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IA. BACKGROUND

A striking feature of the developing mammalian neuron is that it proliferates, but the 

mature neuron does not. As development leads to maturity, neuronal precursors become 

postmitotic and simultaneously appear to permanently lose their ability to proliferate. It may be 

argued that in the process of becoming postmitotic, the neuron becomes increasingly susceptible 

to injury and to the degenerative effects of senescence. This reasoning is based on observations 

that under stressful conditions the developing neuron survives better than the mature adult 

neuron. For example, it is well known that to establish neurons in culture, embryonic brain needs 

to be used, the adult brain is nearly useless for this purpose. Anecdotal accounts of infants and 

children possessing the resource to resist hypoxic injury, such as in drowning accidents, more 

efficiently than adults may provide indirect support for this belief. What might the reason be for 

this difference between the developing and mature neuron? The answer to this question may help 

to conceive approaches to rekindle proliferation in the mature neuron, a strategy likely to have 

therapeutic implications in devastating human neurodegenerative disorders such as Alzheimer’s 

disease, Huntington’s disease and stroke. As the genes themselves are largely unchanged during 

development, the basis for the differences noted between the developing and mature adult brain 

must involve differential gene expression.

The hypothesis on which this thesis is based is that both development and senescence are 

governed by changes in gene expression. Therefore, the overall objective of the present work 

was to identify mammalian genes involved in the regulation of neuronal proliferation. As a first
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step towards achieving this goal, gene expression was compared in the developing, adult and 

senescent rat brain in order to identify and isolate those genes that are differentially expressed in 

these age groups. The experiments leading to the isolation of neuronatin, a gene that is 

selectively expressed in the developing mammalian brain are described in this thesis. Although, 

these studies indicate a role for neuronatin in neuronal proliferation and differentiation, its 

precise biochemical function is still unclear. Eventually, it is hoped that these studies will 

contribute to a more complete understanding of the genetic basis of neuronal development and 

senescence.
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lB. VERTEBRATE BRAIN DEVELOPMENT

The aim of this section is to describe mammalian brain development. The basic concepts 

of vertebrate development and the cell fate of the mammalian blastocyst will be discussed along 

with an outline of the homeotic genes, the key regulators of development. As neural induction is 

closely tied to the formation of the dorsal mesoderm, this review will address the molecular 

signals involved in vertebrate gastrulation resulting in the formation of the dorsal mesoderm and 

then proceed with a discussion of neurulation. Thereafter, the morphological and molecular 

changes involved in neural tube organization including hindbrain segmentation and neocortical 

lamination will be addressed.

lB-1. BASIC CONCEPTS & HOMEOTIC GENES

For centuries it was thought that all animal species were preformed. Support for 

preformation came in claims that the likeness of the human homunculus could be seen in 

spermatozoa! Karl Ernst von Baer (1828) observed that there is a common pattern of 

development in all vertebrate species. He once remarked, “I have two small embryos preserved 

in alcohol, that I forgot to label. At present, I am unable to determine the genus to which they 

belong. They may be lizards, small birds, or even mammals “. von Baer’s dilemma is elegantly 

captured by Romanes (1901) (FIGURE-I-1). During vertebrate embryogenesis, the 

developments of general features precede the appearance of more specialized features. All 

vertebrates, including fishes, reptiles, amphibians, birds and mammals are remarkably similar in 

appearance
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VERTEBRATE EMBRYOS

FIGURE-I- 1: Comparison of vertebrate embryos. General features appear before specialized 
features, an observation attributed to von Baer (1828). Early in development, embryos of fish, 
salamander, tortoise, chick, hog, calf, rabbit and man, are all similar in appearance. It is only 
later in development that distinctive features appear (After Romanes 1901).
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until gastrulation. Thereafter, the characteristics that typify class, order and species begin to 

appear. Nature utilizes an exquisite strategy to transform the fertilized egg, a single cell, into a 

multicellular organism. This process is characterized by the appearance of cellular diversity 

giving rise to a variety of cell types, such as neurons and muscle, which then grow and form the 

different organs of the body.

The mammalian brain, arguably the most complex structure in nature is generated from a 

network of interacting molecular signals. Although, we lack an understanding of the central 

process regulating the incredible precision of development, it is now possible to decipher the 

molecular changes that take place during the different stages of embryogenesis. The rapid 

advance in the understanding of the mechanisms of development has to a great extent been a 

consequence of investigations carried out in invertebrates, such as the fruitfly (Drosophila), and 

in lower vertebrates, such as the frog (Xenopus).

Animal life begins when genetic material contained in male and female gametes, sperm 

and egg respectively, fuse during fertilization. The resulting zygote undergoes a series of 

cleavages that generate increasingly smaller cells called blastomeres, and the embryo is called a 

blastula. This is followed by gastrulation, a process involving major rearrangements of the 

blastomeres. During gastrulation, the embryo becomes arranged in three germ layers, the outer 

layer or ectoderm, the middle layer or mesoderm, and the inner layer or endoderm. The ectoderm 

generates the nervous system and epidermis. The mesoderm gives rise to the heart, kidneys, 

blood, muscle and bone, and the endoderm gives rise to the digestive system. Thus,
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the three germ layers are the precursors of organogenesis. From the earliest stages of 

development, however, a portion of the egg is kept aside for the formation of germ cells which

are genetically haploid and needed for the propagation of the species through reproduction. All 

of the other cells of the body are genetically diploid and are referred to as somatic cells. The 

distinction between germ and somatic cells is one of the earliest differentiation steps during 

animal development.

Mammalian embryogenesis, unlike that in lower species such as Xenopus, is not limited 

to the confines of the egg. Development in mammals has been modified to help the embryo 

derive nutrients directly from its mother through the placenta (FIGURE-I-2). The mammalian 

blastocyst first differentiates into the trophoblast and inner cell mass. The trophoblast is the 

embryonic contribution to the formation of the placenta. The inner cell mass gives rise to the 

hypoblast and epiblast. The hypoblast generates the extraembryonic endoderm that in the process 

of lining the blastocoele becomes the yolk sac endoderm. A small portion of the epiblast 

proceeds to line the amnion and forms the amniotic ectoderm. The resulting amniotic cavity 

becomes filled with fluid that helps protect the fetus. The bulk of the epiblast, embryonic 

epiblast, provides the nidus for all three embryonic germ layers, ectoderm, mesoderm and 

endoderm (Gilbert 1994).

A major advance in the understanding of the molecular mechanisms of development 

dawned with the discovery of the homeotic (Hox) genes. This remarkable cluster of genes govern 

the formation of the body plan of all animal species including invertebrates and
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MAMMALIAN EMBRYOGENESIS

FIGURE-I-2: The cell fate of the mammalian blastocyst. All three germ layers, ectoderm, 
mesoderm and endoderm are derived from the embryonic epiblast which is derived from the 
inner cell mass. The trophoblast which is the embryonic contribution to the formation of the 
placenta differentiates into the cytotrophoblast and syncytiotrophoblast (After Gilbert 1994).
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vertebrates. The Hox genes contain a 183 bp DNA sequence referred to as the homeobox that 

encodes a 61 amino acid polypeptide called the homeodomain. The homeodomain is a DNA 

binding motif that recognizes a four-base core sequence present in numerous target genes (Ekker 

et al 1994; Gehring et al 1994). As may be predicted, the homeotic genes are highly conserved 

during evolution. . The homeodomain is present even in primitive plants, such as fungi, and is 

estimated to be over a billion years old!

In Drosophila, there are eight Hox genes arranged in two clusters. The antennapedia 

complex (ANT-C) controls the development of the anterior parts of the fruitfly, and the bithorax 

complex (BX-C) controls the development of its more posterior regions. The eight Drosophila 

genes are labial (lab), proboscipedia (pb), Deformed (Dfd), Sex combs reduced (5cr), 

Antennapedia (Antp), Ultrabithorax (Ubx), abdominal-A (abd-A) and Abdominal-B (Abd-B) . 

The chromosomal arrangement of the ANT-C and BX-C complexes are reflective of their 

domains of function along the anterior-posterior axis of the fly. It is believed that two duplication 

events occurred during evolution resulting in the 38 Hox genes in the mouse and human. The 

mammalian Hox genes are arranged in four complexes, Hox-A, Hox-B, Hox-C and Hox-D, 

formerly referred to as Hox-1, Hox-2, Hox-3 and Hox-4, respectively (FIGURE-I-3). Within 

each complex the Hox genes are numbered from 1 to 13 in an anterior to posterior orientation. 

Each of the 13 columns contains related genes belonging to the four complexes. When the Hox 

genes are compared across species, a high level of conservation between species as distant as 

Drosophila melanogaster and Homo sapiens is seen. This degree of homology in species that are 

widely separated in evolution supports the view that the general principles of developmental
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VERTEBRATE HOMEOBOX GENES

FIGURE-I-3: The vertebrate Homeotic (Hox) gene nomenclature. There are four complexes of 
genes known as Hox-A, Hox-B, Hox-C and Hox-D. These genes were formerly referred to as 
Hox-1, Hox-2, Hox-3 and Hox-4. The genes in each complex are numbered from 1 (most 
anterior) to 13 (most posterior). The names of each gene, shown in the boxes, are depicted in the 
order that they are found along the chromosome. Commonly used synonyms are shown below 
each box. Empty boxes indicate homologues that have yet to be identified. The alignment with 
Drosophila genes are shown at the top. The horizontal arrows indicate the direction of 
transcription (After Scott 1992).
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genetics are common to all species (FIGURE-I-4). As the ventral region of the Drosophila is 

homologous to the dorsal side of vertebrates it is believed that an inversion of the dorsoventral 

axis occurred during evolution. A common ancestor, Urbilateria, probably gave rise to the 

arthropod and mammalian lineages (De Robertis & Sasai 1996). In the human genome, Hox-A is 

located on chromosome-7, Hox-B on chromosome-17, Hox-C on chromosome-12 and Hox-D on 

chromosome-2.

The function of the homeotic gene complexes is to pattern the morphology of the animal 

body plan by mechanisms that involve changes in the number and regulation of genes. The Hox 

genes help to demarcate body domains rather than specifying any particular structure. The 

simplicity of the four-base homeodomain binding site in target genes may account for the 

relative ease with which gain and loss of Hox binding sites occurred during evolution. Although, 

the Hox genes are believed to have duplicated in early vertebrate evolution, the generation of 

arthropod and tetrapod diversity is believed to have been mainly a consequence of changes in the 

regulation of the homeotic genes (Carroll 1995).
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HOMEOTIC GENE ORGANIZATION AND EXPRESSION

FIGURE-I-4: The domains of expression of the Hox genes in embryos of Drosophila and mouse 
correspond to the chromosomal order of the genes. The relationship of the Hox genes of
Drosophila, hypothetical ancestor of arthropods and tetrapods (Amphioxus), and mouse are 
shown. Amphioxus, a vertebrate ancestor, possesses a notochord, dorsal nerve cord and paired 
somites, but lacks most vertebrate head structures and appendages. This primitive organism, 
however, contains a Hox complex that is typical of that seen in modern vertebrates and even 
contains the homologues of the first ten groups of modern vertebrate homeotic genes. (After 
Carroll 1995).
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IB-2. GASTRULATION: FORMATION OF THE DORSAL MESODERM

Spemann & Mangold (1924, 1938) transplanted the dorsal lip of the blastopore of a 

salamander embryo on to its ventral side and observed the development of a duplicate dorsal 

axis. This pioneering experiment established the concept of induction recognizing the ability of 

one tissue to induce or change the fate of its surroundings (FIGURE-I-5). Spemann referred to 

the dorsal lip of the blastopore as the organizer seeking to imply that this region had acquired the 

ability to regulate the course of development. Numerous investigators have since worked on 

identifying the molecular signals that are generated at different stages of development. It is being 

increasingly recognized, however, that the signals regulating development are multiple and 

overlapping, and that there is substantial redundancy in the system.

Although, it is useful to think of the dorsal lip of the blastopore as an organizer, more 

likely, embryogenesis results from a series of sequential inductive steps that is regulated by a 

master developmental plan. In birds and mammals, Hensen’s node located at the anterior tip of 

the primitive streak corresponds functionally to the dorsal lip of the blastopore. This is confirmed 

by experiments showing the formation of a new embryonic axis when Hensen’s node was 

transplanted to an ectopic site (Waddington 1933). As would be expected, the inductive ability of 

Hensen’s node depends on its stage of development and the competence of the responding 

epiblast (Storey et al 1992). For example, explants of Hensen’s node derived from younger 

embryos induce both anterior and posterior central nervous system structures. On the other hand, 

Hensen’s nodes  from developmentally older embryos tend to  generate only  posterior
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THE SPEMANN-MANGOLD EXPERIMENT

FIGURE-I-5: The Spemann-Mangold experiment (1924). When the dorsal lip of the salamander 
blastopore was transplanted to the ventral side, a secondary neural plate was induced which then 
developed into a secondary embryo (After Hamburger 1981).
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structures.

Wolpert (1969) introduced the concept that the effects of an inducing signal depend on its 

concentration and the competence of the responding tissue. Strong support for a gradient effect 

was seen in experiments in which Xenopus blastula were exposed to different concentrations of 

activin, an important mesoderm inducing signal. Even small changes in the concentration of 

activin manifested with differences in the expression of target genes (Green & Smith 1990; 

Green et al 1992; Gurdon et al 1995).

The understanding of early vertebrate development has to a major extent resulted from 

studies carried out in Xenopus, therefore, this review will focus on this species. Even prior to 

fertilization, the Xenopus egg exhibits radial symmetry along the animal-vegetal axis (FIGURE-

1-6). The entry of the sperm into the egg at fertilization results in a 30° counter-clockwise 

rotation, cortical rotation, of the egg cortex relative to its inner cytoplasmic contents. Cortical 

rotation determines the dorsal-ventral axis of the embryo with the side opposite the site of sperm 

entry becoming dorsal. The process of mesodermal induction or gastrulation begins at the 

blastopore slit located in the dorsal-vegetal region. Prospective mesodermal cells begin to 

invaginate the embryonic ball at the blastopore slit. As Nieuwkoop (1969, 1973) helped 

established the importance of the dorsal-vegetal region as the endodermal center responsible for 

generating the signals needed for mesodermal induction, this area also carries his name.
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EARLY XENOPUS DEVELOPMENT

FIGURE-I-6: Early Xenopus development. An outline of early developmental patterning is 
shown on the left, and the genes expressed are shown on the right. Before fertilization, the egg is 
radially symmetric in the animal-vegetal axis. Sperm entry induces cortical rotation of the egg 
cytoplasm and determination of the dorsal-ventral axis. The dorsal-vegetal cells, endodermal 
organizer or Nieuwkoop center, induces the transformation of the dorsal marginal cells into the 
dorsal mesoderm or the Spemann organizer which then regulates neurulation of the overlying 
dorsal ectoderm. The ventral-vegetal cells induce formation of the ventral and intermediate 
mesoderm.
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The Nieuwkoop center contains the molecular signals, including activin, noggin and Vg-

1, needed for the formation of the dorsal mesoderm. Activin and Vg-1 belong to the 

Transforming Growth Factor (TGFβ) family, the members of which are known to play a central 

role in important processes of embryogenesis such as cell growth, migration, differentiation, 

inductive interactions and modulation of extracellular matrix (Akhurst et al 1990). Whilst activin 

and noggin are products of the Nieuwkoop center, Vg-1 may be the actual initiator of function in 

the center. Although, all three molecules are involved in the formation of the dorsal mesoderm, 

their relative hierarchy of functioning is still not fully clear.

The importance of activin in mesodermal induction is supported by experiments showing 

that blastomeres derived from the animal hemisphere, when exposed to activin, acquire a dorsal 

fate and express immediate-early genes, such as brachyury (Asashima et al 1990; Smith et al 

1990; Smith 1993). The effect of activin is concentration dependent. At low concentrations, the 

blastomeres differentiate into epidermis, and as the concentration is increased, a complete range 

of mesodermal derivatives including muscle and notochord are generated (Green & Smith 1990; 

Green et al 1992, 1994). At a cellular level, activin activates serine-threonine receptor 

phosphorylation-dependent pathways and effects the release of intracellular G-proteins, such as 

p21ras(Wang et al 1996). However, it is still unclear how these changes lead to the activation of 

inunediate-early response genes and the eventual initiation of dorsalization.

Although, activin is involved in the function of the Nieuwkoop center, several other 

findings indicate that this gene could not account for all of the effects of the center. These
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negative observations include findings that the secondary axis induced by activin in transplanted 

explants is incomplete and tends to lack the more anterior head structures, inhibition of activin 

does not completely eliminate dorsalization, and finally, activin is unable to fully rescue the 

dorsal axis of ultraviolet-treated embryos. For all of these reasons, other factors besides activin 

must be involved in the formation of the dorsal mesoderm.

There is compelling evidence for the involvement of noggin and Vg-1 in the formation of 

the dorsal mesoderm. Noggin is not a member of the TGFβ family, and was first isolated from a 

cDNA library prepared from dorsalized gastrulae (Smith & Harland 1992). Embryos are 

dorsalized by treating blastulae with lithium chloride which converts all mesodermal cells into a 

dorsal fate. Unlike activin, noggin can rescue the dorsal axis of ultraviolet-irradiated embryos. 

Microinjection of noggin mRNA into the ventral-vegetal blastomeres of the embryo induces the 

formation of an ectopic Nieuwkoop center.

Vg-1 is a TGFβ-related molecule that is important for the function of the Nieuwkoop 

center (Mellon 1987, 1991; Kessler & Melton 1994). The inactive form of Vg-1, a protein of 42 

kDa, is present in the unfertilized egg yolk. Following fertilization, Vg-1 becomes localized to 

the vegetal hemisphere of the zygote. Fertilization also results in the activation of a protease in 

the dorsal-vegetal region of the egg that cleaves inactive Vg-1 into the mature protein of 17 kDa 

(Thomsen & Melton 1993). The mature form of Vg-1 can induce the formation of mesoderm in 

animal cap blastomeres (Schulte-Merker et al 1994).
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The molecular signals, activin, noggin and Vg-1, emanating from the Nieuwkoop center, 

induce the formation of the dorsal mesoderm in the overlying dorsal marginal blastomeres. The 

dorsal marginal region is the prospective dorsal mesoderm, and is located in the junctional zone 

between the animal and vegetal hemispheres of the embryo. The mechanism of action of these 

mesoderm inducing signals involves the expression of immediate-early genes, such as brachyury 

and goosecoid, in the dorsal marginal blastomeres.

Brachyury has a biphasic effect depending on its local concentration. At low 

concentrations, brachyury induces the formation of smooth muscle, and at higher concentrations 

somitic muscle is generated (O’Reilly et al 1995). Brachyury exerts its function through a 

regulatory loop involving Fibroblast Growth Factor (FGF) . Brachyury activates FGF which in 

turn maintains the expression of brachyury (Schulte-Merker & Smith 1995). Goosecoid is also 

an immediate-early gene and is expressed in the dorsal marginal blastomeres in response to 

signals from the Nieuwkoop center. Goosecoid resembles the bicoid and gooseberry genes of 

Drosophila melanogaster, and its expression closely mirrors the localization of the Spemann 

organizer (Cho et al 1991).

Besides brachyury and goosecoid, recent evidence has also implicated a role for chordin 

and Xenopus nodal-related 3 (Xnr-3) in the induction of dorsal mesoderm. Chordin is a potent 

dorsalizing factor and its expression is most prominent in the notochord (Sasai et al 1994; Holley 

et al 1995). The expression of Xnr-3 is much more localized and is present only in the outer 

epithelial layer of the dorsal mesoderm (Smith et al 1995). Although, the mechanism is not fully
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understood, the immediate-early genes function to initiate cell migration into the blastopore slit, 

determine dorsal cell fate, and recruit the surrounding cells to form the embryonic dorsal axis.

Once the induction of the dorsal mesoderm is completed, regional differences in gene 

expression begin to appear. The dorsal mesoderm loses expression of Xwnt-8, a gene that is 

expressed in all mesodermal tissues, at the same time that it acquires the expression of brachyury 

and goosecoid (Smith & Harland 1991; Cunliffe & Smith 1992, 1994). The ventral mesoderm, 

on the other hand, continues to express Xwnt-8. It is believed that the appearance of goosecoid in 

the dorsal mesoderm results in the repression of Xwnt-8 (Christian & Moon 1993). The relative 

importance of these immediate-early genes and the hierarchy in which they operate is an area of 

continuing investigation.

In conclusion, the dorsal-vegetal region or Nieuwkoop center induces the transformation 

of the dorsal marginal blastomeres into the dorsal mesoderm or Spemann organizer. Thereafter, 

the Spemann organizer induces neurulation in the overlying dorsal ectoderm.
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IB-3. NEURULATION

The Spemann organizer or dorsal mesoderm induces the formation of neural tissue in the 

overlying dorsal ectoderm (FIGURE-I-7; TABLE-I-1). Noggin, activin and follistatin are the 

major factors involved in neurulation (Green 1994).

Noggin and activin, besides their role in the formation of the dorsal mesoderm, are also 

involved in neural induction. Noggin is a secreted protein and its mRNA is present in the egg 

even before the onset of genomic transcription in the zygote (Smith et al 1993). Transcription of 

noggin by the zygotic genome is first seen in the dorsal lip of the blastopore. Noggin can directly 

induce the formation of neural tissue in the dorsal ectoderm. The importance of noggin in 

neurulation is confirmed in experiments carried out using the purified protein. Even in the 

complete absence of mesodermal tissue, purified noggin protein can transform ectodermal 

explants into neural tissue (Lamb et al 1993). However, the neural tissue induced by noggin 

expresses characteristics of only the anterior neural structures, and not of the more posterior

structures such as the hindbrain and rhombomeres.

Activin is also important in neural induction, however, its role is more indirect. The 

normal role of activin appears to be to prevent the ectoderm from becoming neural tissue. This 

negative role of activin is inferred based on two series of experiments showing that when the 

function of activin is blocked, neural tissue appears by default. The first line of evidence was 

seen in studies showing that over-expression of a truncated (and non-functional) activin receptor
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THE PATH TO NEURULATION

FIGURE-I-7: The steps leading to the formation and differentiation of the neural tube.
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GENES INVOLVED IN BRAIN FORMATION

EMBRYONIC STRUCTURE GENES EXPRESSED

Nieuwkoop Center (Dorsal-Vegetal Region) Vg-1, Activin, Noggin

Spemann Organizer (Dorsal Mesoderm)
Noggin, Activin, Follistatin, Brachyury, 

Goosecoid, Xnr-3

Notochord Hedgehog, Chordin

Dorsal Neural Tube Dorsalin-1, Pax-3

Ventral Neural Tube Pax-6

Postmitotic Neurons Neuro-D, TOAD-64, APC

Spinal Cord Motor Neuron Differentiation Islet-1, Islet-2, Lim-1, Lim-3, ISL- 1

Midbrain/Cerebellar Development Wnt-I, En-2

Hindbrain Segmentation

Rhombomere-3
Rhombomere-4
Rhombomere-5

Krox-20, Hox-b2, Sek

Hox-Al, Hox-bi, Hox-b2, Eck

Hox-Al, Krox-20, Hox-b2, Sek

Neocortical Lamination SCIP, Otx-1, Emx-1, Emx-2

Basal Ganglia and Striatum Dlx-1, Dlx-2

Neuronal Migration and Corticogenesis Weaver, Astrotactin, Reelin

Synaptogenesis Synapsin-I, Gap-43

TABLE-I-1: Molecular signals involved in the formation of the nervous system.
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in blastomeres derived from the animal hemisphere resulted in these cells expressing neural 

markers. This fmdmg suggested that activin signalling normally functions to suppress 

neurulation of the dorsal ectoderm (Hemmati-Brivanlou & Melton 1992). The second line of 

support is derived from experiments carried out with follistatin, an endogenous activin 

antagonist. The expression of follistatin in embryonic explants results in the formation of neural 

tissue by a mechanism that involves the inactivation of activin (Hemmati-Brivanlou & Melton 

1994). These observations were inferred to imply that neurulation is a default mechanism of the 

ectoderm. It appears that ectodermal cells are normally prevented from undergoing neurulation 

by activin. However, when activin is inactivated by either a nonfunctional activin molecule or by 

follistatin, the ectoderm defaults into a neural fate.

Besides the role of molecules such as noggin, activin and follistatin, the competence of 

the ectodermal blastomeres may also be important in neurulation. Even before the initiation of 

gastrulation, the dorsal part of the ectoderm tends to acquire a neural fate more easily than its 

ventral counterpart (Sharpe et al 1987). The basis for these regional differences between the 

dorsal and ventral ectoderm may involve factors that regulate ectodermal competence. Neural 

inducers, such as noggin and activin function by activating protein kinase C and adenyl cyclase 

(Davids et al 1987; Otte et al 1989, 1991). The structure and sensitivity of the protein kinase C 

isoform located in the dorsal ectoderm is different from that in the ventral ectoderm (Otte & 

Moon 1992). The ventral ectoderm which is the prospective epidermis expresses Epi-1, whereas, 

the dorsal ectoderm, prospective neural tissue, does not express Epi-1 (London et al 1988). As 

these differences in the expression of Epi-1 are seen even before the formation of the
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Spemann organizer, it is suspected that the competence of the ectoderm may have independent 

importance in the determination of neurulation.

Neurulation of the dorsal part of the ectoderm sets the foundation for further secondary 

inductions necessary to create the different structures seen in the fully formed brain. The dorsal 

ectoderm, now committed to a neural fate, gradually loses its competence to signals from the 

dorsal mesoderm and instead acquires competence for new inducers. The neural ectoderm begins 

to thicken and form the neural plate the edges of which then curl and form the neural tube from 

which the entire brain and spinal cord emerges.

In conclusion, the dorsal ectodermal cells of the embryo are transformed into neural 

tissue by signals emanating from the Spemann organizer. These signals include noggin, activin 

and follistatin. Noggin can directly induce neurulation. The role of follistatin is to inhibit the 

function of activin in the dorsal ectoderm and thereby allow neurulation to occur by default.
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IB-4. NEURAL DIFFERENTIATION

IB-4(a). Neural Differentiation: Morphological Changes

Neural induction results in nearly half of all the embryonic ectoderm becoming neural 

tissue. The presumptive neural tissue becomes columnar, elevated above the surrounding 

ectoderm and forms the neural plate. The edges of the plate thicken and become the neural folds 

which in the process of curling forms the neural groove. Eventually, the neural folds fuse in the 

midline to form the neural tube.

The shaping of the neural plate is regulated by cells located along the midline of the 

neural plate. In birds and mammals these midline cells are called the median hinge point cells 

and in amphibians they are referred to as the notoplate (Jacobson 1981; Schoenwolf 1991). The 

median hinge point cells become adherent to the underlying notochord and helps to form a 

groove in the dorsal midline of the neural plate (Van Straaten et al 1988, 1989; Smith & 

Schoenwolf 1989). Thereafter, the bending of the neural plate is regulated at the dorsal hinge 

point cells located on either side of the midline groove. The dorsal hinge points cells undergo 

changes in microtubular assembly resulting in they acquiring a wedge shape necessary to effect 

the bending of the neural tube (Burnside 1971, 1973; Karfunkel 1972; Nagele & Lee 1980, 

1987). In addition to these intrinsic cellular properties, extrinsic forces also play a part in 

bending the neural plate. There is a steady pressure exerted towards the midline by the expanding 

sheets of ectodermal cells on either side of the neural plate (Smith & Schoenwolf
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1991). The combination of intrinsic and extrinsic forces ensures that the neural plate will fold 

into a tube that eventually separates from the epidermis and becomes embedded within the 

embryo (Schoenwolf 1991; Alvarez & Schoenwolf 1992).

The most dorsal cells, located at the edges of the neural folds are clipped off during the 

process of neural tube closure and become the neural crest. The more anteriorly located neural 

crest cells begin their migration even before the closure of the neural tube is complete. Whereas, 

the more caudally located neural crest cells migrate only after the tube is fully closed (Erickson 

et al 1980, 1992; Nichols 1981; Erickson & Weston 1983). The neural crest generates the 

sensory ganglia, including the dorsal root ganglia of the spinal nerves, and those of the 

trigeminal, facial, glossopharyngeal and vagus nerves. The neural crest is also the source of 

sympathetic neuroblasts, adrenal medulla, Schwann cells, pigment cells, odontoblasts, meninges 

and the mesenchyme of the branchial arches. As opposed to lower vertebrates, the closure of the 

mammalian neural tube occurs at multiple sites along the anterior-posterior axis (Golden & 

Chernoff 1993; Van Allen et al 1993). Eventually, both the anterior and posterior neuropores 

close to form a cylinder, the neural tube, which separates from the surface ectoderm.

Following its closure, the monolayer of neuroepithelial cells that constitute the wall of 

the neural tube begin to proliferate, differentiate and rearrange in the process of forming the 

different brain regions (FIGURE-I-8). At the same time, the tube also changes its configuration 

by expanding and constricting in places (Langman 1968). The initial increase in embryonic brain 

volume is mainly a consequence of an expansion in cavity size due to fluid pressure and
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BRAIN DIFFERENTIATION: MORPHOLOGICAL CHANGES

FIGURE-I-8: Morphological changes in the developing mammalian brain.
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less to actual tissue growth. It is estimated that the brain expands about thirty-fold between the 

third to fifth developmental day (Schoenwolf & Desmond 1984; Desmond & Schoenwolf 1986; 

Desmond & Field 1992). Immediately following the closure of the anterior neuropore, and even 

prior to the closure of the posterior neuropore, the head end of the tube is modified into three 

primary vesicles, the prosencephalon or forebrain, mesencephalon or midbrain, and 

rhombencephalon or hindbrain. Once the posterior neuropore also closes, the prosencephalon 

further differentiates into the telencephalon or cerebral hemispheres and diencephalon. The 

mesencephalon forms the midbrain without further subdivision. The rhombencephalon divides 

into the metencephalon and myelencephalon. The metencephalon becomes the pons and the 

myelencephalon generates the medulla oblongata and cerebellum.

The rhombencephalon is segmentally arranged, representing distinct compartments of 

cells, with each segment having a different developmental fate (Guthrie & Lumsden 1991). The 

first neurons of the developing hindbrain appear in the even numbered segments, rhombomeres-

2, 4 and 6. Rhombomere-2 gives rise to the trigeminal nerve, rhombomere-4 generates the facial 

and vestibulo-cochlear nerves, and rhombomere-6 is the source of the glossopharyngeal nerve 

(Lumsden & Keyes 1989).

The neural tube when viewed in transverse section is seen to differentiate into ventral and 

dorsal halves separated by a groove called the sulcus limitans (Langman 1968) (FIGURE-I-9). 

The ventral midline is called the floor plate, and the dorsal midline is the roof plate. On either 

side of the floor plate are seen the basal plates, and on the sides of the roof plate are located
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THE PATTERNING OF THE NEURAL TUBE

FIGURE-I-9: The transverse section of the developing mammalian neural tube.
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the alar plates. Although, these regions are best defined in the spinal cord, a similar format 

governs the development of the hindbrain. The dorsal portion containing the alar plates functions 

primarily as a region for sensory input, whereas, the ventral portion, containing the basal plates 

and motor neurons is the source of motor output from the central nervous system.

IB-4(b). Neural Differentiation: Molecular Changes

Differentiation of the neural tube involves a variety of cellular and molecular processes. 

The major manifestations of neural differentiation include the dorsal-ventral patterning of the 

neural tube, segmentation of the hindbrain, and lamination of the cerebral cortex. In general, 

specification of neuronal cell fate is determined by a combination of cellular lineage and their 

interaction with the surrounding micro-environment (McConnell 1995). Although, the signals 

from the Spemann organizer are sufficient to induce anterior-posterior patterning of the neural 

tube, dorso-ventral patterning requires that the neural plate also directly or indirectly contact with 

the underlying notochord (Van Straaten et al 1989; Yamada et al 1993).

Once the neural tube has closed, the neuroepithelial stem cells located in the wall of the 

neural tube begin to proliferate (His 1886, 1889; Sauer 1935). These stem cells have processes at 

either end which attach then to the outer limiting membrane (basal surface) and to the inner 

limiting membrane (apical surface) of the neural tube. The nucleus of the neuroepithelial cells 

are located near the basal surface of the neural tube. On entering the cell cycle, the nuclei begin 

DNA synthesis and migrate towards the apical surface where they complete mitosis before
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returning to the basal layer again (Fujita 1962, 1964, 1966).

Depending on the orientation of the mitotic spindle, the fate of daughter cells may differ 

(Langman et al 1966). When spindle formation occurs parallel to the apical surface both 

daughter cells remain attached at their ends to the basal and apical surfaces of the neural tube. 

These vertical daughter cells continue to function as stem cells. On the other hand, when the 

mitotic spindle is perpendicular to the apical surface, two types of cells are generated, the basal 

and apical daughters. As the basal daughter cell is no longer tethered to the apical surface, it 

moves away from the lumen and becomes a committed neuroblast, whereas, the apical daughter 

continues to function as a stem cell (FIGURE-I-1O). These results have recently been 

confirmed using confocal microscopy and Notch-1 (a neuron specific marker) 

immunohistochemistry (Chenn and McConnell 1995).

Waves of neuroepithelial cells proliferate clonally, stop dividing, and become committed 

neuroblasts (Tilney 1933). The molecular signals that govern neuroepithelial proliferation and 

their subsequent commitment to a neuronal or glial fate are yet to be fully determined. A basic 

helix-loop-helix protein, Neuro-D, is capable of converting most of the embryonic ectoderm, 

both dorsal and ventral, into neurons (Lee et al 1995). This, together with the finding that Neuro-

D is expressed in subsets of central and peripheral neurons indicates that this gene participates in 

the terminal differentiation of neurons during vertebrate neuronal development. Similarly, 

Turned On After Division (TOAD-64), a 64 kDa neural-specific protein, has also been isolated 

and shown to be specifically expressed in the postmitotic, but not progenitor, rat neurons
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NEURAL TUBE DIFFERENTIATION

FIGURE-I-10: Neuroepithelial proliferation in the wall of the neural tube.
(a). Mitosis occurs at the apical surface and DNA synthesis at the basal surface (After Langman 
et al 1966).
(b). When the mitotic spindle is parallel to the apical surface, vertical daughter cells are 
generated. However, if the mitotic spindle is perpendicular to the apical surface, apical and basal 
daughter cells arise. The apical daughter becomes a neuroblast, whereas, the basal daughter 
continues to function as a stem cell (After Chenn & McConnell 1995).
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(Minturn et al 1995). The expression of high levels of APC mRNA, a tumor suppressor gene, in 

the newly formed postmitotic neurons raises the possibility that this gene also contributes to 

postmitotic differentiation (Bhat et al 1994).

After their generation, clusters of 15-90 neuroblasts become physiologically coupled by 

gap junctions and form columns within the ventricular zone (Lo Turco & Kriegstein 1991). This 

aggregation of neuroblasts in the early stages of their development presumably provides for 

direct cell to cell interaction. Thereafter, the neuroblasts migrate along supporting radial glial 

fibers into the surrounding tissue and becomes layered in an inside-out manner (Sidman et al 

1959; Berry & Rogers 1965; Rakic 1972; McConnell 1988; Stiff et al 1991) by a mechanism that 

involves N-type calcium channels (Komuro & Rakic 1992) and NMDA receptors (Komuro & 

Rakic 1993) to form the cortical layer. Recently, neurons have also been observed to migrate 

independent of glial tracts (Lois et al 1996).

IB-4(b)(i). Patterning of the Neural Tube

The major axis of polarization of the neural tube is the establishment of bilateral 

symmetry along the dorsal-ventral axis with the motor neurons located ventrally and sensory 

neurons dorsally. The notochord underlying the ventral portion of the neural tube plays an 

important role in the establishment of ventral structures including the floor plate and motor 

neurons. Dorsalizing and ventralizing signals may form opposing gradients in the wall of the 

neural tube and thereby specify the dorsal-ventral axis.
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The organization of the mammalian neural tube involves the expression of the paired-box 

(Fax) genes (Tremblay & Gruss 1994). Although, the Pax proteins of mice are homologous to 

the transcription factor paired found in the developing Drosophila (Bopp et al 1986; Kessel & 

Gruss 1990; Gruss & Walther 1992), their function in the two species are different. In the mouse, 

Pax-3 protein is expressed along the dorsal portion of the neural tube and Pax-6 is expressed on 

the ventral side. Mice with mutations in both alleles of the Pax-3 gene die from complete failure 

of neural tube closure and the absence of neural crest migration (Goulding et al 1991). These 

animals were found to be mutated in the DNA-binding region of the Pax-3 gene, a site essential 

for the function of this transcription factor (Epstein et al 1991). Mouse heterozygous for this 

mutation exhibited the Splotch phenotype characterized by abnormalities of neural crest 

pigmentation. Besides the Pax genes, dorsalin-1, a secreted member of the TGF family is also 

selectively expressed in the dorsal portion of the neural tube (Basler et al 1993).

The differentiation of the ventral portion of the neural tube is more clearly dependent on 

influences derived from the notochord. Whilst floor plate induction may require actual physical 

contact between the notochord and the neural tube, the differentiation of motor neurons appears 

to depend on diffusible factors (Placzek et al 1993; Yamada et al 1993). The vertebrate 

homologue of the Drosophila segment polarity gene, hedgehog, is required for the differentiation 

of the ventral neural tube. The avian homologue is referred to as sonic hedgehog (Echelard et al

1993) and the rat homologue as vertebrate hedgehog (Roelink et al 1994). Hedgehog encodes a 

signalling molecule that is expressed in the notochord. The role of this gene is to induce the 

formation of the floor plate and ventral motor neurons, a prerequisite for patterning the ventral
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portion of the neural tube (Ericson et al 1995).

The relative importance of the notochord and floor plate in motor neuron differentiation 

is not clear. It is thought that the notochord induces the formation of the floor plate which then 

induces the formation of motor neurons. The precursor cells that generate motor neurons express 

Islet-I, a LIM class homeodomain gene (Ericson et al 1992). There is a correlation between the 

expression of LIM homeodomain genes, Islet-I, Islet-2, Lim-1 and Lim-3, and the projection 

patterns of motor neurons. The motor neurons located on each side of the spinal cord are 

arranged in a lateral and medial column. The motor neurons of the lateral column express Islet-2 

and Lim-1, and innervate the dorsal limb musculature. The motor neurons of the medial column 

express Islet-2 and Islet-1, and project to the more ventral muscles (Tsuchida et al 1994). In gene 

targeting studies, motor neuron differentiation has also been shown to require the expression of 

ISL-1, a LIM homeodomain transcription factor (Pfaff et al 1996).

IB-4(b)(ii). Hindbrain Segmentation

The hindbrain is segmentally organized into developmental compartments called 

rhombomeres which may be compared to the segments of arthropods (FIGURE-I-11). However, 

the segmental arrangement is best visualized in the spinal cord (Tsering 1992). The presence of 

hindbrain segmentation is not surprising as this is among the most primitive regions of the 

central nervous system and its organization is highly conserved in evolution. Although, transient 

bulgings were previously noted in the developing vertebrate hindbrain, it remained
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SEGMENTATION IN THE VERTEBRATE NERVOUS SYSTEM

FIGURE-I-11: Segmental arrangement of the vertebrate nervous system.
(a). Hindbrain segmentation. As in arthropods, the vertebrate nervous system is also segmentally 
arranged (After Lumsden & Keynes 1989).
(b). Spinal cord segmentation studied in the rat. Adjacent spinal roots have been traced with 
different lipophilic dyes to show evidence for strict segmentation (After Tsering 1992).
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uncertain until recently whether these morphological findings had biological significance. The 

homeotic genes and their regulators were noted to be expressed in distinct domains within the 

hindbrain. For example, the Hox-b1 gene is confined to rhombomere-1 (Murphy et al 1989). 

Furthermore, it was noted that when the function of Hox-A1 was eliminated by homologous 

recombination, rhombomeres 4 and 5 failed to develop (Carpenter et al 1993; Dolle et al 1993; 

Mark et al 1993). These observations provided molecular support for the importance of 

segmentation in vertebrate hindbrain development (TABLE-I-1).

The basis for the maintenance of strict rhombomere boundaries may involve differences 

in the characteristics of cells in adjoining segments. In fact, there is only minimal neuronal 

mixing at the rhombomere boundaries (Fraser et al 1990). Rhombomeres retain their original 

Hox gene expression pattern even after being transplanted to an ectopic site. Segmental 

boundaries are retained when rhombomeres that are normally adjacent to each other are 

transplanted next to each other, but, not when two odd or even-numbered rhombomeres are 

transplanted next to each other (Guthrie & Lumsden 1991; Marshall et al 1992; Guthrie et al 

1993). Using techniques to trace neuronal processes, very few cells were actually noted to cross 

rhombomere boundaries (Birghauer & Fraser 1994).

The segmental expression of Hox genes are influenced by regulatory genes such as Krox-

20 that are also expressed in early development (Krumlauf 1994). Krox-20 is a protein 

containing four zinc fingers and is strictly localized to rhombomeres 3 and 5 (Wilkinson et al 

1989). Krox-20 regulates the expression of Hox-b2, a homeotic gene that is expressed in
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rhombomeres 3, 4 and 5 (Sham et al 1993). Furthermore, there are binding sites for Krox-20 

protein in the enhancer region of the Hox-b2 gene (Scimeider-Manoury et al 1993). In addition to 

Krox-20, other regulatory genes, including sek, Hox-b1 and eck, have also been noted to be 

segmentally expressed. The receptor protein tyrosine kinases, sek, is selectively expressed in 

rhombomeres 3 and 5 (Nieto et al 1992). Eck is also a protein tyrosine kinase and is expressed in 

rhombomere-4 (Ruiz & Robertson 1994). Thus there is now a strong molecular basis for 

considering hindbrain segmentation as being important in the development of the vertebrate 

nervous system.

Each rhombomere contains a number of neuronal phenotypes, some projecting 

extrinsically and others intrinsically within the segment. Whilst Hox genes may help determine 

the segmental identity of rhombomeres, the molecular basis for the generation of the varied 

neuronal phenotypes is only beginning to be understood. The mouse homologues of Drosophila 

genes, Wnt-I and en-2, are involved in hindbrain development. Wnt-1 is a proto-oncogene 

encoding a putative signalling molecule (Nusse & Varmus 1992). Wnt-1 is the homologue of 

wingless gene product and en-2 is the homologue of engrailed. In the fruitfly, wingless maintains 

segmental boundaries by migrating into adjacent segments to activate engrailed gene.

The ectopic expression of Wnt-1 leads to the duplication of the embryonic axis pointing 

to its role in vertebrate patterning (McMahon & Moon 1989). On the other hand, the inactivation 

of Wnt-1 gene by homologous recombination results in the complete failure of midbrain and 

cerebellar development (McMahon & Bradley 1990). Although, these mice were
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mutated only in the Wnt-I gene, they also failed to develop a region of the brain that normally 

expressed en-2 (McMahon et al 1992). As in Drosophila, Wnt-1 is necessary for the function of 

en-2 in mammalian development as well. The selective expression of en-2 in the cerebellum has 

also been confirmed (Millet & Alvarado-Mallart 1995). Furthermore, mice with a mutated en-2 

gene exhibit abnormal cerebellar development and foliation (Millen et al 1994). Recent studies 

reveal that the region of the isthmus, located between the midbrain and hindbrain, functions as an 

organizer for midbrain development by generating FGF-8 (Ang 1996; Crossley et al 1996). The 

completion of segmentation provides the basis for further regional specification needed for the 

determination of neuronal fate, axon guidance and synaptogenesis (Lumsden et al 1994).

IB-4(b) (iii). Neocortical Lamination

As opposed to the hindbrain, the neocortex does not develop in a segmental manner. 

Instead, the neocortex may be viewed as one large developmental compartment within the 

forebrain. The neocortex consists of multiple cell layers that are functionally interconnected 

through a maze of axons and dendrites. This elaborate web also originates from the 

neuroepithelial cell layer that constituted the wall of the original neural tube (Sauer 1935). The 

vertebrate cerebral cortex is organized into distinct radial and tangential domains.

The neuroepithelial stem cells of the ventricular zone produce both neurons and glia from 

common progenitors (Turner & Cepko 1987; Holt et al 1988; Wetts & Fraser 1988; Galileo et
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al 1990; Leber et al 1990). However, this remains controversial as other investigators have noted 

that neurons and glia arise from separate lineages (Levitt et al 1981; Luskin et al 1988; Price & 

Thurlow 1988; Grove et al 1993). It is estimated that during vertebrate development, more than 

half of all neurons normally die soon after they form synaptic connections with their target cells 

(Raff et al 1993; Kruegar et al 1995). This is believed to be a consequence of a failure of target 

cells to provide sufficient neurotrophic factors essential for sustaining viability. The trophic 

factors function by suppressing a putative neuronal programmed cell death pathway. Clonally 

related cells are generated and distributed over several cortical layers. The precursors of cortical 

neurons are in some way programmed to generate the six cortical layers (McConnell 1995). 

Presumably, cortical layering is organized by a process involving progressive specification of 

cell types in response to environmental cues. Intrinsic differences in cortical neuronal 

progenitors may also be involved.

The first studies that provided evidence for molecules specifying laminar differences 

were the identification of POU homeodomain genes (He et al 1989). The POU genes are 

transcriptional regulators that contain both a homeodomain and a POU-specific domain (Herr et 

al 1988). One such POU gene is SCIP (Monuki et al 1989) also referred to as Tst-1 (He et al 

1989) or Oct-6 (Suzuki et al 1990). SCIP is specifically expressed in layers 5 and 6 of the 

cerebral cortex (Frantz et al 1994a). Another transcriptional regulator, Otx-I, the vertebrate 

homologue of the Drosophila homeodomain gene orthodenticle, is also expressed in layers 5 and 

6 (Frantz et al 1994b). In addition, the neocortex is also known to selectively express several 

other regulatory genes including Emx-1 and Emx-2 which are not present in the underlying

57



deeper structures such as the striatum (Simeone et al 1992ab). On the other hand, genes such as 

Dlx-1 and Dlx-2 are expressed in the striatum but not in the overlying neocortex (Porteus et al

1991; Price et al 1991, 1992). Thus there appears to be regional differences in gene expression 

between the developing neocortex and striatum. Although cells tend not to cross this molecular 

boundary, striatal cells transplanted into the cortex develop features typical of their new location 

(Fishell et al 1993; Fiskell 1995).

Postmitotic neurons as they migrate outwards from the luminal surface of the neural tube 

undergo patterning and synaptogenesis after arriving in the cortical mantle (Goffinet 1995). At 

least three genes are involved in mammalian corticogenesis. The weaver acts earliest by 

regulating the expression of a ligand needed for the subsequent expression of astrotactin. Once 

astrotactin is expressed, the postmitotic neurons begin to utilize the glial scaffold for migration 

from the ventricular zone into the cortical mantle (Zheng et al 1996). Finally, the expression of 

reelin, a secreted extracellular protein, accounts for the arrest of migration and the onset of 

cortical lamination (D’Arcangelo et al 1995). The gene for reelin is mutated in the reeler mouse, 

a well known model of disordered corticogenesis. The maturation of post-migratory neurons 

includes axonal growth and synaptogenesis, processes that involve the expression of neuron-

specific genes such as synapsin-1 (Valtorta et al 1992) and gap-43 (Costello et al 1990).

In conclusion, the entire nervous system originates from the neuroepithelial cells that 

constitute the wall of the neural tube. This monolayer is genetically triggered into rapid 

proliferation, clonal expansion, and then committed to a postmitotic fate that persists for the
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lifetime of the neuron. Identifying the molecular signals that govern the initiation of 

proliferation, and those that signal the cessation of proliferation, appear essential to the 

understanding of the reasons why adult neurons are unable to proliferate. In the process of 

becoming postmitotic, the neuron also becomes susceptible to the degenerative processes of 

senescence. It may be reasoned that the molecular mechanisms responsible for maintaining the 

postmitotic state of neurons also participate in making the neurons susceptible to the mechanisms 

of senescence.
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IC. SENESCENCE

IC-1. BASIC CONCEPTS

Normal brain development predictably culminates in senescence manifesting with 

progressive failure of function, cellular degeneration and death. The reason nature has evolved 

aging is a mystery (Campisi 1996; Kenyon 1996). Senescence has been viewed as a mechanism 

to prevent parents from competing with their offspring for limited food supply (Weissmann 

1889). Other investigators believe that the mechanisms that evolved to suppress cancer growth in 

youth will with time result in aging (Dykhuisen 1974; Sager 1991). The implication is that the 

species benefitted by allowing more offspring to reproduce. However, it is also possible to 

conceive that evolution could just as easily have devised systems without aging to benefit the 

species (Dice 1993). Each species has a predictable life span, for example, humans live to 85 

years, the rat has a life span of 2 years, and a bat about 30 years.

The unfailing predictability with which each species adheres to its life span is the most 

compelling evidence for senescence being genetically regulated. Life span is defined as the 

average duration of life in the absence of disease and accidents. “As a first generalization, it may 

be said that the length of life itself, the span of the natural life cycle, is one of the organism‘s 

most integral characteristics, genetically programmed in some mysterious way by a kind of 

biologic death clock” (Adams & Victor 1993). The inevitability of human senescence is 

elegantly depicted by Yakovlev (1954) (FIGURE-I-12).
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HUMAN LIFE SPAN

FIGURE-I-12: Human life span. Development predictably culminates in senescence (After 
Yakovlev 1954).
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Only a small proportion of individuals survive beyond their 85th year. “Popular tales 

about people who are tucked away in the remote regions of the Himalayas, Ecuador, or the 

Caucasus and live active lives for as long as 120 years or more have proved to be mythical. 

Actually, to date, there has been only one fully authenticated instance of a human being having 

survived to 120 years. From data on documented centenarians, actuaries have shown that a 

maximum life span of even 115 years is an extreme rarity, occurring once in 2.1 billion years” 

(Adams & Victor 1993; Partridge & Barton 1993). Similar observations may have lead Benjamin 

Gompertz (1825) to conclude that as age advances by arithmetic progression, mortality increases 

by geometric progression. Although, human life span has remained unchanged, life expectancy, 

the number of years of life that an individual may statistically expect from birth onwards has 

increased steadily down the ages, a reflection of improved sanitation, immunization and the 

dawn of antibiotics (Strehler et al 1971; Goldman & Cote 1991).

Although, the rate and extent may vary, most physiological functions decline with age. 

For example, human nerve conduction velocity, basal metabolic rate, cardiac output and 

maximum breathing capacity progressively fall with age (Moment 1982). Brain aging is of 

paramount importance, as the senile dement begins to exhibit a superficial resemblance to a 

helpless child. Between the third and tenth decade of life, the average weight of the brain 

declines by more than 200 grams (Adams & Victor 1993; Finch 1990; Finch 1993a). The cause 

for this is presumably neuronal degeneration and replacement gliosis (Finch 1993b). The rate of 

loss of neurons is most marked after the seventh decade of life. Over a quarter of the 

hippocampal neurons are lost between the ages of 45 and 95 (Ball 1977). It was thought that
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aging also resulted in loss of neuronal dendrites (Scheibel et al 1975), however, this is 

controversial (Buell & Coleman 1979).

It is possible that some of these morphological changes may underlie age-associated 

memory impairment and learning disabilities that eventually progress to the failure of neuronal 

functioning (Crook et al 1986). Aging culminates in total failure of cells to divide and function. 

Nevertheless, only a small percentage of the population actually die of normal aging! The 

majority of individuals die of diseases to which they become increasingly susceptible by the 

aging process. However, even if the major diseases causing death in the elderly, such as coronary 

artery disease and cancer are eliminated, life expectancy is predicted to increase by only about 3 

and 2.5 years, respectively (Kaplan 1991). Clearly, an understanding of the mechanisms that 

result in senescence is essential for lengthening human survival.

IC-2. CELLULAR SENESCENCE

Hayflick and Moorhead observed that fibroblasts divide only a fixed number of times or 

population doubling times (Hayflick & Moorhead 1961). Ever since this pioneering experiment, 

cultured fibroblasts have been used as a model for studying the molecular mechanisms of aging. 

The importance of age for the growth of fibroblasts, replicative senescence, is seen in studies 

showing that the human infant fibroblast divides about 50 times, that of a 20 year old about 30 

times, and that of a 80 year old about 20 times (Hayflick 1976; Smith & Pereira-Smith 1996). 

There are two schools of thought about the basis for cellular senescence. One view holds that
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senescence is genetically programmed and the other considers senescence to be a consequence of 

random molecular errors accumulating with time that ultimately results in total cell failure.

Whether and how changes associated with senescence, such as the accumulation of 

lipofuscin contributes to aging is not certain (Eldred & Lasky 1993). It is well established that 

with increasing age, cellular macro-molecules progressively accumulate errors, such as 

mutations (Crowley & Curtis 1963), telomere shortening (Harley et al 1990; Harley 1991), DNA 

hypomethylation (Catania & Fairweater 1991; Cooney 1993), impaired DNA repair (Rattan 

1989), enhanced protein cross linking (Zs-Nagy & Nagy 1980) and decreased protein 

degradation (Orgel 1963; Dice 1982; Goldspink & Kelly 1984). However, the mechanisms by 

which these changes lead to senescence remain largely speculative. Although, senescence must 

be viewed as essentially genetically governed, environmental influences undoubtedly participate 

in the degeneration. The importance of the environment is elegantly shown in a study noting that 

the song neurons of the adult canary brain have different life spans depending on the season in 

which the neurons are generated (Nottebohm et al 1994).

IC-2(a). Telomere Shortening

The telomeres of chromosomes are capped with repeated TTAGGG sequences. The 

telomere repeats are synthesized by telomerase, a RNA-protein complex (Feng et al 1995). The 

TTAGGG repeats stabilize and protect chromosomes from damage. With advancing age, the 

telomeres are progressively shortened due to a gradual loss of telomerase activity, which makes
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the chromosomes increasingly susceptible to damage (Mantell & Greider 1994; Collins et al 

1995; Prowse & Greider 1995).

Telomerase activity is increased in newborn mouse tissues compared to their postnatal 

counterparts (Blasco et al 1995). Telomere shortening is seen during normal aging and in Downs 

syndrome were aging is accelerated (Vaziri et al 1993). Mild hyperoxia may also inhibit 

fibroblast proliferation by a mechanism that appears to involve shortening of telomeres (Von 

Zglinicki et al 1995). Although, most species show telomere shortening with senescence, two 

known exceptions are yeast and Paramecium (D’Mello & Jazwinski 1991; Gilley & Blackburn 

1994; Smeal et al 1996). The yeast gene KEM1 produces a G4 DNA-dependent nuclease that 

damages the G4 tetraplex DNA structure involved in telomere functioning (Liu et al 1995). The 

activity of other telomere binding proteins have also been noted to be altered in nuclear extracts 

prepared from senescent human diploid fibroblasts (Hubbard et al 1995).

IC-2(b). RNA & Protein Changes

The relentless progression of development into maturity and then senescence 

undoubtedly involves changes in gene expression at both the mRNA and protein levels (Kumar 

et al 1992, 1994; DiPaolo et al 1995; Rosenberger 1995). Although, there is an overall reduction 

in total RNA production during senescence (Richardson & Cheung 1982; Stella & Lajtha 1987), 

the rate and stability of brain mRNA synthesis are comparable to younger tissue (Colman et al 

1980). In hybrids constructed using senescent and young fibroblasts, the senescent phenotype 

tends to
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be dominant (Pereira-Smith et al 1985). The factors responsible for this dominance may involve 

genes that are over-expressed (Cutler 1975; Lumpkin et al 1986; Martin et al 1990) or those that 

are under-expressed (Seshadri & Campisi 1990; Stein et al 1991) in senescent cells.

Whilst several observations implicate growth factors in senescence, it is not clear how 

these diverse findings can be unified in a common mechanistic process. TGFβ1 induces early 

senescence in mammary epithelium by inhibiting all growth activity through the action of 

hydrogen peroxide (Kordon et al 1995). Hydrogen peroxide induces the expression of HIC-5 

(H2O2-inducible clone-5), which has four LIM motifs with zinc fingers that function to inhibit 

growth and promote senescence (Shibanunna et al 1994). Epidermal growth factor (EGF) 

signalling is also impaired in senescence, a consequence of the action of a protease that cleaves 

the 170 kDa EGF receptor in senescent cells (Carlin et al 1994). Changes in insulin-like growth 

factor binding protein (IGFBP) have also been noted in senescence (Goldstein et al 1993; 

Grigoriev et al 1994). Senescent fibroblasts overexpress IL-1 and are markedly deficient in their 

ability to express IL-6 (Goodman & Stein 1994). The expression of genes involved in cell 

proliferation, such as cdc-2 and E2F-1, are decreased, and those involved in differentiation, such 

as cornifin, are increased in senescent cells (Saunders et al 1993). Other genes such as L7, a 

structural protein of the large ribosomal subunit, are decreased in senescence by a mechanism 

independent of changes in growth rate and protein synthesis (Seshadri et al 1993). A five to 

seven fold decrease in both the activity and level of thymidine kinase mRNA during senescence 

(Pang & Chen 1994) may suggest the presence of a block in a critical pathway needed for 

intracellular signalling (Medrano et al 1994).
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The transcription of c-fos, needed for the initiation of DNA synthesis (Seshadri & 

Campisi 1990) and its post-translational modification is also impaired in senescent cells. This 

results in altered binding to c-jun necessary for the formation of AP-1 transcription complex 

(Riabowol et al 1992). The expression of genes controlling the cell cycle, such as cdc2 and 

cyclins A and B are also reduced, and their function impaired, in aging cells (McCormick & 

Campisi 1991; Stein et al 1991). Other investigators have noted that the levels of ornithine 

decarboxylase mRNA are decreased in senescent cells along with impaired translation and 

increased protein degradation (Chang & Chen 1988).

Certain novel proteins have also been suggested as being mechanistically involved in 

senescence. The proteins, statin and terminin, are selectively expressed in senescent cells, 

possibly due to impaired lysosomal proteolysis (Wang 1985; Wang & Tomaszewski 1991). 

Statin has been noted to block phosphorylation of other regulatory proteins. Terminin undergoes 

a senescence-specific post-translational modification from 90 to 60 kDa, and further death-

specific modification from 60 to 30 kDa (Wang et al 1994). Other proteins believed to play a 

specific role in senescence include, senescence marker protein-30 (SMP-30) (Fujita et al 1995) 

and mortalin (Wadhwa et al 1995). Little is known about SMP-30, however, mortalin is a 66 

kDa protein that is a member of the heat shock protein family and is specifically expressed in 

mortal, but not immortal, cells.
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IC-2(c). Chromosomal Changes

On the basis of studies involving the transfer of human chromosomes into malignant cells 

lines, several investigators have identified candidate chromosomes on which putative senescence 

genes may be located. Human chromosome-1 was found to suppress immortalization (Yamada 

1994), and its long arm, 1q, is believed to contain a senescence gene (Hensler et al 1994). Other 

investigators have noted that human chromosome-6 has the resource to induce senescence and 

tumor suppression (Gualandi et al 1994). The long arm of chromosome-6 contains the SEN6 

gene that is believed to cause senescence (Sandhu et al 1994). Chromosome-4 has also been 

thought to contain a senescence gene (Ning et al 1991b). However, chromosome-11 appears to 

have been excluded as being involved in tumor suppression or senescence (Ning et al 1991a). 

Other changes observed in senescent cells include alterations in the composition and 

organization of the nuclear matrix and changes in the rate of DNA synthesis (Macieira-Coelho 

1991; Frederich et al 1992; Pienta et al 1992; Dell’Orco & Whittle 1994). Compared to younger 

cells, the organization of microtubules and actin filaments in senescent cells are deranged (Rao 

& Cohen 1991). Mutations in the mitochondrial DNA have also been observed in aging cells 

(Miquel 1992) and implicated as the basis for oxidative energy failure (Byrne et al 1991ab; Sohal 

& Brunk 1992).

IC-3. LIFE SPAN MUTANTS

Werner’s syndrome, characterized by premature aging, arteriosclerosis, cancer, diabetes
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mellitus, osteoporosis and cataracts is considered a model for the study of human aging (Pennisi 

1996). This assumption is supported by cell culture studies showing that the doubling time of 

fibroblasts derived from these patients is reduced compared with age-matched controls. The 

model, however, is not perfect as diseases of aging such as Alzheimer’s disease and hypertension 

are not seen in Werner’s syndrome. The gene for Werner’s syndrome has recently been isolated 

and sequenced (Yu et al 1996). Located on chromosome 8pl2, the Werner’s syndrome gene 

encodes a deduced protein of 1432 amino acids with significant similarity to DNA helicases. 

Helicases function to unwind the double helix during such essential cellular processes as gene 

expression, replication and repair. Therefore, abnormalities in a gene that functions as a putative 

helicase may be viewed as supportive of a role for defective DNA metabolism in aging. Of the 

four mutations noted in patients with Werner’s syndrome, two are at splice-junctions, predicted 

to exclude exons from the final mRNA and generate a truncated protein. The other two are 

nonsense mutations. Although, the discovery of the Werner’s syndrome gene invokes helicases 

in the mechanism of aging, it is unlikely to be acting alone. It is thought that about 70% of all 

human genes are in some way involved in the determination of human life span (Pennisi 1996).

Genetic mutations in the yeast, fruitfly and worm have also helped focus studies on genes 

that may govern animal life span. The yeast, Saccharomyces cerevisiae, is extensively used in 

aging studies. Aging yeast cells exhibit relative heat resistance and a failure of cell division. The 

yeast gene, SIR4, functioning as a complex with SIR1, SIR2 and SIR3, regulates the silencing of 

gene expression within certain chromosomal domains. When SIR4 is mutated, there
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is an increase in life span (Kennedy et al 1995; Smeal et al 1996). Several other genes that are 

differentially expressed in young and aged yeast cells have been identified (Jazwinski et al 

1993). Aging yeast do not express ras-2 protein involved in signal transduction and growth and 

also fail to express a putative senescence gene, lag-1, which is yet to be cloned (Jazwinski 1996). 

Interestingly, over-expression of lag-1 results in a 30% prolongation of life span. Yeast cells 

without a functioning EST1 gene also show a progressive shortening of terminal G1-3T telomere 

repeats, and an associated increase in the frequency of cell death (Lundblad & Blackburn 1993).

Similar results have also been observed in Drosophila melanogaster. The rate of 

mutation within a population of fruitfly is both variable and heritable (Hughes & Charlesworth 

1994). The simultaneous over-expression of the enzymes superoxide dismutase and catalase 

prolongs Drosophila life span by about a third (Orr & Sohal 1994; Sohal et al 1995). This is 

supportive of aging being a consequence of free radical injury, a mechanism that is causally 

important in neuronal senescence (Joseph 1992; Sohal & Weindruch 1996).

Life span mutants have also been studied in the nematode, Caenorhabditis elegans. 

Normally, this worm completes its life span in about two weeks. When strains with longer life 

spans were compared to those with normal life spans, four genes of importance were isolated, 

age-1, daf-2, daf-23 and clk (Kenyon 1996). Mutations of these genes have been shown to 

prolong life span. While the age-1 mutants live about 60% longer than wild type (Klass 1983) 

and the daf-2 mutants live about twice as long (Kenyon et al 1993), there is also a lengthening of 

life span in the daf-23 (Gottlieb & Ruvkun 1994); Larsen et al 1995) and clk mutants (Wong
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et al 1995).

There is a broad relationship between the calorie restriction and the prolongation of mean 

life span. This has been noted in several animal species, including rats, mice and fish. Although 

the precise mechanism for this is not known, it is believed that calorie restriction lowers steady-

state levels of oxidative stress and damage involved in the aging process (Sohal & Weindruch 

1996). A controversial relationship exists between longevity and reproduction (Gems & Riddle 

1996). The relationship may vary depending on the species. In Drosophila, female lifespan is 

shortened by increased egg production and enhanced reproductive activity, such as courting and 

receipt of male accessory fluid (Chapman et al 1995). The male life span is also reduced by 

reproductive activity (Partridge & Farquhar 1981). The situation in Caenorhabditis elegans is 

more complex as there is no apparent negative relationship between longevity and increased egg 

and sperm production (Gems & Riddle 1996). However, hermaphrodite worms that mate with 

males exhibit a reduced life span by mechanisms that appear not to involve changes in egg 

production and receipt of sperm.

In conclusion, evidence is presented for the genetic governance of animal life span across 

species. Whilst, the mechanisms that maintain the postmitotic state appear necessary for the 

initiation of senescence, there is also evidence for the presence of specific genes involved in 

senescence. However, it is unlikely that any of these senescence genes function in isolation. 

Identifying the molecular signals that regulate proliferation and differentiation during 

neurogenesis is a necessary basis for a better understanding of the mechanisms of senescence.
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ID. DEVELOPMENT LEADS TO SENESCENCE

With unfailing predictability development leads to maturity and then senescence. The 

evidence presented in this review implicates changes in gene expression as central to the 

processes of both development and senescence. The major phenotypic change seen in the 

developing neuron is that they become postmitotic, stop proliferating, and become susceptible to 

the degenerative effects of aging. The genes that regulate neuronal growth during mammalian 

development are not yet fully characterized. Identifying these genes, and understanding their 

mechanisms of action, would be the basis for devising strategies to help rekindle growth in the 

postmitotic adult or senescent neuron. Therefore, the goal of this thesis was to isolate genes 

selectively expressed in the developing brain, and then determine whether one or more of them 

governed growth and proliferation.
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IE. OVERVIEW OF THE STUDY

The goal of this work was to identify differentially expressed genes in the developing 

mammalian brain. As brain development in vertebrate species, mammals in particular, is 

remarkably similar, the rat was chosen for study. This species has been extensively investigated 

in development and senescence. Furthermore, neuronal proliferation in the rat continues for 

about two weeks postnatally, making it possible to study neuronal growth in the neonate, a 

developmental stage that is relatively more conveniently available. The rat reaches maturity by 

2-3 months, and is senescent by about two years.

The Fischer 344 was the rat strain selected, and the age groups for study were the 

neonate (3 days old), mature adult (3 months) and senescent (33 months) (Sapolsky 1992). 

Careful longitudinal studies in large numbers of senescent Fischer 344 rats have not revealed 

significant neoplastic pathology in the brain even at 33 months of age (Coleman et al 1977; 

Cohen et al 1978). The central nervous system is entirely normal in Fischer rats up to 18 months 

of age. Thereafter, about 4-8% of animals exhibit pituitary adenoma, about 1-2% show ischemic 

changes, and the majority (80%) show well defined non-staining vacuoles adjacent to or within 

neurons. The absence of neoplastic pathology in the brain makes the Fischer a good model for 

the study of the mammalian brain. Furthermore, studies of brain mRNA stability and sequence 

complexity in aging Fischer rats have revealed no major alterations (Colman et al 1980).
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The aim of the study was to isolate and characterize novel rat genes differentially 

expressed in development and senescence. These genes/cDNAs would in turn be used as probes 

to screen libraries for the identification of their human homologues. The initial plan was to 

obtain a subtraction library enriched for the neonatal rat brain, by hybridization of adult mRNA 

to neonatal cDNA using a low ratio (1:1). Unfortunately, the subtracted clones were found to be 

expressed equally in neonatal and adult rat brain. Therefore, an alternative approach was utilized 

employing the differential display technique in which patterns of expression were compared. 

Thus, bands selectively expressed in the neonatal, and even those selectively expressed in the 

adult brain, could be selected. However, as differential display was a blind procedure that 

generated cDNA fragments from the 3’-untranslated region of mRNAs, the biological 

significance of the isolated cDNA fragments was uncertain. Furthermore, the cDNA fragments 

would have to be used to screen libraries in order to isolate their full length sequences. An 

outline of the strategy used is shown (FIGURE-I-13). Once the full DNA sequence was known, 

further experiments on the biological function of the protein would be required.

For the differential display studies, total RNA samples extracted from neonatal (3 day 

old), young adult (3 months) and aged (33 months) rat brain were used. The cDNA fragments 

were prepared using degenerate primers, and the samples separated on denaturing sequencing 

gels. A total of 35 differentially expressed cDNA fragments were extracted from the gels and 

used to carry out Northern blotting. Only seven of the 35 cDNA fragments, however, were 

confirmed on Northern analysis to be differentially expressed. When these seven fragments were
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OUTLINE OF THE STUDY

FIGURE-I- 13: Outline of the approach used in this thesis. The experiments were initiated using 
RNA extracted from the brain of neonate (3 days), young adult (3 months) and aged (33 months) 
male Fischer 344 rats. cDNA was prepared and differential display carried out. A total of 35 
cDNA fragments, selectively expressed in one or other age group, were identified, and used to 
carry out Northern analysis. Seven cDNA fragments, confirmed to be selectively expressed, were 
sequenced. Of these, five had novel sequences, and when used to screen a rat brain library, lead 
to the identification of neuronatin cDNA.
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sequenced, only two matched with sequences in the GenBank database. The remaining five 

fragments, without homology in the database, were pooled and used to screen a cDNA library 

prepared from a mixture of mRNA extracted from neonatal, young adult and aged rat brain. Nine 

positive clones were isolated, four of which corresponded to the mRNA sizes detected on 

Northern blotting. These four clones were sequenced, and noted to encode novel proteins. There 

were two forms, the α-form encoded 81 amino acids and the β-form encoded 54 amino acids. 

The only difference between the two forms was that the longer α-form had an additional 81 bp 

sequence inserted into the coding region.

This novel gene was designated neuronatin (neuronal-neonatal). In subsequent studies, 

neuronatin mRNA was noted to be selectively expressed in the mammalian brain during 

embryogenesis. The appearance of the β-form coincided with the closure of the neural tube and 

the initiation of neuroepithelial stem cell proliferation. Therefore, it appears that neuronatin is 

involved in mammalian neurogenesis.
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