP2-positive cells in CP but not in the IZ, indicating 
that CP neurons express mouFSnrp (b). CP, cortical plate, IZ, intermediate zone 
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Figure 6.30: MAP2-positive neurons express mouFSnrp in P0 cortex (20X, Coronal 
Section)  
MAP2 is seen to colocalise with mouFSnrp-positive cells in the P0 mouse cortex as is indicated by 
cells marked with red arrows in the figure. 
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Figure 6.31: Calbindin does not colocalise with mouFSnrp in the P0 brain (20X, 
Coronal Section) 
FITC labelled green fluorescent calbindin-positive cells in the ganglionic eminence of the P0 brain 
do not show mouFSnrp in situ signal, suggesting that inhibitory interneurons of the GE might not 
express mouFSnrp. 
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6.4 Discussion 
 

The first step towards characterising the expression pattern of mouFSnrp during 

mouse neurogenesis using the in situ hybridisation technique was choosing, 

developing, and appropriately labelling a probe that would specifically hybridise with 

the mouFSnrp mRNA gene transcripts in the brain tissue sections. 

The major types of probes usually used in ISH are double stranded DNA (dsDNA), 

single stranded DNA (ssDNA), riboprobes or single stranded complementary RNA 

(sscRNA) and oligonucleotides. Table 3 (Appendix E) provides a synopsis of 

advantages and disadvantages of using different types of probes (Feldman et al., 

1997). 

 

In selecting a probe to detect mouFSnrp, high specificity and sensitivity of the probe 

was essential, so that the gene transcripts could be detected even if its expression 

levels in the tissue were very low. Further, a probe with high thermo-stability was 

important, to allow for greater stringency of post-hybridisation washes, thereby 

reducing the signal to noise ratio and non-specific signals.  

 

Keeping these key parameters in mind, it was decided that a riboprobe specific to the 

mouFSnrp would be developed, while ensuring that the probe does bind to any AlkB 

mRNA transcripts during the hybridisation reaction. 

 

Further, an appropriate probe labelling method had to be chosen. Table 4 (Appendix 

E) compares the merits of using radiolabelled and non-radiolabelled probes (Hofler, 

1990).  

 

Although radioactive labelled probes provide a great tool for quantitative in situ 

analysis and are highly sensitive, the use of radioactive isotopes is associated with 

several challenges, such as poor spatial resolution of signal, long exposure times, 

health risks associated with handling radioactive material, and high costs of 
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radioactive material disposal. In light of these reasons, non-radioactive labelled probes 

have become increasingly popular.  

 

In order to detect mouFSnrp mRNA transcripts, and to obtain a qualitative study of 

mouFSnrp expression pattern during mouse brain development, a digoxigenin (DIG) 

labelled probe system was chosen, due to its ability to provide high resolution and 

sensitivity for detecting rare and low-expressed gene transcripts.  

 

A DIG-labelled mouFSnrp specific 88-mer antisense riboprobe was created to detect 

mouFSnrp mRNA transcripts in the in situ hybridisation experiments, and an 88-mer 

sense riboprobe was used as a negative control. It was ensured that the riboprobe 

sequence did not overlap with the AlkB gene that exists in an alternate reading frame 

in the same gene sequence.   

 

The findings described in this chapter extend previous results obtained regarding the 

mouFSnrp gene expression which had been identified in cortical cell cultures and 

NSCs derived from embryonic mouse forebrain. Using the in situ hybridisation 

procedure, I have provided a preliminary characterisation of the mouFSnrp mRNA 

expression pattern during mouse neurogenesis.  

 

The pattern of mouFSnrp expression in the mouse forebrain during embryogenesis 

indicates that the gene expression is present and is quite strong just after mid-

gestation (~E13). At this stage the cortical region predominantly comprises of the 

NSC-containing VZ. These NSCs undergo high proliferation, differentiation and 

migration during corticogenesis to form CP neurons. Nestin colocalisation with the 

mouFSnrp signal in the cortices of the E13 and E15 brain sections confirms the 

expression of the gene in cortical NSCs.  
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At the E13 embryonic age in mice, it is hard to distinguish between the specific 

cortical zones where the mouFSnrp in situ signal is seen. However, as the cortex 

develops through later gestational stages, and during early postnatal stages, it is 

evident that neuronal mouFSnrp expression is strongest in MZ and SP neurons (as 

seen by MAP2 double labelling in the E17 and P0 CP). This finding suggests that the 

gene might be expressed in the earliest born post-mitotic neurons that exit the VZ, 

which later split into the MZ and SP, as the CP develops. Further, MAP2 double 

labelling with mouFSnrp-positive cells is the superficial layers of the cortex indicates 

that mouFSnrp neuronal expression continues in later born postmitotic neurons that 

occupy positions in the superficial cortical layers.  

 

It is interesting to note that mouFSnrp expression in the cortex does not overlap with 

βIII-tubulin immunoreactivity, which is mainly present in the IZ. Furthermore, 

mouFSnrp-positive cells are seen to be double labelled with vimentin, which is a radial 

glial marker. These observations present an interesting paradigm: the mouFSnrp gene 

is expressed first in NSCs, and in radial glia, and also in cortical neurons; yet the gene 

expression is absent in neuronal restricted precursors (as is shown by absence of βIII-

tubulin double labelling with mouFSnrp in situ signal).  

 

These results provide initial insights into the cell lineage of expression that the 

mouFSnrp gene adopts during neural development. It appears that mouFSnrp is 

expressed in the VZ NSCs as the process of neuronal migration starts. During the 

differentiation of NSCs and their proliferation towards RG as neuronal precursors 

and non-RG neuronal progenitors, the mouFSnrp gene expression appears to be 

preferentially carried forward through the radial glial route followed by expression in 

the progeny of the RG, i.e. the pyramidal cortical neurons.  

 

As several lines of evidence have now shown, RG are established in having a major 

role, not just as a scaffold for radially migrating neurons from the VZ, but also being 
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neuronal progenitors themselves (Malatesta et al., 2002; Noctor et al., 2003; Ever & 

Gaiano, 2005). Further, it has also been suggested that RG may in fact represent a 

transient stage in stem cell development (Alvarez-Buylla et al., 2001). These reports 

substantiate the findings in this chapter, and suggest that the mouFSnrp expressing 

MAP2-positive cortical neurons are not derived directly from neuronal restricted 

precursors, but are, in fact, progeny of the mouFSnrp expressing parent RG.  

The increase in number of mouFSnrp-positive cells in the CP with increase in mouse 

embryonic age, and the decline of the strong VZ expression over the E13 to the P4 

stages concurs with the theory that mouFSnrp expression starts in the highly 

proliferating NSCs of the VZ. As these NSCs differentiate into RG, which eventually 

give rise to neuronal progeny of the CP, the in situ expression pattern switches form 

being predominant in the VZ, where NSCs are found, to being localised to the CP, 

where the mature RG derived neurons are positioned.  

 

Whereas mouFSnrp gene expression is seen in the cortex through the embryonic 

stages and even during early postnatal brain development, no mouFSnrp in situ signal is 

observed in the GEs as well in inhibitory GE interneurons (as shown by lack of 

calbindin colocalisation with mouFSnrp signal). 

 

It has previously been shown that GE derived interneurons do not arise from RG 

precursors. In particular, the calbindin-positive interneurons are not derived from 

RG; rather, these interneurons depend on expression of genes such as Dlx and 

Mash1, which are implicated in the differentiation and migration of tangentially 

migrating interneurons (Anderson et al., 1997; Marin & Rubenstein, 2001) but are 

absent from the radial glial lineage (Gotz & Barde, 2005). Further experiments 

investigating colocalisation of other interneuron markers such as calretinin, GABA 

and parvalbumin with mouFSnrp in situ signal would be important to confirm whether 

mouFSnrp is expressed in the GE-derived interneurons in the developing cortex. 
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However, the progression of mouFSnrp expression via the radial glial route, as 

embryonic VZ NSCs differentiate into cortical neurons, and the absence of mouFSnrp 

expression in RG-independent calbindin-positive interneurons in the GE, indicates 

that the radial glial transition might be a key step for mouFSnrp expression. Whether 

this means that the mouFSnrp gene requires radial glia to switch to its neuronal 

expression, or whether radial glia need mouFSnrp expression to promote its 

neurogenicity, aid glial scaffolding in radial migration of neurons, and induce 

astrocytic differentiation, is not yet known.  

 

Although significant data has been presented in this chapter highlighting the mouse 

cerebral cortical expression pattern of mouFSnrp, the only information available 

regarding mouFSnrp expression in the mouse cerebellum is from the in situ 

hybridisation on P2 sagittal brain sections. At this postnatal age, a distinct mouFSnrp 

positive signal was localised in the cerebellar granule layer. This is a key finding, as the 

glutaminergic cerebellar granule cells are known to migrate along radial glia or 

Bergman glia of the cerebellum (Rio et al., 1997), and mouFSnrp expression in this 

layer could indicate another example of RG-dependent expression of mouFSnrp. 

Further experiments are required to investigate cerebellar mouFSnrp expression during 

embryonic stages, as well as to study colocalisation of markers such as MAP2 and 

vimentin in order to specifically identify whether cerebellar mouFSnrp is seen in 

neurons or glia or both.  

 

In the postnatal mouse brain, when the CP formation is complete, the hippocampus 

and OB comprise the main neurogenic regions of the brain. The neuronal migration 

pattern in the hippocampus shares similarities with cortical migration. Whereas the 

neurons present in the CA region migrate radially from the hippocampal VZ 

neuroepithelium along RG, the dentate gyrus neruons adopt RG independent 

migration (Nakahira & Yuasa, 2005). As is clearly seen during postnatal stages, 

mouFSnrp expression in the hippocampus is predominant in cells of the CA region, 
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and not evident in the dentate gyrus. This pattern of mouFSnrp expression in 

hippocampal cells that adopt radial migration, and not in tangentially migrating cells, 

further supports the theory that RG expression of mouFSnrp may be critical for 

carrying on the mouFSnrp gene expression from the NSC to the neuronal progeny 

stage. 

 

In addition to the hippocampus, a key area of high postnatal neurogenic activity  is 

the SVZa and the OB. Interestingly, Liu and Rao have reported in 2003, their 

observation of an unknown chemoattractive activity in the glomerular and mitral cell 

layers of the OB in P4 rats, which is not due to any factor known so far. This 

chemoattractive activity is seen to induce migration of SVZa neurons into the OB 

(Liu & Rao, 2003). This pattern of expression of the novel diffusible chemoattractive 

factor in the glomerular and mitral cell layer of neonatal rats closely matches the 

mouFSnrp gene expression pattern seen in the mitral layer of the P0 and P2 mouse 

OB, and the appearance of mouFSnrp expression in the glomerular layer in the P4 OB. 

This similarity in expression pattern of mouFSnrp with the localisation of the area 

responsible for chemoattraction in the OB provides the first implication, albeit 

indirectly, for the possible chemoattractive activity due to the mouFSnrp gene in vivo.  

 

A schematic representation of the different cell types in which the mouFSnrp gene 

expression is carried through during embryonic and early postnatal corticogenesis is 

shown in Figure 6.31, which although extremely simplistic, summarises our current 

knowledge of mouFSnrp gene expression.  
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    EMBRYONIC STAGES                 POSTNATAL STAGES
 E13               E15               E17                     E19                 P0      P2      P4       

 
 
 
 
  
 
  
 

 

 

 

 

 

Figure 6.32: Summary of mouFSnrp gene expression in the embryonic and early 
postnatal mouse brain 
In the figure, the orange boxes represent positive mouFSnrp gene expression in the particular 
brain region or cell type, as has been confirmed so far. Within the cortex, the gene expression is 
carried through the NSCs, via the RG cells and into the neuronal progeny in the cortical layers. 
The cortical astrocytes, which also arise from RG, express the mouFSnrp gene (as shown in 
section 5.3.5). GE neuronal precursors do not show mouFSnrp expression. Like in the cortex, 
mouFSnrp expression appears to be carried the RG lineage in the developing hippocampus, from 
the hippocampal VZ cells into the radially migrating CA cells. Within the early postnatal OB, 
mouFSnrp expression is present in the mitral and glomerular layers.  
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Despite insights into the mouFSnrp gene expression pattern in the developing brain, 

the exact role of the mouFSnrp gene in neuronal migration in vivo remains to be 

understood. Although there is no direct proof yet of this gene affecting radial or 

tangential migration in vitro or in vivo, an initial indication of a possible involvement of 

this gene in tangential migration is seen from preliminary experimental results. Gorba, 

Bradoo et al. have recently reported the ability of synthetic mouFSNRP peptide 

(developed based on the amino acid sequence of mouFSnrp coding protein product), 

as well as the recombinant mouFSNRP full length protein secreted by HEK cells, to 

induce neuronal chain migration and form cell bridges between tissues in 

thalamocortical cultures (Gorba, Bradoo et al., 2006). This pattern of migration 

closely resembles neurophillic tangential migration.  

 

It is important to note that at this stage, any implications regarding the role of the 

mouFSnrp gene in vivo is purely speculative. Whether the in vitro results of Gorba, 

Bradoo et al. (Gorba, Bradoo et al., 2006), the mouFSnrp gene expression in RG and 

cortical neurons during development, or the preliminary implications of the 

chemoattractive activity in the OB being due to mouFSnrp gene expression can be 

extended to a functional role of the mouFSnrp gene in the process of migration in vivo 

is yet to be determined. mouFSnrp homozygous or heterozygous knock-out studies in 

mice (while ensuring that any AlkB gene associated function is not lost) would be 

critical towards furthering our knowledge about any significant involvement of this 

gene in neuronal migration during mouse embryonic and postnatal development. 

 

Using DIG labelling in the ISH protocol as described in this chapter provided a good 

platform to attain a qualitative understanding of how the mouFSnrp progresses during 

corticogenesis. However, using radioactive ISH would be a great tool to obtain a 

quantitative analysis of the proportion of cells in the different cortical regions that 

express mouFSnrp. This quantitative information regarding mouFSnrp expression could 

then be used to compare the effects of mouse brain growth retardation during 
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embryogenesis (by malnutritioning the preganant mouse) or growth enhancement 

(using glucocorticoid treatment) on mouFSnrp mRNA expression. 
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Chapter 7 Chapter 7 
 
GENERAL DISCUSSION AND FUTURE  

PERSPECTIVES  

 
 

The mouFSnrp gene is one of several putative members of the novel nrp gene family 

predicted across the human, rat and mouse genomes by Dr. Sieg. Artificially 

synthesised peptide fragments of the putative protein products of these genes have 

been shown via numerous in vitro assays to have tremendous regenerative effects on 

neuronal cells at extremely low concentrations (Gorba, Bradoo et al., 2006). These 

peptide fragments have specific roles in enhancing neuronal migration and survival, 

stem cell differentiation and proliferation, and neurite outgrowth. Although such 

broad-ranging properties make these synthetic peptides an attractive target for drug 

development, prior to the work described in this thesis, there had been no data 

regarding the existence of the nrp gene family or the NRP proteins in vivo.  

 

The results presented in this thesis describe the initial identification and 

characterisation of in situ expression of the novel mouFSnrp gene hypothesised in the 

mouse genome.  

 

 

7.1 THE FRAMESHIFT STRUCTURE OF THE MOUFSNRP GENE: 

IMPLICATIONS FOR OUR UNDERSTANDING OF MAMMALIAN GENOMICS 

 

Demonstration of the existence of the mouFSnrp gene on chromosome 12 in the Mus 

musculus species, and confirmation of its gene sequence, presents an example of an 

extremely unusual occurrence within the mammalian genome. The mouFSnrp 



Chapter 7                                        General discussion and future perspectives 
 

 148

Gene has a 405bp single-exon protein coding sequence, is expressed in an ORF that 

is organised as a -1bp frameshift to another predicted gene, thought to code for the 

AlkB DNA repair protein homolog in mice. In other words, the mouFSnrp gene and 

the AlkB gene share a part of their gene sequence in common, but putatively encode 

different proteins due to the alternative open reading frames (ORFs) they are 

expressed in.  

 

This phenomenon is known as programmed translational frameshifting, and has been 

described extensively in viruses and some bacteria. A report by Shigemoto et al. in 

2001 showed the first such frameshifting occurrence in a mammalian genome. In this 

study, the authors showed that the Edr gene coding for the embryonal carcinoma 

differentiation regulated (Edr) protein product in mice uses the same gene sequence 

to translate two distinct polypeptides via alternative ORFs, which are then fused 

within the cell to form a fully functional protein (Shigemoto et al., 2001). Although 

the use of translational frameshifting has been reported previously in several viruses 

and even bacteria, the utilisation of this phenomenon to express the Edr gene is the 

only other instance of translational frameshifting reported in mammals, apart from 

the putative mouFSnrp/AlkB frameshiting described in this thesis.  

 

It is important to note that at this stage, only the existence of the mouFSnrp gene has 

been confirmed by the results described in this thesis; the isolation and 

characterisation of the protein product of this gene has not yet been investigated. 

Studies of the putative mouFSnrp encoded protein, and further gene knock-down and 

knock-out experiments will provide numerous exciting opportunities in terms of 

understanding its functionality in vivo. Further, it would be interesting to obtain 

deeper insights into whether the two distinct frameshift gene products are functional 

and how they may be expressed in the same cell system, i.e. whether they are 

simultaneously or alternatively expressed. Is there a molecular control mechanism in 
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the promoter regions of the two genes? Or is some other means such as alternate 

gene silencing utilised during protein expression in frameshift genes?  

 

Frameshift occurrences in the mammalian genome are often associated with genetic 

mutations that result in non-functional products or protein products with altered (and 

usually harmful) effects in the cell system, whereas translational frameshifting 

phenomena are commonly observed in viruses and even certain bacteria to produce 

distinct functional proteins using the same gene sequence. This is thought to be a 

mechanism adopted by lower organisms in order to conserve their limited genetic 

coding space (Farabaugh, 1996).   

 

By contrast, in the mammalian genome, it is known that only about 30% of the 

genomic sequence has been characterised and shown to code for functional proteins, 

which leaves a significant part of the genome as ‘junk’ or non-characterised gene 

products. With two reports now showing the existence of frameshift genes to encode 

distinct polypetides (as is seen in the Edr gene) or even possibly two proteins which 

could have entirely different functions in the cells (as could be possible with the 

mouFSnrp and AlkB genes) in mammalian genomes, it is reasonable to ask whether 

there is an evolutionary reason for the continued existence of overlapping reading 

frames in genomes as vast as those in mammals? Is our current understanding of the 

mammalian genomic function so primitive that, in fact, even in mammals there might 

have been the necessity to adopt frameshifting of gene sequences to maximise the 

utilisation of genetic space? 

 

There are several questions that are raised by such a frameshift phenomenon that are 

not sufficiently answered by our current genomic understanding, and require in depth 

molecular studies along with understanding of genomic evolution in species to attain 

further meaningful insights.  
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7.2 MOUFSNRP IN NEURAL DEVELOPMENT 

 

The expression of the mouFSnrp gene is seen through the various stages of cortical 

development in the mouse embryonic brain, with continued postnatal expression (as 

seen through P0-P4 in situ hybridised section and via PCR results on P1 astrocytes).  

 

However, all the data that has been gathered through this thesis provides only the 

genetic evidence for the existence and expression profile for the mouFSnrp gene. Since 

a protein product of the mouFSnrp gene has not yet been isolated, the lack of any in 

vivo expression information on this protein provides the greatest limitation in 

extrapolating our current findings further to any in vivo functional effects of a 

mouFSnrp encoding protein. 

 

Nevertheless, at present, we can try to maximise our understanding of the potential 

relevance that the mouFSnrp gene expression may have in vivo by combining its gene 

expression pattern results with our existing knowledge of the biological regenerative 

effects of synthetically derived NRP peptides or SNRPs.  

 

One of the major biological functions of SNRPs is their role as extremely potent 

chemoattractants for neurons as seen via haptotactic migration assays (Gorba, 

Bradoo et al., 2006).  

 

It is known that neurons migrate from their pallial and subpallial origins to form the 

complex circuitry of excitatory and inhibitory neurons that reside in the developed 

cortex with the combined actions of numerous genetic, positional and guidance cues. 

As has been described in Chapter 2, although several molecules have been shown to 

have repulsive effects on neuronal migration or axonal guidance, the only molecule 

known to exhibit purely attractive effects on neuronal migration in vivo is stromal cell 

derived factor-1 (SDF-1).  
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However, SDF-1 (via its signalling partner CXCR4) has been shown to act as a 

chemoattractant only for tangentially migrating interneurons that have already 

reached the cortex from the GE origins. These interneurons are guided by the 

chemoattractive effect of SDF-1 to take up pial positions in the cortex (Stumm et al., 

2003). It has been suggested, however, that tangentially migrating cortical 

interneurons require another chemoattractive factor expressed within the cortex that 

acts along with repulsive molecules (such as the stratial chemorepellants, Sema-3A 

and Sema-3F) to direct the interneurons towards the neocortex (Wichterle et al., 2001; 

Marin and Rubenstein, 2001). 

 

The strong cortical mouFSnrp gene expression along with the known chemoattractive 

and ‘chain-like’ migration inducing ability of the synthetic NRP fragments, indicate 

that the mouFSnrp gene may code for a factor that acts as the ‘missing link’ in the 

chemoattraction of interneurons during their tangential or ‘chain’ migration towards 

the cortex in later stages of corticogenesis.  

 

Tabata & Nakajima, in their report of multipolar migration in 2003, proposed that the 

newly identified multipolar cells detect a directional signal at the pial surface, which 

directs them towards their final pial destinations (Tabata and Nakajima, 2003). Once 

again, the expression of the mouFSnrp gene in the pially located marginal zone (MZ) 

cells and superficial cortical plate (CP) cells suggests that a resultant gene product 

could act as a chemoattractant for multipolar cell migration in the cortex.  

 

Furthermore, it has been reported that a novel chemoattractive activity is seen in the 

glomerular and mitral cells of early postnatal olfactory bulb (OB) in rats, which 

attracts anterior subventricular zone (SVZa) cells towards the OB (Liu & Rao, 2003). 

Once again, this report appears aligned with our results showing mouFSnrp expression 

specifically present in the glomerular mitral cell layer of the early postnatal mouse 
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OB, and provides another indirect line of evidence that implies a role of the mouFSnrp 

gene in neuronal migration during brain development. 

 

In addition to their chemoattractive effects, artificially synthesised N-terminal peptide 

fragments of the protein coded by the mouFSnrp gene sequence have been 

demonstrated by Gorba, Bradoo et al. to have a significant effect on differentiation of 

NSCs and proliferation of neuronal precursors in vitro (Gorba, Bradoo et al., 2006). 

This broad spectrum of regenerative effects along with mouFSnrp expression seen in 

various stages of neuronal development in the cortex (neural stem cells  radial glia 

 neurons) suggests that the mouFSnrp gene could be involved in more than just 

neuronal migration in vivo, and may actually be a key player during the entire process 

of neurogenesis.  The expression of mouFSnrp by neural stem cells (NSCs) could have 

functional significance in helping them differentiate into radial glia (RG) and neuronal 

restricted progenitors. Once the stem cells undergo differentiation, the mouFSnrp gene 

may be involved in aiding the proliferation of RG and perhaps even the neuronal 

restricted progenitors via a paracrine action.  

 

With its expression in RG and neuronal populations in the cerebral cortex, the radial 

migration-adopting CA cells of the hippocampus, and the Bergman radial glia 

dependent cerebellar granule cells, there is a strong possibility that mouFSnrp is 

involved in the process of radial migration early on in neurogenesis and further 

differentiation of radial glia into neurons.  It has also been suggested that RG may 

have a role beyond being just neuronal progenitors and a scaffold for glia guided 

migration; these RG may also provide trophic factors which are involved in neuronal 

migration (Weissman et al., 2003). With the development of this new role of RG 

during neuroogenesis, and the expression of mouFSnrp being identified in RG, this 

mouFSnrp gene product may be an example of such a migration-inducing factor in 

developing mouse brain.  
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mouFSnrp expression in the cerebellar granule layer might also indicate that any role 

that mouFSnrp may play in inducing migration in the cerebellum could be synergistic 

with the actions of SDF-1, which has previously been established to cause cerebellar 

granule cell migration (Zou et al., 1998) 

 

Postnatally, mouFSnrp may play a part in exhibiting some of the other regenerative 

effects of SNRPs seen in vitro, such as induction of survival and neurite outgrowth. 

Astrocytic expression of this gene, as has been demonstrated via the colocalisation of 

GFAP with mouFSnrp in situ signal in the P0 mouse brain and the PCR on P1 

astrocytes, could indicate a role in providing trophic support to surrounding neurons. 

The role of the mouFSnrp gene in chemoattraction and migration induction may still 

be maintained postnatally, as is indicated by OB expression of mouFSnrp mRNA in 

mitral and glomerular cells. A mouFSnrp gene product in these layers could help SVZa 

cells arrive into the OB and then promote their differentiation into OB interneurons. 

 

The various proposed regenerative roles of mouFSnrp gene during neurogenesis in 

mice are summarised schematically in Figure 32. 

 

Other known molecules that have been shown to have different regenerative effects 

in neural development include netrin-1, GDNF, SDF-1, YP-30, CNTF, neuretin etc. 

Although the mouFSnrp gene may play a key role in neural regeneration during 

embryogenesis, it seems probable that any regenerative effect due to mouFSnrp is 

carefully orchestrated along with the other molecules indicated in various aspects of 

neuronal regeneration. Moreover, the identification of mouFSnrp expression in 

embryonic somatic tissues such as lung, liver and heart, suggests that the role of 

mouFSnrp could extend even beyond neurogenesis, and that mouFSnrp may be 

involved in broader embryonic development, either for trophic support for 

development of peripheral tissues, or in enhacing and maintaining peripheral nervous 

system innervation of these non-neural tissues. 
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    EMBRYONIC STAGES                 POSTNATAL STAGES 
 E13               E15               E17                     E19                 P0      P2      P4       

 
 
 
 
  
 
  
 

 

 

 

 

 

 
Figure 7.1: Summary of suggested roles of mouFSnrp gene during the embryonic and 
early postnatal mouse brain development 
In the figure, the orange boxes represent positive mouFSnrp in situ expression in the particular 
region or cell type, and the proposed roles of mouFSnrp gene expression at the various stages 
are shown in red. Based on the in vitro effects of synthetic NRP peptides that are known, and the 
expression pattern of the mouFSnrp gene, it is possible that the gene is involved in 
differentiation, proliferation, migration, survival promotion and induction of neurite and axonal 
outgrowth in different areas and time-points during neurogenesis. 
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7.3 LIMITATIONS OF THE WORK PRESENTED IN THIS THESIS 

 

As is the case with any scientific piece of work, there are limitations and 

shortcomings associated with the work presented in this thesis. The putative 

frameshift structure of the mouFSnrp gene can only be completely validated after the 

confirmation of the existence of the AlkB gene expression in vivo. When we started 

our search for the existence of mouFSnrp gene, our prediction of its frameshift 

organisation was based on the information about the AlkB gene obtained from the 

NCBI predicted sequence available under Accession No: XM_127049; Version: 

XM_127049.1; GI: 20909651. Since then, the confirmed mouFSnrp gene sequence was 

submitted to the NCBI database, and our data regarding the identification of this 

novel gene has been in the process of submission. However, in the absence of any 

publication reporting the existence of the mouFSnrp gene so far, and with the 

sequences of the predicted AlkB gene and our confirmed mouFSnrp gene being 

common, the NCBI database now assumes that the confirmed mouFSnrp gene is in 

fact the predicted AlkB gene, and reports a newer version of the AlkB gene under the 

NCBI Accession No. NM_001013372 XM_127049.  

 

Further work demonstrating the expression of a protein product in the correct 

reading frame for the mouFSnrp gene, as well as the gene and its respective protein 

expression for the AlkB gene in an alternate reading frame will be needed to obtain 

final confirmation that the two genes exist in a frameshift organisation and encode 

functionally distinct proteins from the same gene sequence. 

 

Furthermore, the absence of any information about the mouFSnrp gene product 

confines our functional knowledge of the gene. SNRPs, and in particular the 

synthetic form of the mouFSnrp gene product, are shown to be highly potent in their 

regenerative effects on neuronal cells (Gorba, Bradoo et al., 2006). However, these 

results can only be extended to an in vivo function after the mouFSnrp coding protein 
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has been identified, characterised and any post-translational modifications 

understood. Additionally, as has been mentioned earlier, establishing a siRNA 

mediated mouFSnrp specific gene knock-down would be essential to confirm our 

postulated functional significance of the mouFSnrp gene in neurogenesis and 

embryogenesis. Ideally, creating a transgenic mouFSnrp knock-out mouse would have 

been the most substantiative means of understanding the effects of the loss of 

function of the mouFSnrp gene. However, the overlapping gene sequence of the 

mouFSnrp and AlkB genes, due to their frameshift organisation, poses a significant 

challenge while trying to create a mouFSnrp specific knock-out mouse. 

 

Another limitation of the results presented in this thesis is that all the data so far are 

only qualitative in nature. Our comparisons on the expression of the mouFSnrp gene 

in different tissues via multiplex RT-PCR are based on the the relative band 

intensities of the mouFSnrp PCR products between samples, using the band intensity 

of the constitutively expressed β-actin gene as a standard. However, this is not 

entirely reliable, and real time PCR experiments would be vital to obtain accurate 

comparisons of relative expressions of mouFSnrp mRNA in different tissue and cell 

types.  

 

Also, as this is the first study of the mouFSnrp gene, only a limited number of neural 

and non-neural tissues were screened for the presence of the gene to obtain initial 

insights into the pattern of expression of the gene. Although the in situ hybridisation 

experiments on the embryonic brain provide a detailed overview of mouFSnrp 

expression in different brain regions, our understanding of expression in peripheral 

tissues is fairly limited. More non-neural tissues need to be further screened via RT-

PCR to make our knowledge of peripheral mouFSnrp gene expression more complete. 

A more efficient alternative would be to perform in situ hybridisation experiments on 

whole embryo sections to get comprehensive information on not just the tissue, but 

also specific cell type of mouFSnrp expression in non-neural tissues. 
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 Our knowledge of the postnatal expression of the mouFSnrp gene is restricted to the 

information that we have from in situ experiments on P0-P4 mouse brain sections, 

and RT-PCR results from P1 astrocytes. Studies monitoring the pattern of mouFSnrp 

gene expression from early postnatal stages up until the adult mouse brain would be 

important to gain further insights into potential roles of mouFSnrp in adult 

neurogenesis. 

 

 

7.4 CONCLUSIONS AND FUTURE PERSPECTIVES 

 

This work presented in this thesis confirms the existence of the novel mouse frameshift 

nrp or mouFSnrp gene on chromosome 12 in Mus musculus. The 1335bp mouFSnrp gene 

sequence that has been verified includes a 99 bp 5’ transcription region (as shown by 

RT-PCR), a 408bp CDS and a 831bp 3’ transcription region (indirect evidence from 

the RIKEN sequencing of the hypothetical protein, NCBI Accession No. 

AK049549). The 507bp sequence, including the 99bp 5’ transcription sequence and 

the 408bp CDS of mouFSnrp, is currently reported in NCBI under Accession No. 

AY753183. An interesting facet of the mouFSnrp gene is that it is organised as a -1bp 

frameshift to the NCBI-predicted AlkB gene.  Such a gene organisation structure, 

known as translational frameshifting, is extremely rare in mammalian genomes.  

 

mouFSnrp expression has been identified in neural and non-neural tissues, and its 

expression pattern has been investigated during mouse neural development. mouFSnrp 

is seen to be expressed in neural stem cells in the early developing cortex and its 

expression continues through cortical development in radial glia. These radial glia 

appear to carry forward mouFSnrp expression in their neuronal progeny. The 

mouFSnrp expression profile in the cerebral cortex, hippocampus and cerebellum 

strongly supports the theory that the transition of mouFSnrp expression via radial glia 

is a critical step in the progression of mouFSnrp during neurogenesis. Postnatally, 
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mouFSnrp expression continues in the cortex and is also present the CA region of the 

hippocampus, cerebellar granule cells, the glomerular and mitral cells of the olfactory 

bulb, and astrocytes. The mouFSnrp expression pattern during embryonic and early 

postnatal neurogenesis and the potent chemoattractive activity of the synthetic NRP 

peptides, fits in well with the numerous reports that suggest the presence of a 

previously unidentified chemoattractive factor present in the developing mouse brain. 

Additionally, when seen in the broader context of the other known regenerative 

effects of the synthetic NRP peptides, the mouFSnrp expression pattern during neural 

development suggests a possible role of this novel gene, not just in neuronal 

migration induction, but as a key developmental gene involved in mouse 

neurogenesis. 

 

The discovery and verification of the mouFSnrp gene, its unique putative frameshift 

structure, and its developmental expression pattern provide the first insights into the 

novel nrp gene family.  These results present an array of exciting opportunites for 

further work to be done on the mouFSnrp gene and its putative protein product, and 

to gain a comprehensive understanding about various related areas such as mouFSnrp 

encoded protein expression, precise gene function, mechanism of action and means 

of frameshift regulation. Also, mouFSnrp is the first and only member of the nrp gene 

family that has been characterised. There are several other predicted mouse, rat and 

human nrp gene candidates which need to be confirmed to give a better understating 

of the gene family as a whole and across different species. Moreover, as the NRPs are 

currently being explored as potential therapeutic targets for an array of neural diseases 

and injury conditions, a deeper understanding of the genetics and functional 

importance of these genes in embryonic and adult neurogenesis will help towards 

optimal development of their gene products as neural regenerative drugs. 
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APPENDIX A 

 

 

1. TISSUE CULTURE MATERIALS 
 

3-Nitropropanoic Acid RayLab
75 cm2 flasks, Greiner filter top Sigma
DMEM Invitrogen
B27 Supplement Invitrogen
FBS Invitrogen
Hydrogen Peroxide BDH Laboratories
Laminin Invitrogen
MEM Invitrogen
Neuro2A cells ATCC
Neurobasal Invitrogen
NUNC 6-well plates Invitrogen
Pen/Strep Invitrogen
Poly-L-Lysine Sigma
Sodium Pyruvate Gibco
Trypsin/EDTA Invitrogen
Tryptan Blue Invitrogen

 

 

2. CELLULAR AND MOLECULAR BIOLOGY MATERIALS 
 
123bp Ladder Invitrogen
5x 1st Strand buffer Invitrogen
Agarose Biorad
BSA (Albumax) Invitrogen
DEPC Sigma
DIG Northern Starter Kit Roche
DNase I and Incubation Buffer Invitrogen
DTT Invitrogen
EDTA Gibco
ElectroZap Ambion Co.
Ethidium Bromide Invitrogen
Ficoll 400 Sigma
Flourochrome Mounting medium MD Biomedicals
Formaldehyde (Formalin) Sigma
Formamide Sigma
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Heparin Sigma
Herring Sperm DNA kindly donated by Dr. Thorsten Gorba 
High Pure RNA Isolation Kit Roche
HotMaster™ Taq DNA Polymerase 
and Buffer 

Eppendorf

Hotstart Ampitaq Gold and PCR 
buffer 

Roche

High Pure RNA Isolation Kit Roche 
Maleic Acid Sigma 
MOLBIO Gel Extraction Kit MOLBIO
MOPS Sigma
NBT/BCIP Roche
Normal Goat Serum Invitrogen
Nucleotide Mix Roche
Nylon membranes, positively charged Roche
Oligo dT (12-18) Roche
PFA Scharlau
Platinum Pfx Polymerase and PCR 
buffer 

Invitrogen

Poly-L-Lysine coated slides Biolab
Polyvinylpyrrolidone Sigma
Proteinase K Roche
RNase A kindly donated by Dr. Markus Winter 
RNase OUT Invitrogen
Roche Blocking reagent Roche
Sheep serum Sigma 
Superscript II Reverse Transcriptase Invitrogen
Taq Polymerase and PCR Buffer Invitrogen
Tissuetek OCT Sakura
Triton X BDH Laboratories
Tween 20 Biorad
Yeast tRNA Life Technologies
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3. PRIMERS AND OLIGOS 
 
All primers and oligos were ordered from Invitrogen 

mouFSnrp Forward 1 Primer (F1) 5’ CCTGGAGTCCCTCGAGAT   3’ 
mouFSnrp Forward 2 Primer (F2) 5’ AACGGAATGAATCGAAACCC  3’
mouFSnrp Forward 3 Primer (F3) 5’ CGGTCCAAAGGAATTTTTCTG 3’
mouFSnrp Reverse 1 Primer (R1) 5’ CTAGGCTGGCACACACTACT 3’
mouFSnrp Reverse 2 Primer (R2) 5’ CGCTCGACATTACAGCTCA 3’ 
β-actin Forward Primer 5' GAAAGGGTGTAAAACGCAGC 3'
β-actin Reverse Primer 5' GGTACCACCATGTACCCAGG 3'
moufsnrp88S 5’ AATTCGGAATGAATCGAAACCCTGG  

   AGTCGTGACCCCGGAAGAACCTGCC 
   AGAGCCGGAATTTCGAGTTCTGCTT 
   CCGGGCCAAACTG  3’ 

moufsnrp88AS 5’ GATCCAGTTTGGCCCGGAAGCAGA
   ACTCGAAATTCCGGCTCTGGCAGGT   
   CTTCCGGGGTCACGACTCCAGGGTT 
   TCGATTCATTCCG  3’ 

 

 

4. ANTIBODIES 
 
Anti-Digoxigenin-AP, Fab fragments Roche
Biotinylated Anti-rabbit IgG Vector
ExtrAvidin FITC Sigma
Cy3 red labelled goat-anti-mouse IgG Amersham Biosciences
Mouse anti-βIII-tubulin                Sigma
Mouse anti-GFAP Life Sciences
Mouse anti-nestin Chemicon
Mouse anti-vimentin  Abcam
Rabbit anti-calbindin Kindly donated by Dr. Frank Sieg 
Rabbit anti-MAP2 Life Sciences
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5. BUFFERS AND SOLUTIONS  
 
100x Dernhardt's Solution 10g Ficoll 400

10g Polyvinylpyrrolidone 
10g BSA 
milliQ H2O to 500mL 
 

10x DNA Loading Buffer Kindly donated by Dr. Keith Marvin 
 

IHC Blocking Solution 1x TBS 
1% BSA 
2% Normal goat serum 
0.1% Triton X 
 

In situ Blocking Solution 10% Roche blocking reagent 
2% Sheep serum  
In in situ Incubation Buffer  
 

In situ Detection Buffer 100 mM Tris-HCl (pH 9.5) 
100 mM NaCl 
50 mM MgCl2 
  

In situ High Salt Wash Buffer 50% Formamide
0.1% Tween  
2x SSC (pH 7.5) 
 

In situ Hybridisation buffer 6ml Formamide
3ml 20x SSC 
120ml 100x Denhardt’s solution 
12µl Tween 20 
6ml 100ng/ml Heparin 
10ml 100mg/ml Yeast tRNA 
10ml 10mg/ml Herring sperm DNA 
DEPC H2O to 12ml 
 

In situ Incubation Buffer 100mM Tris-HCl (pH 7.6) 
150 mM NaCl 
 

In situ Low Salt Wash Buffer 0.2x SSC 
50% Formamide 
0.1% Tween 20 
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10x MOPS Buffer 0.4M MOPS (pH 7.0)
0.1M Sodium acetate 
0.01M EDTA 
 

0.1M Phosphate Buffer 3.74g NaH2PO4. H20
10.35g Na2HPO4, anhydrous 
DEPC H2O to 1L 
 

1x PBS GibcoBRL
 

PBST 1x PBS 
0.1% Tween 20 
 

RNA Loading Buffer 18µl Formamide
32µl Formaldehyde 
2µl 50% Glycerol 
2µl MOPS 
1µl 10mg/ml Ethidium Bromide 
 

RNA gel Running Buffer 40ml 10x MOPS Buffer
20ml Formaldehyde 
DEPC H2O to 400ml 
 

Spot Assay Blocking Solution 10% Roche blocking reagent 
In Spot Assay Maleic Acid Buffer  
 

Spot Assay RNA Dilution Buffer 300μl 20x SSC
200μl Formaldehyde 
DEPC H2O to 1ml 
 

Spot Assay Washing Buffer 
 

0.1M Maleic acid
0.15M NaCl 
0.3% Tween 20 
(adjust pH to 7.5) 
 

Spot Assay Maleic acid Buffer 
 

0.1M Maleic acid
0.15 M NaCl 
(adjust pH to 7.5) 
 

Spot Assay Detection Buffer 
 

0.1M Tris-HCl (pH 9.5)
0.1M NaCl 
 

20x SSC (pH 7.5) Sigma
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50x TAE 242g Tris base 
57.1ml Acetic acid  
100ml 0.5M EDTA  
milliQ H2O to 1L 
(adjust pH to 8.5) 
 

10x TBS 0.5M Tris-HCl (pH 7.6)
1.5M NaCl 
 

TBST 1x TBS 
0.1% Tween 20 
  

TE Buffer 10mM Tris-HCl (pH 7.6)
1mM EDTA 
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APPENDIX B 

 

THE ALKB GENE SEQUENCE USED DURING MOUFSNRP GENE PREDICTION 

 

LOCUS       XM_127049                
1098 bp    mRNA    linear   ROD 26-DEC-2005 
DEFINITION  PREDICTED: Mus musculus alkB, alkylation repair homolog (E. 
coli)(Alkbh), mRNA. 
ACCESSION   XM_127049 
VERSION     XM_127049.6  GI:63635157 
KEYWORDS    . 
SOURCE      Mus musculus (house mouse) 
ORGANISM    Mus musculus 

Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; 
Euteleostomi; Mammalia; Eutheria; Euarchontoglires; Glires; 
Rodentia;Sciurognathi; Muroidea; Muridae; Murinae; Mus. 

COMMENT     MODEL REFSEQ:  This record is predicted by automated 
computational analysis. This record is derived from an 
annotated genomic sequence (NT_039551) using gene 
prediction method: GNOMON, supported by EST 

            evidence. 
            Also see: 
                Documentation of NCBI's Annotation Process 
             
            On May 12, 2005 this sequence version replaced gi:38050497. 
FEATURES             Location/Qualifiers 
     source          1..1098 
                     /organism="Mus musculus" 
                     /mol_type="mRNA" 
                     /strain="C57BL/6J" 
                     /db_xref="taxon:10090" 
                     /chromosome="12" 
     gene            1..1098 
                     /gene="Alkbh" 
                     /note="Derived by automated computational analysis 
        using gene prediction method: GNOMON. Supporting     
                     evidence includes similarity to: 2 ESTs" 
                     /db_xref="GeneID:211064" 
                     /db_xref="MGI:2384034" 
     CDS             1..1098 
                     /gene="Alkbh" 
                     /codon_start=1 
                     /product="alkB, alkylation repair homolog" 
                     /protein_id="XP_127049.4" 
                     /db_xref="GI:63635158" 
                     /db_xref="GeneID:211064" 
                     /db_xref="MGI:2384034" 
                      
 

http://www.ncbi.nlm.nih.gov/�
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=10090�
http://www.ncbi.nlm.nih.gov/RefSeq/�
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?view=graph&val=NT_039551�
http://www.ncbi.nlm.nih.gov/genome/guide/build.html�
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=38050497�
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=10090�
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=63635157&from=1&to=1098&view=gbwithparts�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=211064�
http://www.informatics.jax.org/searches/accession_report.cgi?id=MGI:2384034�
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=63635157&from=1&to=1098&view=gbwithparts�
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=XP_127049.4�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=211064�
http://www.informatics.jax.org/searches/accession_report.cgi?id=MGI:2384034�
http://www.ncbi.nlm.nih.gov/�
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/translation= 
"MNRNPGVVTPEEPARAGISSSASGPNCWQPRDGEDGGCCGFISHAGCRAQRGCFPEA 
FPLLPAEPAGDSGPGSRHRLLRGALGSEPEARRAPGFIFIPNPFLPGCQRHWVKQCLK 
LYSQKPNVCNLDKHMTKEETQGLWEQSKEVLRSKEVTKRRPRSLLERLRWVTLGYHYN 
WDSKQVATACGFQGFQAEAGILNYYRLDSTLGIHVDRSELDHSKPLLSFSFGQSAIFL 
LGGLKRDEAPTAMFMHSGDIMVMSGFSRLLNHAVPRVLPHPDGECLPHCLETPLPAVL 
PSNSLVEPCSVEDWQVCATYLRTARVNMTVRQVLATGQDFPLEPVEETKRDIAADGLC 
HLHDPNSPVKRKRLNPNS" 
 
ORIGIN       
1    atgaatcgaa accctggagt cgtgaccccg gaagaacctg ccagagccgg aatttcgagt 
61   tctgcttccg ggccaaactg ttggcagcct cgagatgggg aagatggcgg ctgctgtggc 
121  ttcattagcc acgctggctg cagagcccag agaggatgct ttccggaagc ttttccgctt 
181  ctaccggcag agccggccgg ggacagcgga cctgggagcc gtcatcgact tctcagaggc 
241  gcacttggct cggagcccga agcccggcgt gccccaggat ttattttcat tccaaacccc 
301  ttcctcccgg gatgccagag gcactgggta aaacagtgcc ttaagttgta ctcccagaaa 
361  cctaatgtgt gtaacctgga caagcacatg actaaagaag agacccaagg actgtgggaa 
421  cagagcaaag aggtcctaag gtctaaagaa gtgactaagc gaagaccccg aagtttacta 
481  gagagactgc gttgggtcac cctgggctac cattataact gggacagtaa gcaagtcgcc 
541  actgcctgtg gatttcaggg tttccaagca gaagcaggga tcctgaatta ctatcgccta 
601  gactccacac tgggaatcca cgtggacaga tctgagctag atcactccaa acccttgctg 
661  tccttcagct ttggacagtc tgccatcttt ctcctgggtg gcctcaagag agatgaagcc 
721  cccaccgcca tgtttatgca cagtggtgac atcatggtaa tgtcgggttt cagccgcctg 
781  ttaaatcatg cggtccctcg agtccttcca catcctgatg gggagtgcct gcctcactgc 
841  ctggagacac ctctcccagc tgtcctccct agcaactcat tggttgagcc ctgttctgtg 
901  gaggactggc aggtgtgtgc cacctacctg agaactgctc gagttaatat gactgtgcgt 
961  caggtactgg ccacaggcca ggactttcct ttagaacccg tggaagagac aaaaagagac 
1021 attgctgcag atggtttgtg ccatctgcat gacccgaata gcccagtaaa acgaaaaagg 
1081 ttaaatccta acagctaa 
// 
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APPENDIX C 

 
 
CLUSTALW ALIGNMENT OF MOUFSNRP F2R2 SEQUENCING RESULT WITH 

MUS MUSCULUS CHROMOSOME 12 GENOMIC CONTIG ACCESSION NO. 
NT_039551; GI: 63636009 
 

CLUSTALW Parameters: 

 
Version 3.2  

CLUSTALW  
Multiple Sequence Alignment 

Selected Sequence(s) 
•  Mus musculus Xs12 genomic contig Version: NT_039551.4_ GI:63636009  
•  1-08-03 Sequencing result  

 

Submit Show  Last Run Abort Set Default Help Report Bugs
 

Run as batch

Output order: Aligned (the order of sequences in the alignment output) 

Guide tree display: Text only (rooted tree is inferred from unrooted 
tree) 

 
PAIRWISE ALIGNMENT PARAMETERS  

Alignment method: Fast (Clustal V)  

Accurate method parameters 

Weight matrix: IUB / BESTFIT  
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Gap open penalty: 15.00 (0.0 - 100.0) 

Gap extension penalty: 6.66 (0.0 - 10.0) 

Fast method parameters 

K-tuple Size: 2  

Gap penalty: 5 (1 – 500) 

Top diagonals: 4 (1 - 50) 

Window size: 4 (1 - 50)  

 
MULTIPLE ALIGNMENT PARAMETERS 6 

DNA transitions weight: 0.5 (0.0 - 1.0) 

Weight matrix: IUB / BESTFIT  

Use negative matrix: No  

Gap open penalty: 15.00 (0.0 - 100.0) 

Gap extension penalty: 6.66 (0.0 - 10.0) 

Delay divergent sequences: 30 (0 - 100) 
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Version 3.2

CLUSTALW 
Multiple Sequence Alignment

Selected Sequence(s)

1-08-03 Sequencing result

ref_NT_039551.4_Mm12_39591_34 Mus musculus chromosome 12 genomic contig, strain C57BL/6J

Import Alignment(s) Return Help Report Bugs

Fasta label (*) Workbench label

1-08-03_Seq_results_rev_comp 1-08-03 Sequencing result

ref_NT_039551.4_Mm12_39591_34_Mus_musculus_chromosome_12_genomic_contig,_strain_C57BL/6J
ref_NT_039551.4_Mm12_39591_34 Mus musculus 

chromosome 12 genomic contig, strain C57BL/6J

(*) Clustalw cuts off Fasta labels after the first space (e.g. ">abc def" becomes ">abc").

Sequence alignment

Consensus key (see documentation for details)

* - single, fully conserved residue

  - no consensus

CLUSTAL W (1.81) multiple sequence alignment
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ref_NT_039551.4_Mm12_39591_3      TAGACTAAGGTTCTTTACAGAGAAGTTATGTTTTGCGAGTTTGTACATAG

1-08-03_Seq_results_rev_comp      --------------------------------------------------

ref_NT_039551.4_Mm12_39591_3      GTTTTACGCGTTACTTAAAATAAAACATAAAGACTGCGCCCTTCCTCATC

1-08-03_Seq_results_rev_comp      --------------------------------------------------

ref_NT_039551.4_Mm12_39591_3      TCCATCACTCACTCGCTGCCGCGGTCCAAGGAATTTTTCTGACAAACGCA

1-08-03_Seq_results_rev_comp      --------------------------------------------------

ref_NT_039551.4_Mm12_39591_3      ATAGGCCGACCAGTACTGGAACGCAGTGCGCTTAGCCCCTTTATGGCGGA

1-08-03_Seq_results_rev_comp      -----------------------------------------------NAA

                                                                                   *

ref_NT_039551.4_Mm12_39591_3      GGCTGCCATGTTAAAACGGAATGAATCGAAACCCTGGAGTCGTGACCCCG

1-08-03_Seq_results_rev_comp      GNNTNNNTNNTTTTAACGGAATGAATCGAAACCCTGGATTCGTGACCCCG

                                  *  *      **  ************************ ***********

ref_NT_039551.4_Mm12_39591_3      GAAGAACCTGCCAGAGCCGGAATTTCGAGTTCTGCTTCCGGGCCAAACTG

1-08-03_Seq_results_rev_comp      GAAGAACCTNCCAGAGCCGGAATTTNGAGTTNTGCTTCCGGGCCAAACTG

                                  ********* *************** ***** ******************

ref_NT_039551.4_Mm12_39591_3      TTGGCAGCCTCGAGATGGGGAAGATGGCGGCTGCTGTGGCTTCATTAGCC

1-08-03_Seq_results_rev_comp      TTGGCAGCCTCGAGATGGGGAAGATGGCGGCTGCTGTGGCTTCATTAGCC

                                  **************************************************

ref_NT_039551.4_Mm12_39591_3      ACGCTGGCTGCAGAGCCCAGAGAGGATGCTTTCCGGAAGCTTTTCCGCTT

1-08-03_Seq_results_rev_comp      ACGCTGGCTGCAGAGCCCAGAGAGGATGCTTTCCGGAAGCTTTTCCGCTT

                                  **************************************************

ref_NT_039551.4_Mm12_39591_3      CTACCGGCAGAGCCGGCCGGGGACAGCGGACCTGGGAGCCGTCATCGACT

1-08-03_Seq_results_rev_comp      CTACCGGCAGAGCCGGCCGGGGACAGCGGACCTGGGAGCCGTCATCGACT

                                  **************************************************

ref_NT_039551.4_Mm12_39591_3      TCTCAGAGGCGCACTTGGCTCGGAGCCCGAAGCCCGGCGTGCCCCAGGTA

1-08-03_Seq_results_rev_comp      TCTCAGAGGCGCACTTGGCTCGGAGCCCGAAGCCCGGCGTGCCCCAGGTA

                                  **************************************************

ref_NT_039551.4_Mm12_39591_3      GGAAAGGAGGAGTAGTGTGTGCCAGCCTAGCGGCCGACTGGGCCACCCGA

1-08-03_Seq_results_rev_comp      GGAAAGGAGGAGTAGTGTGTGCCAGCCTAGCGGCCGACTGGGCCACCCGA

                                  **************************************************

ref_NT_039551.4_Mm12_39591_3      GAC-TGGGCCGCCTCCGGGCCGGCTTTGGAGGGAAGCCCCTGCTGGGCCT

1-08-03_Seq_results_rev_comp      GANCTGGGCCGCCTCCGGGCCGGCTTTGGAGGGAAGCCCCTGC--GGCT-

                                  **  ***************************************  ***  

ref_NT_039551.4_Mm12_39591_3      GTCCAGTGAGCTGTAATGTCGAGCGATGAGCGACCAGCTGCCTCGCTGTC

1-08-03_Seq_results_rev_comp      --------------------------------------------------

ref_NT_039551.4_Mm12_39591_3      CCAACGCTCTGGCCACGGCTTGTGCCTTGCCGCCATTTCCCCCAACCCAC
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1-08-03_Seq_results_rev_comp      --------------------------------------------------

ref_NT_039551.4_Mm12_39591_3      GCGGGCCACGGCTTGTGCCCTGCCGCCATTTCCCCCAACCCACGCGACCT

1-08-03_Seq_results_rev_comp      --------------------------------------------------

ref_NT_039551.4_Mm12_39591_3      TGCTAAAAAAAAAAAAAGAAAGAAAAGAAAAGAAAGAAAGAAAGAAAAAA

1-08-03_Seq_results_rev_comp      --------------------------------------------------

ref_NT_039551.4_Mm12_39591_3      ATCTGGAAATTGCTTGTACCTCCTTAACTATCTGTTTAATACTAATACGA

1-08-03_Seq_results_rev_comp      --------------------------------------------------

ref_NT_039551.4_Mm12_39591_3      TATTTTGTGTAAAGCTCAGAAGAACATCTTCGTGGACGTTAGGGTGGCCT

1-08-03_Seq_results_rev_comp      --------------------------------------------------

ref_NT_039551.4_Mm12_39591_3      CATAACTTCAGATAAAAGCAGCCATTTAATAAGTCTCAAACCGTTAATCC

1-08-03_Seq_results_rev_comp      --------------------------------------------------

ref_NT_039551.4_Mm12_39591_3      GTTGGGCCTGAGACTCGATCGACCCTGTCTTCTCTGAGGCTTTGAAAGTA

1-08-03_Seq_results_rev_comp      --------------------------------------------------

ref_NT_039551.4_Mm12_39591_3      AAGGTAAAATTAGCAGGTTTTTTTCCTGAGAATCTAGGAGCCTGGAGAGA

1-08-03_Seq_results_rev_comp      --------------------------------------------------

ref_NT_039551.4_Mm12_39591_3      TAGCTCAGTAATTAAGAGCATTTACCTACTGGTGTTCCCAAGAACACCAA

1-08-03_Seq_results_rev_comp      --------------------------------------------------

ref_NT_039551.4_Mm12_39591_3      GTAGATTTGGTTCCTTGCAGCCACGTGGCAGCTCACAGCCTTCTTGTAAC

1-08-03_Seq_results_rev_comp      --------------------------------------------------

ref_NT_039551.4_Mm12_39591_3      T

1-08-03_Seq_results_rev_comp      -

Clustal W dendrogram
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Phylip-format dendrogram

(ref_NT_039551.4_Mm12_39591_3:0.02500,1-08-03_Seq_results_rev_comp:0.02500);

Clustal W options and diagnostic messages

Alignment type: Nucleic                 Alignment order: aligned                

                    Pairwise alignment parameters

Method: accurate                        

Matrix: IUB                             

Gap open penalty: 15.00                 Gap extension penalty: 6.66             

                    Multiple alignment parameters

Matrix: IUB                             Negative matrix?: no                    

Gap open penalty: 15.00                 Gap extension penalty: 6.66             

% identity for delay: 30                DNA transitions weighting: 0.5          

 CLUSTAL W (1.81) Multiple Sequence Alignments

Sequence type explicitly set to DNA

Sequence format is Pearson

Sequence 1: ref_NT_039551.4_Mm12_39591_3     1150 bp

Sequence 2: 1-08-03_Seq_results_rev_comp      400 bp

Start of Pairwise alignments

Aligning...

Sequences (1:2) Aligned. Score:  95

Time for pairwise alignment: 0.033253

Guide tree        file created:   [../tmp-dir/29904.CLUSTALW.dnd]

Start of Multiple Alignment

There are 1 groups

Aligning...

Group 1: Sequences:   2      Score:7406

Time for multiple alignment: 0.151107

Alignment Score 2864

CLUSTAL-Alignment file created  [../tmp-dir/29904.CLUSTALW.aln]
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Import Alignment(s) Return Help Report Bugs

Citation

Algorithm Citation:

Higgins, D.G., Bleasby, A.J. and Fuchs, R. (1992) CLUSTAL V: improved software for multiple sequence alignment. Computer Applications in the Biosciences

(CABIOS), 8(2):189-191.

Thompson J.D., Higgins D.G., Gibson T.J. "CLUSTAL W: improving the sensitivity of progressive multiple sequence alignment through sequence weighting,

position-specific gap penalties and weight matrix choice." Nucleic Acids Res. 22:4673-4680(1994).

Felsenstein, J. 1989. PHYLIP -- Phylogeny Inference Package (Version 3.2). Cladistics 5: 164-166.

Program Citation:

CLUSTAL W: Julie D. Thompson, Desmond G. Higgins and Toby J. Gibson, modified; any errors are due to the modifications.

PHYLIP: Felsenstein, J. 1993. PHYLIP (Phylogeny Inference Package) version 3.5c. Distributed by the author. Department of Genetics, University of

Washington, Seattle.

Copyright (C) 1999, Board of Trustees of the University of Illinois.
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APPENDIX D 

 
 
CLUSTALW ALIGNMENT OF THE RIKEN HYPOTHETICAL PROTEIN 

CODING GENE SEQUENCE (NCBI ACCESSION NO. AK049549) WITH THE 

MOUFSNRP GENE SEQUENCE (NCBI ACCESSION NO. AY753183) 
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Version 3.2

CLUSTALW 
Multiple Sequence Alignment

Selected Sequence(s)

Mus musculus Nrp mRNA cds GI:53774148 ACCESSION AY753183

RIKEN hypothetical protein Version: AK049549.1 GI:26340283

Import Alignment(s) Return Help Report Bugs

Fasta label (*) Workbench label

BWB18447 Mus musculus Nrp mRNA cds GI:53774148 ACCESSION AY753183

BWB25004 RIKEN hypothetical protein Version: AK049549.1 GI:26340283

(*) Clustalw cuts off Fasta labels after the first space (e.g. ">abc def" becomes ">abc").

Sequence alignment

Consensus key (see documentation for details)

* - single, fully conserved residue

  - no consensus

CLUSTAL W (1.81) multiple sequence alignment

BWB25004      ------------------------------------------------------------
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BWB18447      CGGTCCAAGGAATTTTTCTGACAAACGCAATAGGCCGACCAGTACTGGAACGCAGTGCGC

BWB25004      ------------------------------------------------------------

BWB18447      TTAGCCCCTTTATGGCGGAGGCTGCCATGTTAAAACGGAATGAATCGAAACCCTGGAGTC

BWB25004      ---------------------------------------------------------GGT

BWB18447      GTGACCCCGGAAGAACCTGCCAGAGCCGGAATTTCGAGTTCTGCTTCCGGGCCAAACTGT

                                                                        **

BWB25004      TGGCAGCCTCGAGATGGGGAAGATGGCGGCTGCTGTGGCTTCATTAGCCACGCTGGCTGC

BWB18447      TGGCAGCCTCGAGATGGGGAAGATGGCGGCTGCTGTGGCTTCATTAGCCACGCTGGCTGC

              ************************************************************

BWB25004      AGAGCCCAGAGAGGATGCTTTCCGGAAGCTTTTCCGCTTCTACCGGCAGAGCCGGCCGGG

BWB18447      AGAGCCCAGAGAGGATGCTTTCCGGAAGCTTTTCCGCTTCTACCGGCAGAGCCGGCCGGG

              ************************************************************

BWB25004      GACAGCGGACCTGGGAGCCGTCATCGACTTCTCAGAGGCGCACTTGGCTCGGAGCCCGAA

BWB18447      GACAGCGGACCTGGGAGCCGTCATCGACTTCTCAGAGGCGCACTTGGCTCGGAGCCCGAA

              ************************************************************

BWB25004      GCCCGGCGTGCCCCAGGTAGGAAAGGAGGAGTAGTGTGTGCCAGCCTAGCGGCCGACTGG

BWB18447      GCCCGGCGTGCCCCAGGTAGGAAAGGAGGAGTAGTGTGTGCCAGCCTAGCGGCCGACTGG

              ************************************************************

BWB25004      GCCACCCGAGACTGGGCCGCCTCCGGGCCGGCTTTGGAGGGAAGCCCCTGCTGGGCCTGT

BWB18447      GCCACCCGAGACTGGGCCGCCTCCGGGCCGGCTTTGGAGGGAAGCCCCTGCTGGGCCTGT

              ************************************************************

BWB25004      CCAGTGAGCTGTAATGTCGAGCGATGAGCGACCAGCTGCCTCGCTGTCCCAACGCTCTGG

BWB18447      CCAGTGAGCTGTAATGTCGAGCGATGA---------------------------------

              ***************************                                 

BWB25004      CCACGGCTTGTGCCTTGCCGCCATTTCCCCCAACCCACGCGGGCCACGGCTTGTGCCCTG

BWB18447      ------------------------------------------------------------

BWB25004      CCGCCATTTCCCCCAACCCACGCGACCTTGCTAAAAAAAAAAAAAGAAAGAAAAGAAAAG

BWB18447      ------------------------------------------------------------

BWB25004      AAAGAAAGAAAGAAAAAAATCTGGAAATTGCTTGTACCTCCTTAACTATCTGTTTAATAC

BWB18447      ------------------------------------------------------------

BWB25004      TAATACGATATTTTGTGTAAAGCTCAGAAGAACATCTTCGTGGACGTTAGGGTGGCCTCA

BWB18447      ------------------------------------------------------------

BWB25004      TAACTTCAGATAAAAGCAGCCATTTAATAAGTCTCAAACCGTTAATCCGTTGGGCCTGAG

BWB18447      ------------------------------------------------------------
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BWB25004      ACTCGATCGACCCTGTCTTCTCTGAGGCTTTGAAAGTAAAGGTAAAATTAGCAGGTTTTT

BWB18447      ------------------------------------------------------------

BWB25004      TTCCTGAGAATCTAGGAGCCTGGAGAGATAGCTCAGTAATTAAGAGCATTTACCTACTGG

BWB18447      ------------------------------------------------------------

BWB25004      TGTTCCCAAGAACACCAAGTAGATTTGGTTCCTTGCAGCCACGTGGCAGCTCACAGCCTT

BWB18447      ------------------------------------------------------------

BWB25004      CTTGTAACTCTTCCGGAGGATCAGACACCCTCTCTTGAGCTCCACAGGAGAGCACTCGTA

BWB18447      ------------------------------------------------------------

BWB25004      GACATGTAAATAAACTTCTAAGCTAAATCTAAACAATTTATGTACCCTCCCTATTTCTTC

BWB18447      ------------------------------------------------------------

BWB25004      GTGATGAGAAGAAAGGGGCCAGAGGGTATGTTTATGTATGGTTTTTCAAGACAGGGTTTC

BWB18447      ------------------------------------------------------------

BWB25004      TGTGTATCCTTGCCTTTTCTGAAGCTCACTCTGTAGACCAAGATGGCCTCAGACTCACAG

BWB18447      ------------------------------------------------------------

BWB25004      AGATCCTCCTTGCCTCTGCCTCCTGAGGGCTGGGATAAAGGTGTGCACCACCACTGCCTG

BWB18447      ------------------------------------------------------------

BWB25004      GCCATAGTCATATTT

BWB18447      ---------------

Clustal W dendrogram

Phylip-format dendrogram

(BWB25004:0.17554,BWB18447:0.17554);



Biology WorkBench 3.2 - CLUSTALW http://seqtool.sdsc.edu/CGI/BW.cgi#!

4 of 5 21/02/2008 1:19 a.m.

Clustal W options and diagnostic messages

Alignment type: Nucleic                 Alignment order: aligned                

                    Pairwise alignment parameters

Method: accurate                        

Matrix: IUB                             

Gap open penalty: 15.00                 Gap extension penalty: 6.66             

                    Multiple alignment parameters

Matrix: IUB                             Negative matrix?: no                    

Gap open penalty: 15.00                 Gap extension penalty: 6.66             

% identity for delay: 30                DNA transitions weighting: 0.5          

 CLUSTAL W (1.81) Multiple Sequence Alignments

Sequence type explicitly set to DNA

Sequence format is Pearson

Sequence 1: BWB25004     1158 bp

Sequence 2: BWB18447      507 bp

Start of Pairwise alignments

Aligning...

Sequences (1:2) Aligned. Score:  64

Time for pairwise alignment: 0.035436

Guide tree        file created:   [../tmp-dir/780.CLUSTALW.dnd]

Start of Multiple Alignment

There are 1 groups

Aligning...

Group 1: Sequences:   2      Score:6251

Time for multiple alignment: 0.190460

Alignment Score 2520

CLUSTAL-Alignment file created  [../tmp-dir/780.CLUSTALW.aln]

Import Alignment(s) Return Help Report Bugs

Citation
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Program Citation:
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Washington, Seattle.
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APPENDIX E 

 
 
COMPARISON OF MAJOR PROBES TYPES AND LABELLING METHODS USED 

FOR IN SITU HYBRIDISATION 
 

 
Probe type Advantages Disadvantages 

dsDNA Easy to use  
Subcloning unnecessary 
Choice of labelling methods 
High specific activity 
Possibility of signal amplification 
(networking) 

Reannealing during hybridization 
(decreased probe availability)  
Probe denaturation required, 
increasing probe length and 
decreasing tissue penetration 
Hybrids less stable than RNA 
probes 

ssDNA No probe denaturation needed  
No reannealing during hybridization 
(single strand) 

Technically complex  
Subcloning required 
Hybrids less stable than RNA 
probes 

sscRNA 
(Riboprobes) 

Stable hybrids (RNA-RNA)  
High specific activity (i.e. high 
sensitivity) 
No probe denaturation needed 
No reannealing 
Unhybridized probe enzymatically 
destroyed, sparing hybrid 

Subcloning needed  
Less tissue penetration 

Oligonucleotide No cloning or molecular biology 
expertise required  
Stable 
Good tissue penetration (small size) 
Constructed according to recipe 
from amino acid data 
No self-hybridization 

Limited labelling methods  
Lower specific activity, so less 
sensitive 
Dependent on published sequences 
Less stable hybrids 
Access to DNA synthesizer needed 

 
Table 3: Advantages and Disadvantages of Probes used for ISH  
(adapted from Feldman et al., 1997) 
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Label Resolution Sensitivity Exposure 
(Days) 

Stability (weeks) 

32P + ++ 7 0.5 

35S ++ +++ 10 6 

3H +++ +++ 14 >30 

Biotin +++ ++ 0.16 >52 

Digoxigenin +++ +++ 0.16 >52 

 
Table 4: Merits of Radiolabelled and Non-Radiolabelled Probes   
(adapted from Hofler, 1990) 
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Neurogenesis and neuronal migration are the prerequisites for the development of the
central nervous system. We have identified a novel rodent gene encoding for a neural
regeneration protein (NRP) with an activity spectrum similar to the chemokine stromal-
derived factor (SDF)-1, but withmuch greater potency. The Nrp gene is encoded as a forward
frameshift to the hypothetical alkylated DNA repair protein AlkB. The predicted protein
sequence of NRP contains domains with homology to survival-promoting peptide (SPP) and
the trefoil protein TFF-1. The Nrp gene is first expressed in neural stem cells and expression
continues in glial lineages. Recombinant NRP and NRP-derived peptides possess biological
activities including induction of neural migration and proliferation, promotion of neuronal
survival, enhancement of neurite outgrowth and promotion of neuronal differentiation
from neural stem cells. NRP exerts its effect on neuronal survival by phosphorylation of the
ERK1/2 and Akt kinases, whereas NRP stimulation of neural migration depends solely on
p44/42 MAP kinase activity. Taken together, the expression profile ofNrp, the existence in its
predicted protein structure of domains with similarities to known neuroprotective and
migration-inducing factors and the high potency of NRP-derived synthetic peptides acting
in femtomolar concentrations suggest it to be a novel gene of relevance in cellular and
developmental neurobiology.

© 2006 Elsevier Inc. All rights reserved.
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Introduction

The development of the architecture of the mammalian CNS
involves proliferation of neuronal precursor cells and their
targeted migration to their final destinations in the CNS
followed by differentiation into specific cell types. A variety of
proteins expressed by glial cells, such as TGFα [1], ADNF
(F. Sieg).
study.

er Inc. All rights reserved
(activity-dependent neurotrophic factor) [2,3] and GDNF (glial-
derived neurotrophic factor) [4], display survival-promoting
activities against oxidative stress and promote neuronal
differentiation. Although many neuroprotective factors have
been described, studies of molecules that direct neural
migration initially identified chemorepellants, for example,
of the Slit [5,6] or semaphrorin [7] families rather than
.
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chemoattractants. Nevertheless, netrin-1 displays a chemoat-
tractive effect on the neurophilic migration of embryonic
precerebellar neurons, concurrent with chemoattraction of
developing axons [8,9], and neuregulin-1 can actively attract
GABAergic interneurons from their origin in the ganglionic
eminence into the cerebral cortex [10]. Other factors such as
hepatocyte growth factor and the neurotrophins BDNF (brain-
derived neurotrophic factor) and NT-4 enhance the motility of
neuronal cells without being chemoattractants [11,12].

However, only the chemokine stromal cell-derived factor
(SDF)-1, expressed by glia and neurons [13], has been demon-
strated to positively attract neural stem cells and neuronal
progenitor cells to the location of SDF-1 expression. During
embryonic and postnatal development, SDF-1 guides cerebel-
lar granule cells from the external granular layer to the
internal cerebellar granular layer [14,15]. Additionally,
embryonic and adult subventricular zone neural stem cells
migrate towards an SDF-1 gradient [16].

After ischemia-induced lesions, the postnatal brain reacts
with neurogenesis and subsequent neuronal chain migration
of cells to the lesioned cavity [17,18]. SDF-1 is upregulated
within the ischemic penumbra, providing a target for homing
of activated microglial cells as well as attracting of neural
progenitor cells to the lesion site [19].

We report here the identification and characterization of
novel neuronal migration inducing peptides encoded by a
newly described gene. We designated the protein derived
from this new gene as neural regeneration protein (NRP).
The first peptide displaying all of the mentioned biological
activities common to NRP was isolated during a screen for
neuronal migration-promoting factors that used rat thala-
mocortical organotypic tissue cultures (OTC) as a bioassay
[20]. A purified protein fraction from rat hippocampal OTC
supernatant led to the generation of a neuronal cell bridge
between the thalamic and cortical entity. The amino acid
sequence of the identified protein fragment (identical to the
N-terminus of human cachexia-related protein) was used as
a template to screen the mouse and rat genome for
homologous Nrp gene family members. Mouse and rat
orthologue Nrp genes have been annotated and experimen-
tally verified. They code for small proteins that have similar
biological activity to, but are more potent than, SDF-1. The
full-length gene product and its fragments show high
potency (in the femtomolar range) as neuronal chemoat-
tractants, inducers of neuronal proliferation and promoters
of neurite outgrowth, neuronal survival and neuronal
differentiation.
Materials and methods

Nrp gene identification and expression analysis

Identification of the Nrp genes involved obtaining total RNA
from different cell sources (in vivo tissue, neural stem cell
cultures). RNA was extracted using the Roche Total RNA
Isolation Kit. cDNA was synthesized using Superscript RT II,
followed by optimized multiplex PCR amplification [21] of
the mouse Nrp gene fragment and beta-actin (HotMaster Taq
DNA Polymerase, Eppendorf) using the following primers.
Mouse Nrp Fwd primer1 (cds): 5′ AACGGAATGAATCGAAACCC
3′;Nrp Fwd primer2 (−99 transcription start): 5′ CGGTCCAAAG-
GAATTTTTCTG3′;NrpRevprimer: 5′CGCTCGACATTACAGCTCA
3′; mouse beta-actin Fwd primer: 5′ GAAAGGGTGTAAAACG-
CAGC 3′; mouse beta-actin Rev primer: 5′ GGTACCACCATG-
TACCCAGG3′. For the simultaneous amplification of the ‘weak’
Nrp and the ‘strong’ beta-actin locus primer concentrations of
0.5 μM and 0.04 μM, respectively, at an annealing temperature
of 56°C during 35 cycles were used. The correct sized
fragments were gel purified, cloned directly into pGEM
(Clontech) vectors and transformed into a competent strain
of Escherichia coli (DH5α). The transformed cell colonies were
screened for the presence of the Nrp gene fragment, and the
plasmids from positive colonies were sequenced.

Preparation of HEK293 expressing mouse NRP

HEK293 cells were transfectedwith N-terminal and C-terminal
taggedmouse NRP fusion protein expression construct cloned
into pUSE-myc (Upstate) or empty vector, respectively, using
polyethyleneimine [22]. The following day, the cultures were
split 1:15 into growth medium containing 800 μg/ml geneticin.
Selectionwasmaintained for 17 dayswith changes ofmedium
twice a week. Stable transfectants were harvested for detec-
tion of expressed, tagged proteins.

Western blotting to confirm expression of Myc-NRP in HEK293
cells

Cell lysates are solubilized under denaturing conditions and
proteins are separated using SDS polyacrylamide gel electro-
phoresis (PAGE). Expressed recombinant mouse Myc-NRP is
detected by monoclonal anti-Myc antibody.

In situ hybridization and Northern blot

An 80-mer encompassing the mouse Nrp-specific coding
region upstream of the alkB homologue gene transcriptional
start site was cloned between the BamHI and EcoRI sites of
pGEM7Zf(−) (Promega). Complimentary synthetic oligonucleo-
tides; mfsNrp.S88, 5′ AATT CGG AAT GAA TCGA AAC CCT GGA
GTC GTG ACC CCG GAAGAA CCT GCC AGA GCC GGAATT TCG
AGT TCT GCT TCC GGG CCA AAC TG; and mfsNRP.AS88, 5′
GATC CAG TTT GGC CCG GAA GCA GAA CTC GAA ATT CCG
GCT CTG GCA GGT TCT TCC GGG GTC ACG ACT CCA GGG TTT
CGA TTC ATT CCG, that also provided the appropriate 5′
overhangs (italic) were denatured and annealed by heating
2 min at 95°C and maintaining at 60°C for another 1.5 h.
Annealed 88-mer and 300 ng Qiaex extracted (Qiagen), gel
purified, BamHI, EcoRI (Roche) double digested pGEM7Zf(−)
were ligated at 4°C with T4 ligase. Clones prepared in
competent DH10B were screened for the presence of the 88-
mer upon EcoRI/BamHI double digest. Templates for synthesis
of sense and anti-sense RNA probes were prepared by
digesting 10 μg DNA (prepared using a JetStar Maxi Kit,
Genomed) to completion with either BamHI or EcoRI, respec-
tively. The templates were gel purified using a Concert Rapid
Gel Extraction System.

Riboprobes were transcribed and Northern blots performed
using the DIG Northern Starter Kit (Roche). Ten micrograms of
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total RNA from perinatal astrocytes or pUSE-myc-mNrp-
transfected HEK cells was separated on a 1.2% formaldehyde
RNA gel with 0.16–1.77 kb RNA ladder and transferred in SSC to
a positively charged nylon membrane (Roche). The marker
lane was cut off and stained with methylene blue. The DIG-
labeled Nrp probe was hybridized at 52°C over night. After
stringent washes and alkaline phosphatase-conjugated anti-
DIG antibody incubation, the signal was detected by CDP*
luminance with a Bioimaging System (UVP).

Whole brains were extracted from E15 mice, fixed in 4%
para-formaldehyde (PFA) for 3 h, cryoprotected in 20% sucrose,
embedded in Tissuetek OCT (Sakura finetek) and stored at
−80°C. The brains were cut into 14 μm sections on PLL-coated
slides, treated with 8 μg/ml proteinase K for 8 min, post-fixed
with 4% PFA for 5 min and hybridized o/n at 45°C with DIG-
labeled Nrp probe sense and antisense (88-mer Probe
sequence). After labeling with anti-DIG antibody and color
development of the signal with NBT/BCIP, the sections were
double labeled with nestin/vimentin and were visualized
using fluorescent secondary antibodies [23]. Endogenous
alkaline phosphatase activity was inhibited with 2 mmol/L
levamisole (Sigma). The sense controls remained negative.

Organotypic cultures of CNS tissue

The occipital cortex and dorsal thalamus from newborn Long–
Evans rats (P0)wasdissectedasdescribed [23], according to theP0
atlas of Paxinos [24]. Occipital cortex was coronally, dorsal
thalamus frontally, cut with a tissue shopper (McIlwain) into
350 μm-thick slices. Thalamic slices were arranged with cortical
tissue at a distance of at least 3mmon coverslips. The thalamus
wasorientatedwith thehabenulanucleus facing cortical layerVI.
The slices were adhered to the coverslips in a plasma clot.
Coverslips were placed in roller tubes (Nunc) and supplied with
0.75 ml culture medium (2/4 basal medium Eagle, 1/4 Hank's
balanced salt solution, 1/4 inactivated horse serum, 2 mM L-
glutamine and 0.65% D-glucose). Cultures were maintained in a
roller tube incubator at 36°C for up to 20 days in vitro andmedia
containing rat cachexia-related NRP was exchanged every three
days.

OTC of rat embryonic forebrain were prepared as described
[25]. Briefly, pregnant rats at E17 gestation were sacrificed, the
fetuses rapidly removed. Coronal slices of the forebrain were cut
at 400 μm thickness and placed onto millicell PICM ORG50
membranes (Millipore) in 3 cm Petri dishes containing 1 ml of
DMEM/F12, 6.5mg/ml glucose, 0.1mMglutamineand10%FCS for
3–4 h. Afterwards the medium was exchanged to 1 ml Neuroba-
sal/B27, 6.5mg/ml glucose, 0.1mMglutamine, towhich 10 μl PBS,
NRP or SDF-1 (R&D Systems) was added for the indicated
concentrations and a small DiI (1,1′-dioctodecycyl-3,3,3′3-tetra-
methylindocarbocyanine) crystal of uniform size was placed in
the medial ganglionic eminence (n=10–15) under a stereo
microscope. After 24 h cultivation, the total number of migrated
neurons dispersed in the ganglionic eminence and cortex was
counted under an inverted fluorescent microscope.

Primary astrocyte culture

Cortices from P1 Wistar rats were collected, cut into small
pieces and triturated once through an 18 gauge needle, before
filtering through a 100 μm cell strainer. Then cells were
centrifuged for 5 min at 350×g and the pellet resuspended in
DMEM/10% FBS. Cells were seeded in two 75 cm2 flask per
animal and maintained in 5% CO2 at 37°C. Media are replaced
one day later and then twice weekly until the astrocytes reach
confluence and were harvested for RNA extraction.

Cerebellar microexplants

Laminated cerebellar cortex was extracted from P4, P7/8 rat pups
and triturated through a 125 μm gauze to obtain uniformly sized
microexplants. After centrifugation for 3 min at 61×g, the pellet
was resuspended in StartV medium (Biochrom) and the suspen-
sionseededonpoly-D-lysine-coatedcoverslips in6-wellplatesand
incubated for 3 h to allow adherence, before 1 ml StartV per well
was added. As described, glutamate/3-NP, NRP or 100 nM
Wortmannin and 15 μMPD98059 (both Calbiochem)were applied.
The explants are cultivated at 34°C at 5% CO2 and 100% humidity
for 48–72 h. BrdU is administered at start of cultivation for
proliferation rate measurements and cells are counted per
microscopic field after 48–72 h.

Neural stem cell culture and differentiation assay

The EGF-dependent immortalized mouse neural stem cell line
MEB5 was cultured in DMEM+N2+10 ng/biotin+2 mM L-
glutamine+10 ng/ml EGF as described [26]. Acutely isolated
NSC were derived from E15 CD1mice forebrain and cultured as
neurospheres in the presence of 20 ng/ml EGF and 10 ng/ml
bFGF (Sigma) in NSAmedium (Euroclone) as described [27]. The
neurospheres were passaged by trituration. NSC of passage
numbers 5–10 were subjected to differentiation and migration
experiments. When reaching a sufficient size, neurospheres
were dissociated by trituration andplatedat a density of 200,000
cells per well on laminin-coated coverslips placed in 24-well
plates (Nunc). The plating medium was 1:1 mixture of DMEM/
F12 supplementedwith N2 and Neurobasal supplemented with
B27 and 2 mM glutamine. After 24 h, the mediumwas replaced
withaneuronaldifferentiation-promotingmedium(1:3mixture
of DMEM/F12 supplemented with N2 and Neurobasal supple-
mented with B27 and 2 mM glutamine) and, except for the
controls, NRP or IGF-1 was added simultaneously. Themedium
with fresh compound was exchanged every other day. Seven
days after plating, the differentiating cells were incubated for
20 min in differentiation medium containing 100 ng/ml Syto21
(Molecular Probes) to label the nuclei of viable cells. Subse-
quently, they were fixed with 4% PFA and immunostained with
a mouse anti-βIII tubulin antibody and a goat anti-mouse Cy3-
coupled secondary antibody (Sigma). After staining, the cover-
slips were removed from the tissue culture plate andmounted.
To analyze the percentage of neurons of total cells, with a Zeiss
axiophotmicroscope, equippedwithAxoivision software, at 20×
magnification images of two random fields per well were taken.
Neurons and nuclei per field were counted and the neuronal
percentage of total cell number determined.

Haptotactic migration assays

NRPs were tested for migration-inducing activity on mouse NSC
in a haptotactic migration assay. Control wells of Transwell
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plates (Corning) with 12 μmpore sizewere coated in 1.5ml of the
BSA/PBS vehicle. Remaining plates were coated using various
concentrations of NRPs ranging between 1 and 100 ng/ml
(prepared in PBS containing 10 μg/ml BSA). The plates were
then incubated at 37°C for 1 h to coat. Wells were then rinsed 2×
with1ml sterile PBS. Laminin (10μg/ml)wasusedasextracellular
matrix coating of migration plates for 2 h at room temperature.
Thewellswere rinsedoncewithserum-freemedia thenwithPBS.
A 5-μg/ml PDL/PLL mixture (in PBS) was used to coat inserts.
Subsequently, the inserts were rinsed with sterile MilliQ water.
NSAmediumwas transferred into the 12-well plates. The plates
were then incubated at 37°C 5% C02 and seeded with 1–2×105

cells. Inserts and wells were fixed in successive dilutions of PFA
(0.4%, 1.2%, 3% and 4%). The wells or inserts were rinsed and
stained with hematoxylin. All cells that displayed neurite
outgrowth and traveled to the bottom chamber were counted
as migrating cells. For the inserts, five 10× fields per insert were
counted.

Matrigel migration assay for neurospheres

Nrp and empty vector-transfected HEK cell aggregates were
prepared overnight by the hanging drop method [28].
Neurospheres were transferred in 10 ml NSA medium with
2 ng/ml bFGF containing 50 μl of a 1 mg/ml DiI solution and
kept in the incubator over night. The neurospheres were
washed and placed between 100 and 300 μm distance from
the HEK cell aggregates in Matrigel mixed 1:1 with Neuro-
basal medium plus B27 and allowed to congeal in a 3 cm
dish, which was prepared by cutting a 7.5 mm hole in the
bottom and attaching an 18-mm coverslip with paraffin.
Next day, 1 ml Neurobasal supplemented with B27 was
added to the culture and after 48 h the assays were fixed
with 4% PFA. Images of neurospheres in proximity to HEK
cell aggregates were taken under fluorescent light. Axio-
vision software was utilized to draw quadrants around the
neurospheres, to count migrated cells in quadrants distal
and proximal in relation to HEK aggregates and to measure
migration distances.

All cell counts were performed blindly. For statistical
analysis, non-parametric Mann–Whitney U tests were per-
formed, and for multiple testing, the α value was corrected
according to Holm [29]. All materials were from Invitrogen,
unless specified otherwise.
Results

In vitro slice culture assays provide evidence of a
migration-inducing factor

Brain tissue slices from thalamus and neocortex culti-
vated 1 mm apart from each other on a coverslip form
reciprocal neurite connections within 5–7 days but with-
out neuronal migration between the tissue entities [30].
This phenomenon provides an assay for screening of
putative neuroregenerative compounds that promote neu-
ronal proliferation and subsequent cell migration. Rat-
derived dorsal thalamic and occipital cortical slices were
mounted 3–5 mm apart from each other on a coverslip,
immobilized by a chicken plasma clot and were cultivated
in a roller tube incubator [31]. Under standard conditions
(without addition of NRP), no reciprocal neurite connections
are formed over this longer separation between the tissues
and the thalamic tissue degenerates within 10–14 days
because it lacks trophic cortical support. Addition of protein
fractions derived from rat hippocampal OTC supernatant,
highly enriched for an NRP peptide fragment [20], led to the
formation of a proliferative neuronal cell bridge between
the thalamic and neocortical tissues within 48–72 h after
the start of cultivation (Figs. 1a and b). The migrating
neurons were positive for MAP2 and parvalbumin. Prolifer-
ating neurons (Fig. 1d) migrated parallel to MAP2-positive
neurites (Fig. 1c) or in a cell–cell attached fashion. 5-
Bromodeoxyuridine (BrdU) labeling showed that many of
the parvalbumin-positive cells were proliferative (Figs. 1e–g).
To date, postnatally derived thalamic tissue has not been
known to possess intrinsic quiescent neuroblasts that can
be induced to proliferate, migrate and differentiate into
neurons. Tangential migration of neuronal progenitors was
however recently observed in embryonic OTC of rat
thalamus [32]. The induction of proliferation of parvalbu-
min-positive cells was not restricted to the newly formed
cell bridge. BrdU/parvalbumin-labeled cells were found
within the entire cultured dorsal thalamus (Fig. S1). Fig.
1h demonstrates the concentration dependence of the
response to the purified rat NRP fragment, with a peak of
neuronal migration inducing activity at 3.35 nM. This
concentration induced the formation of complete cell
bridges consisting of migrating parvalbumin- and MAP2-
positive neurons between the thalamic and cortical
tissues. At concentrations exceeding 20 nM the purified
rat NRP fragment ceased to promote migration in this
assay. This neuronal migration-inducing activity of pu-
rified rat NRP fragment was also observed within a
cerebellar microexplant system, as depicted in Fig. 1i.
Long chains of granule cells migrated up to 1 mm away
from the microexplant.

Protein fractions of the hippocampal culture super-
natant bound to Cibacron blue and calcium apartite
(hydrophobic interaction) and could be further fractionated
by gel-filtration and cation-exchange chromatography [20].
The highly purified rat NRP fragment has a mass of 2046
(MALDI-MS; data not shown). The sequence of the first 16
amino acids (YDPEAASAPGSGNPCH) is identical to that of
the N-terminus of the mature human cachexia-related
protein (GenBank accession no.AAE15058) [33]. A longer N-
terminal fragment of cachexia-related protein (30 amino
acids) has been named survival-promoting peptide (SPP) or
Y-P 30 and displays survival and neurite outgrowth
promoting activities identified in oxidative stress-injured
hippocampal cell cultures and cell lines [34]. It also
enhances neurite outgrowth from cerebellar microexplants
and increases the viability of thalamic OTC [20]. The 30
mer SPP also significantly enhances neuronal survival
when administered intravenously to cortically lesioned
rats [35]. Our results identify two novel biological activities
for the N-terminus of the human (and rat) cachexia-
related protein: induction of neuronal proliferation and
migration.
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Fig. 2 – Nrp gene and NRP protein sequence alignments. (a) Depicts the protein coding sequence of mouse Nrp. The biological
active 24mer sequence is in bold whereas the underlined N-terminal DNA sequence highlights the region of the Nrp
transcript-specific cRNA probe. Note the transcription (↓) and translation start (↓↓↓) sites of the alkylated DNA-repair protein that
is encoded in a forward frameshift to NRP. (b) Alignment of human cachexia-related protein with mouse NRP. Note the
conservation of leucine, glycine and proline amino acid residues throughout both sequences. The overall homology is 34.4%. (c)
The 24mer biological active domain of the mouse NRP displays 45.8% homology to the 30mer SPP peptide. (d) There is72.2%
homology between the mouse and the rat NRP orthologues, the red number indicates the homology compared within the
biological active NRP domains (red box) whereas the blue lines depict putative N-glycosylation sites in the rat NRP sequence. (e)
52.5% overall homology between mouse NRP fragment and the human trefoil protein TFF1 (Ps2). Nine of fifteen amino acid
residues that are crucial for the trefoil factor family (TFF) consensus sequence are homologous, confirming the occurrence of a
trefoil factor domain in NRP. (f) Graph depicting the positions given in amino acids from the N-terminus of bioactive domains in
cachexia-related, mouse and rat NRP proteins. NRPsp: neural regeneration synthetic peptide domain.
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Identification of the Nrp gene in rodents

In silico approaches using the cDNA and protein sequences of
human cachexia-related protein as templates led to the
Fig. 1 – Generation of cell bridges in thalamocortical and cerebel
3 nM highly purified rat cachexia-related protein fragment NRP.
established revealing MAP2-positive cells. The square indicates t
revealed bipolar-shaped parvalbumin-positive neuronsmigrating
to the origin of the thalamic cell stream project to the axonal lay
(d) BrdU-positive proliferating cells (arrows) were located in habe
cortical layers. The circles indicate highly proliferating regions. (e
(arrows) was co-localized with parvalbumin. (g) Confocal image o
positive for parvalbumin and BrdU (thick arrows) and some posit
towards the location of the thalamic explant. (h) Concentration–r
OTCs. All concentrations were tested 5 times in the assay. Values
purified rat NRP in cerebellar microexplants. Note the long migra
Scale bars: 500 μm (a, d); 100 μm (b, e–g, i); 50 μm (c).
annotation of the mouse Nrp gene according to published
cDNAs (TrEMBL Q8BQJ0 and GenBank AK049549; Fig. 2a). The
homology of the sequenced N-terminal 16 amino acids of
human and rat cachexia protein to the respective mouse Nrp
lar systems. Thalamocortical OTC were supplemented with
(a) Two thalamocortical connections (arrows) have been
he greater magnification shown in panel b. (b) The cell stream
in a track-like arrangement. (c) MAP2-positive neurons close

er in the middle of the cell bridge (small arrows).
nula, the generated thalamocortical cell bridge and within
) BrdU-positive cells within the cell bridge. (f) A subpopulation
f the migrating cell stream shows proliferating neuronal cells
ive for parvalbumin only (thin arrows). The long arrow points
esponse curve for purified rat NRP within thalamocortical
are given asmeans±SEM. (i) Neuronal migration induction of
ting cell chain (arrows) originating from the microexplant.
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gene (AY753183) domain is 56.3%whereas overall homology is
34.4% (see Fig. 2b).

The Nrp gene sequence is organized as a forward frameshift to
a hypothetical protein with homology to the AlkB gene

The homology between the mouse and rat NRPs is 72.2% (Fig.
2d). The mouse Nrp protein-coding sequence is located on
chromosome 12E (ENSEMBL Mouse Genome Server). The rat
Nrp orthologue is located on chromosome 6q31 (ENSEMBL
Rat Genome Server).

These genes have an unusual organization normally only
described as occurring during pathogenic conditions or within
bacterial and viral genomes. The Nrp gene is organized as a
forward frameshift to a hypothetical occurring gene with
homology to alkylated DNA repair protein AlkB (AK012518,
BE097465, BF558890) in the mouse and rat genomes.

The mouse Nrp protein coding sequence starts 77 bp
upstream of the transcription start of the alkylated DNA
repair protein. This region was used to develop an 88-bp
antisense cRNA probe specific for mouseNrpmRNA detection.
The Nrp coding region displays an overlap of 328 bp with exon
1 (EST evidence AK012518) of the predicted AlkB homologue
gene (Fig. S2).

The mouse Nrp transcription start was predicted at
position −114 (software Promoter 2.0). The 5′UTR was experi-
mentally verified with a forward primer starting at −99 bp
close to the predicted transcription start at −114 bp (data not
shown). Experimental evidence for the mouse Nrp 3′ untrans-
lated region derives from the RIKEN sequencing effort by
identifying the 1158-bp 5′ truncated Nrp cDNA. Northern blot
experiments with the 88-bp long mouse Nrp-specific cRNA as
a probe (Fig. 3d) confirmed the presence of full-length Nrp
mRNA as well as a smaller product of 0.9 kbp.

NRP protein domain characterization

NRP is probably secreted via the non-classical pathway like
FGF-1 and FGF-2 because of highly significant scores when
interpreting the protein sequence with the SecretomeP server
(Technical University of Denmark). The high number of
positive amino acid residues and the overall atom number
within the N-terminal sequence of NRP led to this prediction
[36].

The predicted neuronal survival-, proliferation-, migra-
tion- and differentiation-promoting domains of mouse NRP
and rat NRP are located towards the C-terminus of the
protein (see aligned 21mer and 24mer sequences in Figs. 2d
and f). Custom-made synthetic peptides (Auspep) from these
sequences (amidated at the C-terminus) were tested in a
rangeofbioassays.Thisdomainwaschosenbecause it displays
thehighesthomologytothepurifiedrat16mercachexia-related
protein NRP (56.3%) and still retains 45.8% homology to the
30mer SPP fragment (Fig. 2c). The 16mer cachexia-related
protein fragment is identical to theN-terminus of SPP.

A single trefoil domain sequence motif can be predicted
and this domain reveals 52.5% homology (Fig. 2e) to human
TFF-1 protein [37]. The trefoil domain consensus sequence
contains 15 conserved amino acids (database SMART) and
within the putative NRP trefoil domain 9 of these 15 amino
acids are similar or identical to those in the consensus
sequence. This 60% homology with the trefoil domain
consensus sequence is the threshold value for trefoil factor
family (TFF) members. The human TFF-1 protein has been
implicated in chemoattraction of breast cancer cells [38] by
signaling over the ERK1/2 pathway [39]. The biologically active
region of Nrp (from which the 21mer and 24mer synthetic
peptides were designed) is located C-terminally to the trefoil
factor domain (Fig. 2f) in the mouse and rat Nrp genes.

Nrp mRNA is enriched in neural stem cells and glial lineages

Expression of the annotated mouse Nrp was confirmed by
RT-PCR, Northern blot analysis and in situ hybridization
with primers and a riboprobe specific for the 5′ coding
sequence (GenBank AY753183). RT-PCR detected Nrp mRNA
in various regions of the E15 embryonic mouse CNS.
Interestingly, the expression level of Nrp mRNA was much
higher in cultured mouse neural stem cells (Fig. 3a). Neural
stem cell (NSC)-specific expression was further substan-
tiated by in situ hybridization for mouse NRP mRNA and
double staining for the stem/progenitor-specific intermedi-
ate filament nestin [40] (Figs. 3e–h). To assess whether Nrp
mRNA expression is maintained in neuronal or glial
progeny from NSC, the expression level in undifferentiated
NSC was compared to that in NSC differentiated into
astrocytes with cilliary neurotrophic factor (CNTF) and in
NSC differentiated into neurons with BDNF. The level of Nrp
mRNA expression was markedly increased only in the
CNTF-treated cells, indicating astrocytic lineages as the
major source of secreted protein (Fig. 3b). Comparison of
expression in several tissues from E19 mice showed that,
except for spleen and blood, the Nrp gene is expressed in
somatic tissues outside the nervous system, albeit at lower
levels (Fig. 3c). Northern blot analysis of total RNA from
perinatal astrocyte cultures revealed two transcripts of
approximately 0.9 and 1.3 kb of which the larger corre-
sponds to the predicted full-length Nrp transcript (Fig. 3d).
In situ hybridization on sections of E15 mouse embryonic
forebrain generated an intense signal in the ventricular
zone as well as in the marginal zone and subplate,
complemented by lighter labeling of the cortical plate (Fig.
3i). Mouse Nrp mRNA was co-localized with nestin immu-
noreactivity (Figs. 3j and k) and vimentin (Fig. S3), indicat-
ing expression in radial glia. In the early postnatal period,
the expression of Nrp generally declined and remained only
in regions in which neuronal migration still occurs, i.e., the
supragranular layers of the cerebral cortex, the olfactory
bulb, the hippocampus and the cerebellum (manuscript in
preparation).

Neuroprotection and induction of neural migration

Amixed injury paradigm using the excitotoxin glutamate and
the irreversible succinate dehydrogenase (mitochondrial com-
plex II) activity inhibitor 3-nitropropionic acid (3-NP) was used
to induce excitatory and oxidative stress. 3-NP is known to
induce necrotic and apoptotic cell death within hippocampal
cultures [41]. Injury after 48 h of 3-NP/glutamate treatment of
unprotected cerebellar microexplants was in the range of 75–



Fig. 3 – Gene expression of Nrpwithin NSC and in embryonicmouse tissues. (a–c) Expression levels of mouse Nrp (upper band,
412 bp) were semiquantitively compared toβ-actin expression (lower band, 260 bp) inmultiplex PCR. (a) Mouse Nrp expression
was detected in embryonic brain tissue from E15 mice in the cortex (Ctx), striatum (Str) and the olfactory bulb (OB). Albeit the
level was much lower compared to acutely isolated (mNSC) and immortalized (MEB5) mouse neural stem cells. (b)
Differentiation of neural stem cells towards astrocytes with CNTF, markedly increased Nrp mRNA expression, compared to
undifferentiated stem cells, or neuronal differentiation with BDNF. (c) Analysis of a variety of E19 embryonic mouse tissues
shows thatmouse Nrp expressionwas not confined to nervous tissue but also expressed in heart, liver and lung, albeit at lower
levels compared to embryonic cortex, astrocytic differentiated NSC and astrocyte cultures from the perinatal forebrain. (d)
Northern blot hybridization with a 88-bp probe, non-overlapping with the DNA repair protein sequence, detected two
alternative mRNAs approximately sized 0.9 and 1.3 kb in RNA from perinatal astrocyte cultures. (e, f) In situ hybridization with
themouse Nrp antisense probe strongly labeled NSC (e), whereas there was no specific signal in the sense control (f). (g, h) NRP
mRNA expression in NSC (g) was confirmed by double labeling with nestin (h). (i–k) In situ hybridization of coronal E15 mouse
forebrain slice displayed, besides the ventricular zone (VZ), a strong signal in the cortical anlage, especially subplate (SP) and
marginal zone (MZ) and less intense in the cortical plate (i). Nestin-positive cells spanning the length from the subplate to the
marginal zone (j) co-expressed the mouse Nrp message (k). Scale bars: 200 μm (e, f, i); 40 μm (g, h); 50 μm (j, k).
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92% cell death. Fig. 4a shows that the mouse 24-mer NRP
synthetic peptide conferred highly significant neuroprotec-
tion over the concentration range from 100 fM to 100 nM with
almost 50% recovery from injury at 100 pM. In comparison,
10 nM recombinant human SDF-1 conferred less than 30%
neuroprotection and showed a narrow dose range of efficacy
(Fig. 4b).

Haptotactic migration assays using the rat 21-mer NRP
(4 nM) and mouse 24mer NRP (0.4 nM) peptides as
attractants in a Boyden chamber demonstrated strong
chemoattractive activity of the NRPs for mouse neural
stem cells. Compared with the control rat 21mer NRP at
4 nM attracted almost four times as many NSC and mouse
24mer NRP at a 10-fold lower concentration attracted twice
as many NSC to the culture dish bottom after 24 h. SDF-1 at
100 nM and mouse 24mer NRP at 0.4 nM attracted a similar
number of cells (Fig. 4c). As NRP also promotes survival, it
was necessary to confirm that the higher cell number in the
bottom compartment was a result of increased migration
rather than survival. To this end, we terminated haptotactic
migration assays with 0.4 nM mouse 24-mer NRP after 4 h
and 24 h and counted the cells migrated to the bottom
compartments as well as in the inserts. After 4 h, mouse 24-
mer NRP had already caused a 2-fold increase in the number
of migrated NSC relative to BSA control and this ratio
remained unchanged after 24 h (Fig. 4d). Counting of cells
remaining on the insert revealed no significant difference
between the BSA and NRP conditions after 4 h (p=0.787) and
24 h (p=0.529).

In an OTC assay using coronal E17 embryonic brain slices
that include the ganglionic eminence and the cortical anlage
1 nM mouse 24-mer NRP administered to the OTC led to a 5-
fold increase in number of migrating neuronal precursor cells,
dispersed in the ganglionic eminence and in the cortical



Fig. 4 – Neuronal survival and neural migration induction by NRP. (a) Themouse 24-mer NRP peptide revealed neuroprotective
activity over a broad dosage range. The total number of cells counted for each treatment was 6456 (vehicle), 1585 (injury), 2613
(0.1 pM), 2872 (1 pM), 3192 (10 pM), 3770 (100 pM), 3710 (1 nM), 3132 (10 nM), 2436 (100 nM). (b) SDF-1 revealed only a limited
neuroprotective dose rangewithmuch lower efficacy thanNRP. The total number of cells counted for each treatmentwas 11574
(vehicle), 1504 (injury), 850 (0.1 pM), 783 (1 pM), 808 (10 pM), 814 (100 pM), 2420 (1 nM), 4000 (10 nM), 1462 (50 nM), 670 (100 nM),
751 (200 nM). (c) The rat andmouse synthetic peptide NRPs possess chemoattractive properties in attracting NSC as shownwith
the haptotactic migration assay after 24 h. The efficacy was similar to SDF-1. The total number of cells counted for each
treatment was 18005 (BSA control), 18376 (mouNRP), 36570 (rat NRP), 46056 (SDF-1). (d) The chemoattractive effect of the mouse
NRP 24merwas already evident after 4 h, arguing against amajor effect of differential survival or proliferation. The total number
of cells counted for each treatment was 10950 (BSA control), 7107 (mouNRP 4 h), 16191 (mouNRP 24 h). (e) Depicts a
microphotograph of traveling medial ganglionic eminence-derived neuronal progenitors migrating towards the cortical anlage
in E17 forebrain OTC. (f) Quantification of the OTC assay revealed an optimum dose of mouse 24-mer NRP at 1 nM whereas
SDF-1 was active at 100 nM. Values are given as means±SEM. (*p<0.05, **p<0.01, ***p<0.001; n=8 for cerebellar microexplants
and n=6 for haptotactic migration assay).
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anlage (Fig. 4f). The representative morphological phenotype
of migrating neurons is depicted in Fig. 4e. Human SDF-1,
which has been shown to act as a chemoattractant for striatal
precursors [42], induced similar numbers of cells to migrate,
but as for the haptotactic migration assay SDF-1 was far less
potent than NRP.



Fig. 5 – Proliferation and neuronal differentiation promotion induced by NRP. (a) Rat 21mer NRP administration to NSC
differentiated for 3 days in the presence of 1μMBrdU for the last 24 h resulted in the upregulation of BrdU-positive cells relative
to total cell number. (b) A broad dose range of mouse 24mer NRP led to more pronounced neural stem cell differentiation
displaying 2-fold more β-III-tubulin-positive cells with a neuronal phenotype. (c, d) β-III-tubulin staining under control (c) and
mouse 24mer NRP 1 nM (d) supplemented culture conditions (e) β-III-tubulin-positive cells revealed increased axonal length
under NRP action comparable with IGF-1. The length of the five longest axons per coverslip was measured. (f, g) Examples of
longest axonal outgrowths in control medium (f) and medium containing 10 nM mouse 24mer NRP (g). Values are given as
means±SEM. (**p<0.01, ***p<0.001; n=4). Scale bar in panel g: 100 μm for all microphotographs.
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Induction of proliferation, neuronal differentiation and axonal
outgrowth

Administration of rat 21mer NRP peptide for 24 h during
differentiation ofNSC in the presence of BrdU caused an increase
in the proliferation rate of these cultures (Fig. 5a). A significant
increase in the proliferation rate was also observed in the
cerebellar microexplant system with the mouse 24-mer NRP at
Fig. 6 – Expression and functional properties of mouse recombin
gene is highly expressed in HEK cells as shown by the Northern b
probe. (b) The recombinant NRP protein is expressed by HEK cells
Myc-NRP-HEK cells provided neuroprotection to oxidative/excitot
possess chemoattractive activity for attracting NSC in a haptotac
More than 2-fold, the number of cells was attracted from the ins
control cells. (e–h) Neuronal precursorsmigrated fromMatrigel em
aggregates. (e) The ratio of cells migrating from the neurosphere
those migrating into the distal quadrant was greater than one on
transfected with the empty vector. (f) The spatial distribution of
distances in co-culture with mouse NRP secreting HEK aggregate
quadrants in this condition. (g) In co-culture with empty vector-t
distance from the neurospheres. The white line marks the borde
secreting HEK aggregates resulted in enhanced numbers and dis
formation of migration chains towards the HEK cell aggregate (ar
the migration chain were positive for MAP2 staining. Values are
***p<0.001, n=6 for haptotactic migration assay; and *p<0.05, n=
100 μm.
picomolar concentrations. BrdU-positive proliferative cerebellar
cells revealed a MAP2-positive neuronal phenotype after double
labeling with anti-MAP2 antibody (data not shown).

Concentrations from 100 fM to 10 nM of the mouse 24mer
NRP increased the percentage of neuronal progeny from NSC
plated on laminin in differentiation medium as calculated by
normalizing the neuronal cell number to the total viable cell
number within the differentiation assay. At a concentration of
ant NRP. (a) Under the control of CMV promoter mouse NRP
lot 0.8 kb signal detected by the NRP gene-specific 88-bp cRNA
andmigrates at amolecular weight of 20 kDa. (c) Recombinant
oxic-injured cerebellar microexplants. (d) Myc-NRP-HEK cells
tic migration assay when seeded on the bottom of the plate.
ert to the bottom of the culture plate compared to Myc-HEK
bedded neurospheres towardsmouse NRP secreting HEK cell
into the quadrant proximal to the HEK cell aggregate versus
ly with HEK cells expressing mouse NRP, not in those

migrating neurosphere cells revealed longer migratory
s and a further increase in the proximal versus distal
ransfected HEK cell aggregates, cells migrated only a short
r of the HEK cell aggregate. (h) Co-culture with mouse NRP
tances of cells migrating from neurospheres. Note the
rows). Box marks position of inset, which shows that cells in
given as means±SEM. (***p<0.001, n=8 for microexplants;
5 for Matrigel migration assay). Scale bar in panels g and h:



Fig. 7 – Signaling cascade involved in NRP neuroprotective
and migration-inducing activity. (a) The MAPK
(MEK)-inhibitor PD98509 completely blocked the
neuroprotective activity of rat 21mer NRP over a range of
different NRP concentrations. (b) The PI3-K inhibitor
Wortmannin also completely blocked neuroprotective
activity of rat NRP 21mer. (c) Rat 21mer NRP (4 nM) induced
increase inmigrating NSC numbers was blocked by PD98509,
whereas the basal migration level in BSA-coated wells was
not significantly altered by the MEK-inhibitor. Values are
given asmeans±SEM. (*p<0.05, **p<0.01, ***p<0.001; n=8 for
cerebellar microexplants and n=6 for haptotactic migration
assay).
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10 pM, a maximum 2-fold increase in β-III-tubulin-positive
neurons was observed (Figs. 5b–d). Whether the increase in
neuronal progeny is a result of enhanced neuronal differ-
entiation of uncommitted progenitors or of upregulation of
proliferation of neuronally restricted progenitors or both is
unknown. The concentration eliciting the maximum increase
in axonal length growth lies in the upper nanomolar range
(Figs. 5e–g). IGF-1 was used as a positive control for axonal
outgrowth promotion [43]. The specificity of the synthetic NRP
peptides was established by cropping the mouse 24mer NRP
amino acid sequence and testing the biological activity of the
shorter peptides. An 11mer peptide (SEPEARRAPGR) displayed
survival-promoting activity but not proliferation- or migra-
tion-inducing activity and a 9mer peptide (SEPEARRAP) was
completely inactive (data not shown). These results point to a
receptor-mediated mechanism for which specific amino acid
motifs are essential.

Recombinant mouse NRP expression and activity assays

A full-length mouse Nrp cDNA was cloned into a mammalian
expression vector containing a c-myc epitope tag. Transfection
into HEK-cells and probingwith the antisense 88-bp NRP cRNA
revealed the expected 0.8kb transcript (Fig. 6a). The predicted
16.5-kDa recombinant protein product expressed by the Myc-
NRP-HEK cells migrated on a Laemmli SDS–gel with a size of
approximately 20 kDa (Fig. 6b).

The measured biological activities of the expressed recom-
binant NRP complete gene product encoded by mouse Nrp
equaled those of the tested NRP synthetic peptides. In a co-
culture assay with cerebellar microexplants, Myc-NRP-HEK
cells conferred highly significant neuroprotection against
oxidative/excitotoxic stress when seeded at different cell
concentrations with a recovery of 51% of MAP2-positive
neurons at a co-seeded Myc-NRP-HEK cell number of 5000
(Fig. 6c). Control Myc-HEK cells possessing the empty vector
only were not neuroprotective. The Myc-NRP-HEK cells
displayed chemoattractive neuronal migration-inducing
activity when tested in the haptotactic migration assay with
mouse NSC. When Myc-NRP-HEK cells expressing mouse NRP
were seeded to the bottom of Boyden chambers and mouse
NSC were seeded into the inserts, the neuronal MAP2-positive
cell population displaying neurite outgrowth was increased
two-fold compared with the same assay using empty vector
control Myc-HEK cells (Fig. 6d).

In order to determine whether there is a directional
migratory response towards an NRP gradient rather than
solely enhancement of motility and to quantify effects on the
migratory distances of neuronal progenitor cells, we utilized a
modified version of a recently described in vitro assay [44,15].
Promotion of cell migration from embedded neurospheres
into the proximal rather than the distal quadrant in relation to
HEK cell aggregates was only observed with NRP-transfected
HEK cells and not with HEK cells transfected with an empty
vector (Fig. 6e). Moreover, cells migrated a greater distance in
the proximal versus the distal quadrant when NRP was
present, but not in the not control condition (Figs. 6f–h).
Chains typical of tangentially migrating cells formed towards
NRP-secreting HEK cell aggregates. MAP2 immunostaining
confirmed these cells to be migrating neurons (Fig. 6h).
NRP action is mediated by p44/42 MAPK and Akt

To identify the signaling pathways utilized by NRP to exert
neuroprotective and migratory effects, we examined whether
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abolition of p44/42 MAPK or Akt activity, with the (MEK)
inhibitor PD98509 or the phosphatidylinositol 3-kinase (PI-3K)
inhibitor Wortmannin, respectively, could inhibit NRP action.
We investigated these pathways because of the similarities
between the activities of NRP and SDF-1 on neural precursor
cells, which in the case of SDF-1 have been demonstrated to
depend on p42/44 MAPK and Akt phosphorylation [45]. We
first used the cerebellar microexplant oxidative injury assay
to address the role of MAPK and the upstream regulator of
Akt activity PI-3K (phosphorylation of Akt) in the mechanism
of action of NRP-mediated neuroprotection. Application of
the MEK inhibitor PD98059 to the vehicle-only control and the
injury model caused only a modest reduction in cell numbers
compared with the same conditions without the inhibitor,
whereas simultaneous application of the inhibitor with the
rat 21mer NRP peptide completely abolished the neuropro-
tective activity of NRP (Fig. 7a). The reduced cell number in
the vehicle-only condition treated with PD98509 probably
represented inhibition of migration from the explants rather
than cell death. Inhibition of Akt phosphorylation by
Wortmannin had no significant effects in the vehicle and
injury conditions without NRP but, as with inhibition of the
p44/42 MAPK activity, led to complete abolition of neuropro-
tection mediated by NRP (Fig. 7b). In the haptotactic migra-
tion assay, the approximately 3-fold increase in migrating
NSC caused by NRP was almost completely inhibited by
PD98509, with no significant effect on basal NSC migration
activity in the BSA-coated wells (Fig. 7c). In contrast with
neuroprotection, the chemoattractive activity of NRP was not
suppressed by inhibition of PI-3K with Wortmannin (data not
shown).
Discussion

In the present study, we identified a new gene in the
mouse and rat genome that is responsible for an array of
biological activities potentially important for CNS develop-
ment and regeneration after injury. The Nrp-encoded
protein product and its fragments have properties crucial
for proliferation of neuronal-restricted precursor cells and
their subsequent migration and neuronal differentiation
during brain development.

The initial observation that a N-terminal fragment from
the rat cachexia-related protein induces neuronal prolifera-
tion and migration within postnatal thalamocortical slice
cultures enabled us to undertake an in silico approach to
discover putative homologues to the cachexia-related protein
gene. The novel Nrp gene, found by homology with the rat
cachexia-related protein fragment as a template, reveals high
similarity only within this particular biologically active region,
extended to 24 amino acids when compared with the human
cachexia-related protein. We have recently used a similar
approach to identify several human homologues of Nrp and
these are currently being verified experimentally.

The mouse and rat Nrp genes are organized as a forward
frameshift to the alkylated DNA-repair protein AlkB. The
mouse Nrp, as confirmed by our gene expression studies, is
organized in an alternative open reading frame to the
alkylated DNA repair protein. Frameshifting is common in
viruses and bacteria but a very rare event in mammalian
genomes. It was first reported in 2001 for the human loricrin
gene, which is expressed in forward frameshift to a triplex
DNA binding protein gene [46]. A recent example in the
nervous system is the expression of a frameshift transcript for
the receptor for advanced glycation end products (RAGE) in
human primary astrocytes under physiological conditions,
which ablates themembrane anchorage of RAGE and converts
it to a secretory protein with opposing effects [47]. Future
studies may reveal whether frameshift gene organization
plays a significant role in encoding of factors that promote
neural migration or survival factors within mammalian
genomes.

There are two expressed sequence tag candidates (EST;
GenBank no. BE097465 and BF558890) in the rat transcrip-
tome—derived from cerebellar tissue that may encode for rat
NRP because of the occurrence of stop codons used by Nrp and
alkylated DNA repair protein transcripts. The biologically
active rat 21mer peptide sequence spans both exons. The
mouse 5′ UTR of Nrp is predicted to have a transcription start
at −114 upstream from the Nrp translation start and this has
been confirmed by RT-PCR. Therefore, in relation to the 5′ end,
191 nucleotides separate the transcription start sites of mouse
Nrp andmouse DNA repair protein. According to Northern blot
results, two alternativeNrp transcripts are present in perinatal
astrocyte RNA. Whether this is a result of alternative splicing
leading to the generation of multiple transcripts, encoding a
diversity of proteins with subtly different or opposing func-
tions has yet to be examined [48].

The identified trefoil factor domain located N-terminally
to the migratory/survival-inducing peptide domain of NRP
may have crucial functions for protein-protein interactions,
as has been described for the human trefoil factor protein
TFF1, which when present in dimerized conformation elicits
cellular responses such as tumor cell invasion [49]. It is also
known that TFF proteins exert their epithelial cell migration-
inducing effects via phosphorylation of the ERK pathway [39],
as does NRP for its activity on neuronal and progenitor
migration.

NRP may play a role in migration, proliferation and
differentiation of many progenitors in the nervous system.
We have shown that uncommitted neural stem cells can
migrate to a chemical gradient of NRP in vitro (Figs. 4 and
6). Further studies are needed to evaluate if this migration-
inducing capacity reflects the chemotactic activity of NRP
for stem cells and neuroblasts in vivo. This appears to be
likely, however, given the robust migratory response
observed in perinatal and embryonic OTC from different
CNS regions and the specific expression of Nrp in the E15
cortical marginal zone and subplate, which are both
substrates for migration of GABAergic progenitors from
the ganglionic eminence to the cortical anlage [50]. Nrp
expression is not restricted to the CNS but was also
detected by RT-PCR in embryonic heart, lung and liver.
Expression of mRNAs for neurotrophic factors such as BDNF
and GDNF in peripheral tissues has previously been
demonstrated, and such non-neural expression has been
implicated in the stimulation of outgrowth and mainte-
nance of the peripheral nervous system in the target tissue
[51]. The NRP-induced chemotactic response of neural
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progenitor cells requires a functional MAPK pathway. How-
ever, the MEK inhibitor PD98509 did not inhibit the basal level
of migration in the absence of NRP. It is known that PDGF-
enhanced migration of NSC occurs via a PI-3K-dependent
pathway [52] and therefore suppression of basal migration of
NSC might require simultaneous blockade of the ERK1/2 and
PI-3K pathways.

NRP shows highly potent neuronal survival-promoting
activity in primary neuronal cultures injured by oxidative/
excitotoxic stress (Fig. 4). In the cerebellar microexplant
system, the neuronal survival-promoting activity of mouse
NRP is about 10,000-fold more potent than that of human
SDF-1 (compare Fig. 4a with Fig. 4b). Chemically synthesized
NRP peptides corresponding to the active region homolo-
gous to SPP possess all of the activities of full-length
recombinant mouse NRP and do not appear to be less
potent, whereas short fragments derived from SDF-1 are less
potent than the full-length protein [53]. Interestingly, a
small peptide derived from ADNF also provides neuropro-
tection against oxidative injury at femtomolar concentra-
tions [2]. Cachexia-related protein and its 30-mer fragment
(SPP) have been implicated in neuroprotection and promo-
tion of neurite outgrowth under various conditions of
oxidative stress [33], although no astrocytic and/or neuronal
gene expression has been reported for the cachexia-related
protein gene [20].

The observation that NRP promotes generation of neu-
rons from neuroepithelial stem cells, and that astrocytes
appear to be the main source of NRP, is interesting in light of
the report that astrocytes can instruct neuronal differentia-
tion of dentate gyrus neural progenitor cells in the adult
hippocampus [54]. The factors responsible for that activity
have not been identified. The potential role of NRP in adult
neurogenesis should be addressed in future research.
Further, it is essential to determine whether NRP is
upregulated in and secreted by activated astrocytes in
response to different types of brain injury; such an observa-
tion would implicate NRP in the rescue of damaged neurons
as well as in the guidance of NSC to the site of injury and in
their subsequent neuronal differentiation to replace lost
neurons. NRP is a potent inducer of tangential/chain-like
migration in vitro and could be the elusive candidate protein
that directs precursors from the SVZ to migrate to the site of
injury in a chain-like manner after stroke injury [18].
Because of its biological activities and neuroepithelial/
astrocytic expression, NRP could be a key player in the
developing nervous system. More detailed expression stu-
dies as well as loss and gain of function experiments will be
necessary to determine the full importance of NRP in the
development, adult function, protection and regeneration of
the CNS.
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