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ABSTRACT
Mammalian brain development and its progression to maturity and predictable
culmination in senescence are governed by differential gene expression. Therefore, the genes
expressed in neonatal, adult and aged rat brain were searched in order to isolate those genes that
are differentially expressed in the developing brain. Brain complementary deoxyribo-nucleic
acid (cDNA) samples were prepared for differential display and electrophoresed on
polyacrylamide gels. Thirty five differentially expressed cDNA fragments were extracted from
the gels, amplified by polymerase chain reaction and used for Northern blot analyses. Only seven
cDNA fragments were confirmed to be differentially expressed. Following cloning and
sequencing, five of these seven cDNA fragments had sequences without homology in the
GenBank database. These five novel cDNA fragments were pooled and used to screen a rat brain
cDNA library.

This lead to the isolation of neuronatin (neuronal-neonatal), a novel messenger ribonucleic acid (mRNA). Neuronatin mRNA had two alternatively spliced forms, α and β.
Neuronatin-αencoded a polypeptide of 81 amino acid residues with three exons and neuronatinβencoded 54 amino acids with two exons. Although, the β-form was otherwise identical to the α
-form, it lacked the 81 bp middle exon. Neuronatin mRNA was selectively expressed in the brain
(and neurons) during development. The α-form first appeared at embryonic day 7-10 (E7-10),
whereas, the β-form appeared at E11-14 coinciding with the closure of the neural tube and the
onset of neuroepithelial proliferation and neuroblast generation. Thereafter, the expression of
both forms became more pronounced at E16-19 accompanying a surge in neurogenesis.
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Neuronatin mRNA levels declined by the end of the second postnatal week. However, traces of
neuronatin mRNA continued to be present even in the adult brain.

The cellular function of neuronatin mRNA was investigated in PC12 cells, an
established neuronal cell line. Although, neuronatin mRNA was abundant in undifferentiated
PC12 cells, its expression became repressed when the cells were allowed to differentiate with
nerve growth factor supporting a role for neuronatin in neuronal growth. Other investigators
have noted that the mouse homolog of neuronatin was first expressed in rhombomeres-3 and 5 of
E8.5 hindbrain implicating this gene in the determination of hindbrain segmentation. The
deduced neuronatin protein has a hydrophobic N-terminal and a hydrophilic C-terminal. The
primary sequence and structural organization of the protein exhibited homology to PMP1 and
phospholamban, members of the proteolipid class of proteins, which function either as
regulatory subunits or independent ion channels. The rat neuronatin cDNA sequence was used to
screen human libraries leading to the identification of the human neuronatin mRNA isoforms
and the human gene. Together these studies revealed a significant level of homology in the
deduced neuronatin protein sequences of rat, human and mouse. The human neuronatin gene has
also been completely sequenced and assigned to chromosome-20q11.2-12. Evaluation of the
genomic organization of neuronatin confirmed the basis for the two alternatively spliced mRNA
isoforms.

In conclusion, neuronatin is a novel, brain-specific and highly conserved mammalian
gene involved in brain development.
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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
20

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).

28

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 (FIGURE1-6). 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 Vg1, 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 TGFβfamily, 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
Nieuwkoop Center (Dorsal-Vegetal Region)

GENES EXPRESSED
Vg-1, Activin, Noggin
Noggin, Activin, Follistatin, Brachyury,

Spemann Organizer (Dorsal Mesoderm)

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
Krox-20, Hox-b2, Sek
Rhombomere-3
Rhombomere-4
Rhombomere-5

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, rhombomeres2, 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 NeuroD 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 Krox20 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
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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 neuronspecific 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 deathspecific 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 steadystate 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.

71

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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IIA. PREPARATION OF RNA
Healthy Fischer 344 rats (Harlan-Sprague-Dawley, Indianapolis, IN) were used. The rat
reaches puberty by about 8 weeks and is senescent by 24 months of age (Sapolsky 1992). In
order to study embryonic development, pregnant animals at different stages of gestation, timed
from the appearance of the vaginal plug, were sacrificed. Postnatal animals were decapitated and
brain quickly dissected out and placed in liquid nitrogen. In some experiments, the heart, lungs,
liver, spleen, kidneys, skin and muscle were also removed for study. Embryonic animals were
removed following decapitation of the mother. Early gestation embryos (E7-10) were studied
whole, the cephalic half of mid-gestation embryos (E11-14) were used, and in late gestation
(E16-19), it was possible to selectively dissect the brain out for study.

Total RNA was extracted by the acid guanidinium thiocyanate-phenol-chloroform
method (Chomczynski & Sacchi 1987; Joseph et al 1993). Animals were decapitated, the brain,
and in some experiments other tissues, were dissected out and placed immediately in liquid
nitrogen. The frozen tissue was crushed with mortar and pestle in the continuing presence of
liquid nitrogen. Ten ml of denaturing solution (4 M guanidinium thiocyanate, 25 mM sodium
citrate pH 7.0, 0.5% sarcosyl, 0.1 M 2-mercaptoethanol) was added to the crushed sample,
homogenized using a glass-teflon homogenizer (Eberbach, Aim Arbor, MI), and kept on ice.
Thereafter, 0.2 M sodium acetate pH 4.0, 10 ml of water saturated phenol and 2 ml of
chloroform-isoamyl alcohol (49:1) were added to the sample, vortexed, kept on ice for 15 mm,
and centrifuged (10,000 x g for 20 mm) at 4°C. The aqueous phase was precipitated with an
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equal volume of isopropanol, the resulting pellet suspended in 0.3 ml of the denaturing solution,
transferred to a microcentrifuge tube and precipitated again with isopropanol. The final RNA
pellet was washed with 75% ethanol and dissolved in 0.5% SDS.
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IIB. NORTHERN BLOTTING
Total RNA was isolated by the single step guanidinium thiocyanate-phenol-chloroform
method and prepared for Northern blotting (Joseph et al 1993). To 20 µg of RNA (in a volume
less than 3.5 µl) was added 3 µl of 10x running buffer (0.2 M MOPS, 0.05 M sodium acetate,

0.01 M EDTA, pH 7.0), 3.5 µl formaldehyde, 10 µl of formamide, and volume made up to 20
µl with diethylpyrocarbonate-treated water. One µl of 1.25 mg/ml of ethidium bromide was also
added. The preparation was denatured at 65°C for 15 mm, and 5 µl of loading buffer (50%
glycerol, 1 mM EDTA, 0.25% bromophenol blue) added.

Electrophoresis was carried out on 1% agarose-3.7% formaldehyde using a buffer
containing 0.02 M MOPS, 5 mM sodium acetate and 1 mM EDTA pH 7.0. Before transfer, the
gel was photographed under UV light. RNA was transferred onto a nylon membrane (Micron
Separations, Westboro, MA) using 10x SSC (1.5 M NaC1, 0.15 M sodium citrate, pH 7.0) by
overnight capillary action. After transfer, the membrane was washed with 5x SSC, UV cross
linked for 2 min (Hoefer Scientific, San Francisco, CA), and baked at 80°C for 1 hour. The
membrane was pre-hybridized in a solution containing 1% bovine serum albumin, 7% SDS, 0.5
M sodium phosphate pH 7.0 and 1 mM EDTA, at 65°C for 1 hour. Hybridization was continued
overnight in the same solution with the addition of 1 x 106 cpm/ml of random-primed

32

P-

labelled probe. The membrane was washed in a solution containing 1% SDS, 40 mM sodium
phosphate pH 7.0 and 1 mM EDTA, at room temperature for 15 mm, and then at 65°C for 30
min (two times). The washed membrane was exposed to film (Kodak X-OMAT AR)
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between intensifying screens, at -70°C. Thereafter, the blot was stripped by boiling for 20 min in
a solution containing 1% SDS and 0.lx SSC, and re-hybridized with β-actin or glyceraldehyde 3phosphate dehydrogenase (G3PDH) to control for the amount of RNA applied in the different
lanes.
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IIC. SUBTRACTION LIBRARY
The studies to identify genes selectively expressed in the developing rat brain were
initiated by constructing a subtracted library. Using this technique, genes selectively expressed in
the developing brain could be identified by removing or subtracting away those genes that are
expressed both in the developing and adult brain. A low ratio hybridization-subtraction cDNA
library was prepared as described by other investigators (Fornace et al 1986, 1988; Sargent
1987). Adapting this technique, cDNA prepared from neonatal rat brain was hybridized with an
excess of mRNA from adult rat brain, and sequences present in both age groups were subtracted
away, negative selection. Further enrichment was achieved by hybridization with mRNA from
neonatal brain, positive selection, and discarding unhybridized sequences (FIGURE-II-1).

A litter of one day old rat pups (n = 12) and the mother were sacrificed by decapitation.
Their brains were quickly dissected out, immersed in liquid nitrogen, ground, homogenized, and
total RNA extracted by the acid guanidinium thiocyanate phenol chloroform method. Thereafter,
mRNA was separated on oligo-dT columns (Pharmacia, Piscataway, NJ), and analyzed on an
agarose gel to ensure that ribosomal RNA was removed. Twenty five µg of mRNA from
neonatal rat brain (Neonatal mRNA) was used to synthesize 32P-labelled cDNA in the presence
of reverse transcriptase, oligo-dT and random primers.
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SUBTRACTION HYBRIDIZATION LIBRARY

FIGURE-II-1: Preparation of the subtraction hybridization library enriched for the neonatal rat
brain. mRNA was extracted from the brains of a litter of one day old rat pups, and their mother.
Initially, negative selection was carried out by hybridizing neonatal cDNA and adult mRNA,
and discarding common sequences. Single stranded-cDNA (ss-cDNA) specific for the neonatal
brain was isolated using a hydroxyapatite (HAP) column. The cDNA:mRNA hybrids remained
bound to the column, and were discarded. Thereafter, positive selection was carried out by
hybridizing the ss-cDNA with an excess of neonatal mRNA, and discarding unbound sequences.
The cDNA:mRNA hybrids, eluted from the second column, were used to prepare double
stranded cDNA (ds-cDNA), and size selected using a CL-4B column. The cDNA fragments
larger than 500 bp were dG-tailed, ligated into the Pst-1 site of pBR322, transformed, and
selected.
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The cDNA reaction included 1 mM dGTP, 1 mM dATP, 1 mM dTTP, 0.5 mM dCTP, 60
mM KC1, 7 mM MgC12, 50 mM Tris-HC1 pH 7.5, 2 mM DTT, 60 ng/µl Actinomycin-D, 35
ng/µl oligo-dT12-18 (Life Technologies, Grand Island, NY), 200 ng/µl random primers (Life
Technologies), 1 unit/µl RNase inhibitor (Boehringer Mannheim, Indianapolis, IN), 100 µCi 32PdCTP and 100 units/µg RNase H- MMLV-reverse transcriptase (Life Technologies). The final
reaction volume was made up to 200 µl with water, and incubated at 37°C for 1 hour. The
mRNA in the reaction was hydrolyzed by adding an equal volume of 0.6 N NaOH and 20 mM
FDTA, and incubated at 65°C for 30 mm. 32P-labelled single stranded cDNA was separated on a
Sepharose G-50 column using NETS buffer containing 0. 1 M NaC1, 0. 1 mM EDTA, 10 mM
Tris-HC1 pH 7.6 and 0.1% SDS. The sample was extracted with phenol:chloroformisoamyl
alcohol (P:CI), extracted with CI, precipitated with sodium acetate and isopropanol, washed with
75% alcohol and suspended in 12.5 µl of hybridization buffer containing 0.12 M NaH2PO4 pH
6.8, 0.82 M NaCI, 1 mM EDTA, and 0.1% SDS. Low ratio hybridization subtraction was then
carried out.

The first hybridization reaction between neonatal cDNA (tracer) and adult mRNA
(driver) was a negative selection. Neonatal cDNA (25 µg RNA complexity) was mixed with
adult mRNA (25 µg) in a total volume of 25 µl of hybridization buffer. The reaction was
incubated at 65°C for 36 hours (RoT = 1030). The cDNA:mRNA hybrids, generated by this
hybridization, were separated at 65°C using hydroxylapatite columns. Single-stranded cDNA
was eluted from the columns with 0.12 M NaH2PO4 pH 6.8; under these conditions
cDNA:mRNA hybrids remain bound to the column. The single-stranded cDNA isolated at this
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step was specific for the pups (neonatal cDNA). The neonatal cDNA was dialyzed overnight in a
cold room with a buffer containing 10 mM Tris-HC1 and 1 mM EDTA pH 8.0 to remove
phosphate in the cDNA solution. The sample was concentrated to a volume of 0.5 ml using 1butanol, precipitated with sodium acetate, washed with 75% ethanol and air dried.

Thereafter, the purified sample of single-stranded neonatal cDNA was used to carry out
positive selection. For this purpose, 20 µg of neonatal mRNA was added in a total volume of 30
µl hybridization buffer, and incubated at 65°C for 64 hours (RoT = 1030). The preparation was
again separated on a hydroxylapatite column; however, this time the cDNA:mRNA hybrids were
eluted with 0.48 M NaH2PO4 pH 6.8, and saved. Phosphate was removed from the elute by
dialysis with 10mM Tris-HCl and 1 mM EDTA, concentrated using 1-butanol, precipitated,
washed, and used for the second strand cDNA synthesis reaction. The cDNA:mRNA hybrids
(estimated as 0.64 µg using salmon sperm DNA to generate a standard curve with a fluorometer)
were dissolved in 32 µl TE, to this was added 50 µl of 2x buffer containing 40 mM Tris-HC1 pH
7.5, 10 mM MgCl2, 20 mM (NH4)2SO4, 200 mM KCI, 100 µg/ml bovine serum albumin, 2 µl of
4 mM dNTP (all four), 18 units/ml of RNase H, and 230 units/ml of DNA polymerase. The
mixture was incubated at 12°C for 1 hour, then 22°C for 1 hour, and finally, the reaction stopped
with 20mM EDTA. The preparation was extracted with P:CI and CI, precipitated with
ammonium acetate and isopropanol, washed with 75% ethanol, and dissolved in 50 µl of TE.

The double stranded cDNA was size selected using a Sepharose CL-4B column
equilibrated with TE containing 0.1 M NaC1 pH 7.6. Aliquots #12 to 17 were pooled (Fraction-
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1), estimated as being >500 bp; and aliquots #18 to 26 were also pooled (Fraction-2), estimated
<500 bp. The two fractions were precipitated, washed with 75% alcohol, subjected to 3.5% nondenaturing polyacrylamide gel electrophoresis and autoradiographed at room temperature for one
hour (FIGURE-II-2). The large fragment fraction (Fraction-1) of subtracted cDNA was dCtailed using terminal nucleotidyl transferase (Boehringer Mannheim), and ligated with dG-tailed
pBR322-cut at the Pst-1 site (Life Technologies) using T4 DNA ligase. The ligation reaction was
incubated overnight at 8°C.

The recombinant plasmid preparation was used to transform Max Efficiency HB101
competent cells (Life Technologies), and selected using Tetracycline (12.5 µg/ml). The colonies
were screened with lifts made on nitrocellulose membranes which were hybridized with the
Fraction-1 of subtracted cDNA that was also used for cloning. Strong hybridization to
transferred colonies was observed in a preparation made at high dilution indicative of successful
cloning. Transformation in the control sample containing pBR322 without any cDNA inserts had
a cloning efficiency of 9x106 colonies/µg DNA.

86

SUBTRACTION LIBRARY: SIZE SELECTION

FIGURE-II-2: Size selection of the subtracted library. The aliquots of double stranded cDNA
were eluted from the Sepharose CL-4B column was pooled into two separate fractions. Fraction1 was obtained by pooling aliquots #12 to 17, and Fraction-2 was a mixture of aliquots #18 to
26. Fraction-1, being larger in size than Fraction-2, was used for cloning. The size markers are
indicated. Kb = kilo base pairs.
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IID. DIFFERENTIAL DISPLAY
Although, the technique of differential display was described by Liang and Pardee
(1992), a similar principle is used in RNA fingerprinting described by Welsh et al (1992). The
basis for both techniques is the observation that poly(T) sequences with anchoring bases can
function as primers (Khan et al 1991). In the differential display procedure, degenerate primers
are used to reverse transcribe and amplify poly(A)-containing mRNA sequences which are then
separated on polyacrylamide gels (Liang & Pardee 1992; Welsh et al 1992; Liang et al 1992,
1993; Sager et al 1993). At first, poly(T) 3’
-primers with two anchored bases are used for reverse
transcription. Thereafter, degenerate 10-mer sequences are added to the sample, and then the
reaction amplified by PCR. The resulting products are separated on 6% acrylamide DNA
sequencing gels under denaturing conditions (FIGURE-II-3).

The differential display technique allows the simultaneous visualization and comparison
of cDNA bands in different samples. Therefore, cDNA was prepared from neonate, young adult
and aged rat brain, and compared on polyacrylamide gels. The inclusion of the aged brain
sample was based on the reasoning that there may exist differences in gene expression between
the adult and aged brain as well. Total RNA samples from neonatal (3-days old), young adult (3months) and aged (33-months) male Fischer 344 rat brain were prepared and processed for
differential display (Joseph et al 1994) (FIGURE-I-9).

Fifty µg of total RNA from each age group was treated with DNase-I to remove
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DIFFERENTIAL DISPLAY

FJGURE-II-3: The technique of differential display. The mRNA transcribed from the template
strand (a), was used for cDNA synthesis with 3’
-primers consisting of dT-oligonucleotides with
two anchored bases (b). Four 3’
-primers were used, their penultimate bases being G, A, T or
C. The last base, M, was a mixture of G +A + C. After cDNA synthesis, arbitrary 10-mer
sequences were added to the mixture, and PCR amplified (c). The cDNA fragments were
separated on 6% polyacrylamide gels.
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contaminating genomic DNA in a mixture containing 20 u of RNase-free DNase-I, 80 u human
placental RNase Inhibitor, 10 mM Tris HC1, 1.5 mM MgC12 and 50 mM KCI. The mixture was
incubated at 37°C for 30 min, phenol:chloroform extracted and ethanol precipitated. One µg
aliquots of DNase-I treated total RNA from neonatal, young adult and aged rat brain were
reverse transcribed in separate reactions containing 2.5 µM T12MG as the 3’
-primer (M=equal
mixture of G+A+C), 20 µM dNTP (all four), 300 u MMLV-Superscript-II and lx MMLV buffer.
The preparation was incubated at 35°C for 60 mm, and the enzyme inactivated at 95°C for 5 min.
In parallel reactions, reverse transcription was also carried out using the remaining three 3’
primers, T12MA, T12MT and T12MC. Each reverse transcription reaction was PCR amplified with
five degenerate 10-mer sequences (5’
-primers, Operon Technologies, Alameda, CA), in separate
reactions. The concentration of each 5’
-primer was 0.5 µM. There were a total of 20 separate
reactions, containing combinations of the four anchored 3’
-primers and the five 10-mer 5’
primers.

The sequences of the primers used (FIGURE-II-4), and the 20 primer combinations used
are shown (FIGURE-II-5). Included in each PCR reaction, in a total volume of 20 µl, were 35SαdATP (1386 Ci/mmol, 0.5µM) and 2.5 u Taq DNA polymerase. The preparation was denatured
at 94°C for 5 min, and cycled 40 times. Each cycle consisted of denaturation at 94°C for 30 secs,
annealing at 40°C for 2 min, and extension at 72°C for 30 secs. Thereafter, the samples were
extended at 72°C for 5 min, and kept at 4°C. Loading buffer was added to the samples and
electrophoresed on 6% polyacrylamide gels.
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DIFFERENTIAL DISPLAY: PRIMERS

3’
-PRIMERS*
T12MG:

5’-TTTTTTTTTTTTMG-3’

T12MA:

5’-TTTTTTTTTTTTMA-3’

T12MT:

5‘-TTTTTTTTTTTTMT-3’

T12MC:

5’-TTTTTTTTTTTTMC-3’

*
Mixture of G+A+C

5’
-PRIMERS**
OPA-1:

5’
-CAGGCCCTTC-3’

OPA-2:

5‘-TGCCGAGCTO-3’

OPA-3:

5’-AGTCAGCCAC-3’

OPA-4:

5‘-AATCGGGCTG-3’

OPA-5:

5’-AGGGGTCTTG-3’

**
Obtained from Operon Technologies Inc., Alameda, CA.

FIGURE-II-4: The primers used for differential display. The four 3’
-primers were T12MG,
T12MA, T12MT and T12MC, and the five 5’
-primers were OPA-1 to OPA-5.
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DIFFERENTIAL DISPLAY: PRIMER COMBINATIONS

GEL-1
N: T12MG:OPA1
Y: T12MG:OPA1
A: T12MG:OPA1
N: T12MG:OPA2
Y: T12MG:OPA2
A: T12MG:OPA2
N: T12MG:OPA3
Y: T12MG:OPA3
A: T12MG:OPA3
N: T12MG:OPA4
Y: T12MG:OPA4
A: T12MG:OPA4
N: T12MG:OPA5
Y: T12MG:OPA5
A: T12MG:OPA5

N = Neonate,
Y = Young,
A = Aged,

GEL-3*
N: T12MA:OPA1
Y: T12MA:OPA1
A: T12MA:OPA1
N: T12MA:OPA2
Y: T12MA:OPA2
A: T12MA:OPA2
N: T12MA:OPA3
Y: T12MA:OPA3
A: T12MA:OPA3
N: T12MA:OPA4
Y: T12MA:OPA4
A: T12MA:OPA4
N: T12MA:OPA5
Y: T12MA:OPA5
A: T12MA:OPA5

Postnatal Rat Pup
Young Adult Rat
Aged Rat

GEL-4
N: T12MT:OPA1
Y: T12MT:OPA1
A: T12MT:OPA1
N: T12MT:OPA2
Y: T12MT:OPA2
A: T12MT:OPA2
N: T12MT:OPA3
Y: T12MT:OPA3
A: T12MT:OPA3
N: T12MT:OPA4
Y: T12MT:OPA4
A: T12MT:OPA4
N: T12MT:OPA5
Y: T12MT:OPA5
A: T12MT:OPA5

GEL-5
N: T12MC:OPA1
Y: T12MC:OPA1
A: T12MC:OPA1
N: T12MC:OPA2
Y: T12MC:OPA2
A: T12MC:OPA2
N: T12MC:OPA3
Y: T12MC:OPA3
A: T12MC:OPA3
N: T12MC:OPA4
Y: T12MC:OPA4
A: T12MC:OPA4
N: T12MC:OPA5
Y: T12MC:OPA5
A: T12MC:OPA5

(3 Days)
(3 Months)
(33 Months)

*
Gel-2 was a repeat of Gel-1.

FIGURE-II-5: The primer combinations used for differential display. A total of 20 primer
combinations were used. With each primer combination, differential display was carried out
using neonatal (N), young adult (Y), and aged (A) rat brain. In Gel-1, T12MG was the 3’
-primer,
used in combination with five separate 5‘
-primers, OPA- 1, OPA-2, OPA-3, OPA-4 and OPA-5.
The 3’
-primer in Gel-3 was T12MA, Gel-4 was T12MT, and in Gel-5 T12MC.
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The gels (GEL#-l, 3, 4, 5) were dried (80°C for 45 min) and exposed at -70°C to film (XOMAT-AR, Eastman Kodak, Rochester, NY) for 16 hours. GEL-2 was a duplicate of GEL-1;
both GEL-1 and GEL-2 were similar in appearance. Differentially expressed cDNA fragments
seen to be strongly expressed in neonatal, adult or aged brain were cut out of the gel by
overlaying the autoradiogram. The cDNA fragment in the cut piece of gel was extracted by
boiling with 500 µl of 1x TE for 15 min, phenol-chloroform extracted, ethanol precipitated, and
PCR amplified. Amplification was carried out using the same set of primers and conditions as
that employed in the original differential display reaction. The sizes of the amplified PCR
products were confirmed on 1.5% agarose gels.
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IIE. RAT BRAIN cDNA LIBRARY
A cDNA library was constructed using a combination of mRNA from neonatal, young
adult and aged Fischer 344 rat brain adapting established procedures (Jendrisak et al 1987). One
mg of total RNA was prepared by the single step acid guanidinium thiocyanate-phenolchloroform method (Chomczynski & Sacchi 1987), contaminating genomic DNA was removed
by digestion with RNase-free DNase, and poly(A) RNA isolated by oligo-dT cellulose
chromatography (Pharmacia). Four µg of poly(A) RNA was reverse transcribed using 200 u
Superscript-II MMLV reverse transcriptase, 0.5 µg of oligo-dT12-18, in 80 µl of 50 mM Tris, pH
8.3.

The resulting RNA-DNA hybrids were converted to ds-cDNA with 4 u RNase-H, 46 u

DNA polymerase in 100 µl of 20 mM Tris pH 7.5. The ds-cDNA was blunt ended using mung
bean nuclease (43 u/200, µl of reaction mixture), 30mM sodium acetate pH 5.2 and 1 mM Zn2+
as an activator. For high efficiency cloning of blunt ended ds-cDNA, EcoRI adapters with a
nested NotI site (Life Technologies) were ligated to the ends of the cDNA using 20 u T4 Ligase,
66 mM Tris pH 7.5 in a 50 µl reaction volume.

Excess adapters and smaller cDNA fragments (< 500 bp) were removed using a cDNA
fractionation column (Life Technologies). The ds-cDNA with ligated EcoRI(NotI)-adapters was
phosphorylated using 40 u T4 nucleotide kinase, 66 mM Tris pH 7.5 and 1 mM ATP, and cloned
into the unique EcoRI site located at the 3’
-end of LacZ gene in λ
gt11. Recombinant λ
gt11 phage
was packaged using X Packaging System (Life Technologies), and used to infect E.coli
Y1090(R-M-ΔLa
cU169). The efficiency was about 3.5 x 105 pfu/µg cDNA. More than
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90% of the plaques were detected by blue/white selection to contain recombinant phage.
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IIF. CELL CULTURE

The cell lines used were PC12 (rat pheochromocytoma) (Greene & Tischler 1976),
NCB2O, a hybrid cell line (Chinese hamster cortical neuron x rat neuroblastoma) (Klee &
Nirenberg 1974) and 9L (rat gliablastoma) (Kim et al 1990).

PC12 cells are a well studied model of neuronal growth and differentiation. Treatment of
undifferentiated PC12 cells with Nerve Growth Factor (NGF) results in the cessation of cell
proliferation and transformation into a neuronal phenotype, including the extrusion of neurites,
typical of the differentiated adult neuron. PC12 cells (#CRL-1721) were obtained from American
Type Culture Collection, Bethesda, MD.

NCB2O cells were generously provided by Dr. M. Nirenberg, National Institutes of
Health, Bethesda, MD, and 9L cells were provided by Dr. S. Gautam, Henry Ford Hospital,
Detroit, MI. In addition, Dr. Gautam also provided a primary rat glial cell line. PC12 cells were
grown on collagen-coated dishes in a medium containing 85% DMEM with high glucose, 10%
horse serum and 5% fetal calf serum. NCB2O, 9L and the primary glial lines were grown in 90%
DMEM with high glucose and 10% fetal calf serum. All cells were grown at 37°C in a
humidified incubator with 5% CO2 (Joseph & Han 1992).
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IIIA. EXPERIENCE WITH SUBTRACTION LIBRARY
IIIA-1. Screening of the Subtracted Library & Analysis of the Clones
The experiments to isolate genes selectively expressed in the developing brain began
with an attempt to prepare a library enriched for neonatal rat brain as described in SECTIONIIC. The library was prepared by hybridizing neonatal brain cDNA with an excess of adult brain
mRNA and removing the hybrids. Unhybridized cDNA fragments, specific for the neonatal
brain, were cloned into the unique Pst-1 site of pBR322 vector, and small scale plasmid
preparations made by the alkaline lysis method (Sambrook et al 1989). Twenty four clones (L
(large) 1 to 24; L-1 to L-24) were isolated for screening. In order to amplify the cDNA inserts in
these clones, primers were synthesized to hybridize the pBR322 sequence on either side of the
Pst-1 site.

Up primer: 5’
-TGC-GCA-ACG-TTG-TTG-3’(homologous to 3588-3062 nt of pBR322).
Down primer: 5‘
-ATA-CCA-AAC-GAC-GAG-3’
(complementary to 3631-3645 nt of pBR322).

Before setting up the reaction, the plasmid preparation was freed of contaminating RNA
by treating with RNase, phenol/chloroform extracted, ethanol precipitated, washed, air dried and
dissolved in 20 µl of 1x TE. Five µl of the purified DNA from clones L-1 to L-24 were used as
template for PCR amplification with the pBR322 primers shown above. Other constituents in the
reaction mixture were 100 µM dNTP (all four), 0.4 µM up primer, 0.4 µM down primer
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and 2.5 u Taq DNA polymerase. The samples were denatured at 94°C for 5 min and amplified
for 40 cycles. Each cycle consisted of denaturation at 94°C for 1 min, annealing at 52°C for 2
min, and extension at 72°C for 3 min. Thereafter, extension was continued at 72°C for 10 min,
and reactions maintained at 4°C. Samples were electrophoresed on 1.2% agarose using 1x Trisacetate buffer and photographed with UV after staining with ethidium bromide (FIGURE-III-1).
The presence of inserts in clones (L-3, L-4, L-6, L-7, L-8, L-9 & L-17) were confirmed using the
same PCR conditions (FIGURE-III-2). Of these, the insert in L-8 was about 350 bp and that in
L-17 about 500 bp. These inserts were cut out of the gel, random prime labelled and used for
Northern analysis. Unfortunately, both clones were nonspecific, i.e., the mRNA expression was
not different between the adult and neonatal rat brain (FIGURE-III-3).

IIIA-2. Comments on the Subtraction Library
Although, much experience was gained from this effort, the results of the subtracted
library were extremely disappointing. The results indicated that the library was nonspecific
which may have arisen because of the original low-ratio (1: 1) of driver mRNA (adult) to tracer
cDNA (neonate) that was used. To improve the enrichment of neonatal sequences, it would be
necessary to consider using a 30:1 ratio. An alternative approach was investigated instead using
differential display (I thank Sandra Rempel, Ph.D. for informing me of this technique). The
advantage of the differential display technique was that it would allow visualization of the cDNA
fragments expressed in both the neonatal and adult brain, and bands from either group could be
selected. Therefore, it was decided to proceed with differential display.
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SUBTRACTION LIBRARY: SCREENING OF 24 CLONES

FIGURE-III-1: Screening of clones from the subtraction hybridization library, enriched for
neonatal brain. The subtracted cDNA was cloned into the Pst-1 site of pBR322 by GC-tailing,
transformed in competent HB101, and selected using Tetracycline. In order to PCR amplify the
cloned product, pBR322-specific primers on either side of the Pst-l site were used. A total of 24
colonies (L-1 to L-24) were studied. Negative and positive controls were also included. The
negative sample did not contain any template. In the positive sample, β-amyloid precursor
protein template and primers were used, and as noted previously (Joseph et al 1993), a 0.2 kbp
product was amplified. Inserts were visible in clones, L-3, L-4, L-6, L-7, L-8, L-9 & L-17. The
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SUBTRACTION LIBRARY: SCREENING OF SELECTED CLONES

FIGURE-III-2: Screening of selected clones from the subtraction hybridization library. Based
on screening 24 colonies (L-1 to L-24, certain clones (L-3, L-4, L-6, L-7, L-8, L-9 & L-17) were
noted to contain inserts. These 7 clones were again PCR amplified using pBR322 primers on
either side of the Pst-1 cloning site. The clones, L-8 and L-17 contained the largest inserts.
Negative and positive controls were also included. The negative sample did not contain any
template. In the positive sample, β-amyloid precursor protein template and primers were used,
and, as was noted previously (Joseph et al 1993), a 0.2 kbp product was amplified. The standard
marker was a HindIII digest of λ
-DNA. kb = kilo base pairs.
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SUBTRACTION LIBRARY: NORTHERN BLOTTING WITH L-8 & L-17

FIGURE-III-3: Northern blotting using probes from the subtraction library. The probes used were
derived from clones L-8 and L-I 7, and the membrane contains RNA extracted from neonatal and
adult rat brain. The pattern of hybridization seen with both probes was not specific for the neonatal
brain.
102

IIIB. DIFFERENTIAL DISPLAY & cDNA FRAGMENTS
IIIB-1. Isolation of Differentially Expressed cDNA Fragments
As an alternative to the subtraction library, differential display was utilized to isolate
genes selectively expressed in the developing rat brain. In this technique, poly(A) mRNA
sequences are reverse transcribed and amplified using degenerate primers, and the resulting
cDNA bands separated by gel electrophoresis. Brain RNA samples prepared from neonatal (3
days), adult (3 months) and aged (33 months) male rats were used. cDNA bands selectively
expressed in the neonatal (N), young adult (Y) and aged (A) brain were identified. A total of 35
cDNA fragments (JT-I to JT-35) that were differentially expressed in the neonatal or adult rat
brain were extracted from the gels. The selection of bands for study was arbitrary and dependent
on the expression pattern seen on the autoradiogram. Although, the expressions of most of the
isolated cDNA bands were increased in the neonatal brain, some were increased in the young
adult and aged brain. The autoradiograms of each of the four gels used in this study are shown
below:
JT-I to JT-5:

GEL-1 (FIGURE-III-4)

JT-6 to JT-I5:

GEL-3 (FIGURE-III-5)

JT-16 to JT-27:

GEL-4 (FIGURE-III-6)

JT-28 to JT-35:

GEL-S (FIGURE-III-7)

(The first set of samples was electrophoresed on two separate gels, GEL-1 and GEL-2. The
patterns were identical).
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DIFFERENTIAL DISPLAY GEL-1: cDNA FRAGMENTS JT-1 TO JT-5

FIGURE-III-4: Differential display (Gel-1) from which cDNA fragments JT-I to JT-5 was isolated.
The 3’
-primer used in this gel was T12MG (G). The 5’
-primers used were OPA-1 (1), OPA-2 (2),
OPA-3 (3), OPA-4 (4) and OPA-5 (5). N = neonate (3 days old), Y = young adult (3 months old)
and A = aged (33 months old) rat brain. The location of the cDNA bands, JT-1 to JT-5 are indicated
on the gel. For example, the first lane, G1N, indicates that the primers, T12MG and OPA-1 were
studied in neonatal brain.
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DIFFERENTIAL DISPLAY GEL-3: cDNA FRAGMENTS JT-6 TO JT-15

FIGURE-III-5:

Differential display (Gel-3) from which cDNA fragments JT-6 to JT-15 were

isolated. The 3’
-primer used in this gel was T12MA (A). The 5’
-primers used were OPA-1 (1),
OPA-2 (2), OPA-3 (3), OPA-4 (4) and OPA-5 (5). N = neonate, Y = young adult and A = aged rat
brain. The location of the cDNA bands, JT-6 to JT-15 are indicated.
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DIFFERENTIAL DISPLAY GEL-4: cDNA FRAGMENTS JT-16 TO JT-27

FIGURE-III-6:

Differential display (Gel-4) from which the cDNA fragments JT-16 to JT-27

were isolated. The 3’
-primer used in this gel was T12MT (T). The 5’
-primers used were OPA-1
(1), OPA-2 (2), OPA-3 (3), OPA-4 (4) and OPA-5 (5). N = neonate, Y = young adult and A = aged.
The location of the cDNA bands, JT-16 to JT-27 are indicated.
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DIFFERENTIAL DISPLAY GEL-5: cDNA FRAGMENTS JT-28 TO JT-35

FIGURE-III-7: Differential display (Gel-5) from which the cDNA fragments JT-28 to JT-35
were isolated. The 3’
-primer used in this gel was T12MC (C). The 5’
-primers used were OPA-1
(1), OPA-2 (2), OPA-3 (3), OPA-4 (4) and OPA-5 (5). N = neonate, Y = young adult and A = aged.
The location of the cDNA bands, JT-28 to JT-35 are indicated
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The primers used and the expression pattern of the 35 cDNA fragments are shown
(TABLE-III-1). The cDNA fragments were PCR amplified using the same primer combinations
as that used in the differential display reactions, and used as probes for hybridization with RNA
from neonatal, young adult and aged rat brain in 35 separate Northern blotting experiments.
However, only seven of these 35 cDNA fragments (JT-1, JT-4, JT-8, JT-10, JT-18, JT-30 & JT33) were confirmed on Northern blotting to be differentially expressed (FIGURE-III-8).
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THE cDNA FRAGMENTS: PRIMERS & EXPRESSION PATTERN

NUMBER
JT-1

3’
-PRIMER
T12MG

JT-2

T12M0

JT-3

T12MG

JT-4

T12MG

JT-5

T12MG

JT-6

T12MA

JT-7

T12MA

JT-8

T12MA

JT-9

T12MA

JT-10

T12MA

JT-11

T12MA

JT-12

T12MA

5’
-PRIMER
caggcccttc
(OPA-1)
tgccgagctg
(OPA-2)
tgccgagctg
(OPA-2)
agtcagccac
(OPA-3)
aggggtcttg
(OPA-5)
caggcccttc
(OPA-1)
caggcccttc
(OPA-1)
caggcccttc
(OPA-1)
caggcccttc
(OPA-1)
caggcccttc
(OPA-1)
caggcccttc
(OPA-1)
caggcccttc
(OPA-1)

NEONATE
++++

YOUNG
+

AGED
+

+

++++

++++

-

++++

+++

+

++++

+

++

++

++++

+++

-

+

+++

-

+

+++

-

+

+++

-

+

++++

+

++

++++

+

++

++

-

-
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THE cDNA FRAGMENTS: PRIMERS & EXPRESSION PATTERN

NUMBER

3’
-PRIMER

5’
-PRIMER

NEONATE

YOUNG

AGED

JT-13

T12MA

++

-

-

JT-14

T12MA

+

++

-

JT-15

T12MA

+

+

++

JT-16

T12MT

-

+

+++

JT-17

T12MT

-

+

+++

JT-18

T12MT

-

+++

++++

JT-19

T12MT

-

+

+++

JT-20

T12MT

+

++

++++

JT-21

T12MT

-

++

++++

JT-22

T12MT

-

+

+++

JT-23

T12MT

-

++

+

JT-24

T12MT

agtcagccac
(OPA-3)
aatcgggctg
(OPA-4)
aggggtcttg
(OPA-5)
caggcccttc
(OPA-1)
caggcccttc
(OPA-1)
caggcccttc
(OPA- 1)
tgccgagctg
(OPA-2)
tgccgagctg
(OPA-2)
agtcagccac
(OPA-3)
agtcagccac
(OPA-3)
aatcgggctg
(OPA-4)
aatcgggctg
(OPA-4)

-

+

-
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THE cDNA FRAGMENTS: PRIMERS & EXPRESSION PATTERN

NUMBER
JT-25

3’
-PRIMER
T12MT

JT-26

TJ2MT

JT-27

T12MT

JT-28

T12MC

JT-29

T12MC

JT-30

T12MC

JT-31

T12MC

JT-32

T12MC

JT-33

T12MC

JT-34

T12MC

JT-35

T12MC

5’
-PRIMFR
aatcgggctg
(OPA-4)
aggggtcttg
(OPA-5)
aggggtcttg
(OPA-5)
caggcccttc
(OPA-1)
caggcccttc
(OPA-1)
tgccgagctg
(OPA-2)
agtcagccac
(OPA-3)
aatcgggctg
(OPA-4)
aatcgggctg
(OPA-4)
aggggtcttg
(OPA-5)
aggggtcttg
(OPA-5)

NEONATE
-

YOUNG
++

AGED
+++

-

+

++++

-

-

+

+

+++

+++

++

+

+

++++

++

+

++++

+

++

++++

++

+++

++

-

-

++

-

+

+

++++

++++

TABLE-III-1: The cDNA fragments JT-1 to JT-35, primers used for isolation and their
expression pattern. Expression is rated on the following arbitrary scale: (-) = no expression,
(+) = trace, (+ +) = mild, (+ + +) = moderate, (+ + + +) = abundant.
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DIFFERENTIALLY EXPRESSED cDNA FRAGMENTS

FIGURE-III-8: Northern blotting of the cDNA fragments confirmed to be differentially
expressed. Of the 35 separate Northern blots carried out using the probes JT-I to JT-35, only
seven (JT-1, JT-4, JT-8, JT-10, JT-I8, JT-30 & JT-33) were confirmed to be differentially
expressed. The blots contained RNA (20 µg) extracted from rat brain, N = neonate (3 days old),
Y = young adult (3 months), A = aged (33 months), M = mother rat. The sizes of mRNA are
indicated in kilobases. Representative ethidium bromide stained gels photographed with UV light
are shown. The location of 28S and 18S RNA are indicated.
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IIIB-2. Cloning and Sequencing of the cDNA Fragments
The seven cDNA fragments (JT-1, JT-4, JT-8, JT-10, JT-18, JT-30 & JT-33) isolated
from the differential display gels, and confirmed to be differentially expressed on Northern
analysis, were ligated into pCRTM (Invitrogen, San Diego, CA) by TA-cloning (Clark 1988). The
cloned vector was used to transform TA One ShotTM competent cells. White colonies were
selected for plasmid preparation from plates containing Kanamycin and Bluo-gal (Life
Technologies).

The inserts were amplified using SP6 and T7 primers that recognized sequences on either
side of the cloning site. The reaction included 1 µg plasmid template, 0.4 µM T7 primer, 0.4
µM SP6 primer, 100 µM dNTP (all four), 1x buffer and 2.5 u Taq polymerase. The reactions
were denatured at 94°C for 5 min, and amplified for 35 cycles. Each cycle consisted of
denaturation at 94°C for 1 min annealing at 62°C for 2 min and extension at 72°C for 3 min. This
was followed by extension at 72°C for 5 min, and reactions maintained at 4°C. Twenty five µl of
the sample was loaded on 1.5% agarose gel containing 0.1 µg/ml ethidium bromide,
electrophoresed using 1x Tris-acetate buffer and photographed with UV light. In the absence of
an insert, the predicted size of the amplified product was 188 bp, the length of the vector
sequence between the SP6 and T7 sites. Clones containing inserts (JT-1, JT-4, JT-8, JT-10, JT18,
JT-30 & JT-33) exhibited larger sized products (FIGURE-III-9; TABLE-III-2). Based on the
PCR results, the sizes of the cDNA inserts are shown.
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PCR AMPLIFICATION OF THE cDNA FRAGMENTS

FIGURE-III-9: PCR amplification of the differentially expressed cDNA fragments. The cDNA
fragments, JT-J, JT-4, JT-8, JT-10, JT-18, JT-30 & JT-33, confirmed to be differentially
expressed on Northern blotting, were TA-cloned into pCRTM and sequenced using T7 or SP6
primers located on either side of the cloning site. A 100 bp DNA ladder was the marker used.
kb = kilo base pairs.
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SIZES OF THE cDNA FRAGMENTS

NUMBER

VISUALIZED SIZE SIZE OF
(bp)
CONTROL (bp)

JT-1

400

188

ESTIMATED
SIZE OF cDNA
FRAGMENT (bp)
212

JT-4

400

188

212

JT-8

250

188

62

JT-10

350

188

162

JT-18

350

188

162

JT-30

300

188

112

JT-33

250

188

62

TABLE-III-2: The sizes of the differentially expressed cDNA fragments shown in FIGURE-III
9. In the absence of any insert, the size of the product was estimated to be 188 bp, the region
between T7 and SP6 sites in the pCRTM vector. The estimated size of the cDNA fragments was
the difference between the visualized size and the control size.
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IIIB-3. Sequencing of JT-1, JT-4, JT-8, JT-1O, JT-18, JT-30 & JT-33

Double stranded sequencing of the cloned cDNA inserts were carried out using
Sequenase Version 2.0 (United States Biochemicals, Cleveland, Oil). Five µg of template was
denatured, annealed with T7 or SP6 primers, labelled with 35S-dATP and extended by the chain
termination method (Sanger et al 1977). Only partial sequencing of each of these fragments was
carried out. As would be expected, the partial sequences of all seven cDNA fragments contained
one of the two primers used in the differential display reaction (FIGURE-III-10).

The seven cDNA sequences (JT-1, JT-4, JT-8, JT-10, JT-18, JT-30 & JT-33) were
compared for homology in the GenBank database both in the forward and inverse orientations
(Benson et al 1993). Five of these cDNA fragments, JT-1, JT-4, JT-8. JT-10 & JT-30, had novel
nucleotide sequences without homology in the database. Of these, three [JT-I (U05219), JT-8
(U05225) and JT-30 (U05222)] were selectively expressed in the neonatal brain, and, two [JT-4
(U05224) and JT-10 (U05220)] were mainly expressed in the aged brain. These findings are
consistent with the earlier findings seen on differential display. The GenBank accession numbers
are shown in parenthesis. Clones JT-I8 (U05221) and JT-33 (U05223) exhibited homology to
existing GenBank sequences.

The JT-18 sequence exhibited 81% homology to F1-ATP synthase β-subunit (FIGUREIII-11). F1-ATP synthase β-subunit is a part of the catalytic region of the F0F1-ATP synthase
enzyme complex, essential for ATP synthesis (Boyer 1989). Although F1-ATP synthase activity
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THE PARTIAL cDNA SEQUENCES

JT-1 (U05219)
Primers Used:
T12MG/CAGGCCCTTC (OPA- 1)
Complementary:
CNA12/GAAGGGCCTG
Estimated Product Size: 212 bp
ACACTGAGCATGAGAGATGTGTATCCTTTAGCCACAGCTCCAGAGCGAGGCTAAGG
AGCTTGGCTTTGCTTTCTGTTGTCGTCTGTTGTGCCACCCCCAAAAAAAAAAAA

JT-4 (U05224)
Primers Used:
T12MG/AGTCAGCCAC (OPA-3)
Complementary:
CNA12/GTGGCTGACT
Estimated Product Size: 212 bp
AGTCAGCCACTATGAGGAGGGTCGGGAAGAATTTGCGTTTTCAGTGGAAACA
AGTGCGTACTCTATCGATGACTGTGATTGACTCGATCT

JT-8 (U05225)
Primers Used:
T12MA/CAGGCCCTTC (OPA-1)
Complementary:
TNA12/GAAGGGCCTG
Estimated Product Size: 62 bp
ACATTAAGGAATAATTTTTCCAATTGTTAAAAACAGTTTGAAGCGGTTCCTACTGGG
GCTCGTGGGGAAGGGCCTG

JT-10 (U05220)
Primers Used:
T12MA/CAGGCCCTTC (OPA-1)
Complementary:
TNA12/GAAGGGCCTG
Estimated Product Size: 162 bp
TGATCGTCAGCTGCATGAATGACAGACTGTCATGACTATCCCTGTCGACTGCACCAG
TCTCGCCCTCTCACGTCCTTGGCGCTATGAGGGCACATGTTGAATCACAGTAAATTA
TTTGATGGTCAAAAAAAAAAAA
117

THE PARTIAL cDNA SEQUENCES

JT-18 (U05221)
Primers Used:
T12MT/CAGGCCCTTC (OPA-1)
Complementary:
ANA12/GAAGGGCCTG
Estimated Product Size: 162 bp
CTCTGGGGCTCGTTTGCCTGTGGCCACAGAGCCTTGATTGAAGATGTGATGTTCTCTC
TGAAGAGTATTTAAAGTTTTCAATAAAGTATATACCCACAAAAAAAA

JT-30 (U05222)
Primers Used:
T12MC/TGCCGACTG (OPA-2)
Complementary:
GNA12/CAGTCGGCA
Estimated Product Size: 112 bp
TGTACACTTAAGTTTTCTGTACATAAATATAATTACAAAGTTATCTTCCTTCTTTGGT
TCTTTGGGTTGCTGGTCGGAAAAAAAA

JT-33 (U05223)
Primers Used:
T12MC/AATCGGGCTG (OPA-4)
Complementary:
GNA12/CAGCCCGATT
Estimated Product Size: 62 bp
GGGCTGCCAAATTTCACCGGTTTGCCCAGGGATATTATAGAAAATTATTTGTATGAT
GATGAAATAAACACACCCGGC

FIGURE-III-10: Partial sequences of the differentially expressed cDNA fragments. JT-1, JT-4,
JT-8, JT-10, JT-18, JT-30 & JT-33 were the cDNA fragments sequenced. The primers used to
isolate the fragment, and the complementary sequence of the primers, are shown. As only partial
sequencing was carried out, the location of one primer was identified in each sequence, and this
is underlined. The GenBank accession numbers are shown in parenthesis.
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HOMOLOGY OF JT-18 TO F1-ATP SYNTHASE βSUBUNIT

FIGURE-III-11: Homology of JT-18 to F1-ATP synthase βsubunit. The JT-18 (J18) cDNA
sequence exhibited 81% homology with F1-ATP synthase β subunit (ATP) (Locus:
RATATPASEF).
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may decrease during senescence (Guerrieri et al 1992), it is unclear whether there is a
mechanistic relationship (Valearce et al 1988; Izquierdo et al 1990). The JT-33 sequence showed
89% homology with thymosin β-10 gene (FIGURE-III-12). Thymosin β
-10 is an actin binding
protein that is known to be strongly expressed during embryonic brain development (Hall et al
1991; Lin & Morrison-Bogorad 1991; Lugo et al 1991). In the Northern hybridization studies
described earlier, both JT-18 and JT-33 were selectively expressed in the neonatal brain. This
difference in expression was particularly evident when compared to aged brain samples
(FIGURE-III-8).

IIIB-4. Comments on Differential Display
Using the differential display technique, five cDNA fragments without homology in the
GenBank database were isolated. As these fragments represent only partial sequences of the 3’
untranslated regions of mRNAs, it was necessary to isolate their full length sequences. At this
stage in the experimentation, it did not matter which full length sequence was isolated, as they
were all confirmed to be differentially expressed. Therefore, the five “
novel”sequences (JT-1,
JT-4, JT-8, JT-10 & JT-30) were pooled, and the mixture used to probe the rat brain library that
was prepared. In order to maximize the chances of obtaining the full length sequence of the
fragments, the library was constructed by mixing mRNA from neonatal, young adult and aged
rat brain, the same samples that were used for the differential display reactions.
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HOMOLOGY OF JT-33 TO THYMOSIN β-l0

FIGURE-III-12: Homology of JT-33 to thymosin β
-10. The JT-33 (J33) cDNA sequence
exhibited 89% homology with rat thymosin β-10 mRNA (THY) (Locus: RATTHYB10).
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IIIC. THE cDNA SEQUENCE OF NEURONATIN
IIIC-1. Screening of the Library and Isolation of Neuronatin
The novel cDNA fragments (JT-J, JT-4, JT-8, JT-J10 & JT-30) were pooled and used to
screen a rat brain cDNA library prepared by mixing mRNA from neonatal, young adult and aged
rat brain as described in SECTION-IIE. The pooled probe was labeled with 32P-dCTP by the
random primer method to an activity of 108-109 cpm/µg DNA. The labeled probe was used to
screen about 25000 plaques at 73°C in a solution containing 3x SSC, 1 M NaCl, 50x Denharts,
10% SDS and 5 mg/ml salmon sperm DNA. Hybridization was continued overnight, the
membranes washed in a solution containing 0.1% SDS and 0.2x SSC at room temperature for 2
hours and exposed to film for about 16 hours. Nine plaques showed strong hybridization. These
nine plaques (#P-2 to P-10) were used to prepare DNA, and PCR amplified using λ
gt
11 forward
and reverse primers that hybridized to vector sequences on either side of the cloning site. Also
included as a negative control was a tenth plaque (P1) that did not show hybridization. Of these,
four plaques (#P-3, P-4, P-8 & P-9) generated products of about 1 kb, corresponding to the size
of the mRNA species detected in the Northern blot using the partial cDNA sequences (FIGUREIII-8). Two of these plaques (P-3 & P-8) were smaller, and the other two (P-4 & P-9) were
larger.

These four clones (P-3, P-4, P-8 & P-9) were sequenced in both directions using the
fMolTM Sequencing System (Promega, Madison, WI). All four clones had identical 5’
- and 3’
-
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untranslated regions, and the same type and location of translation initiation (GAACCATGG)
(Kozak 1991), stop (TGA) and termination (AATAAA) signals (Wahle & Keller 1992). Two of
these four clones were identical, including having a coding region of 162 nucleotides, similarly,
the remaining two clones were also identical with each other with a coding region of 243
nucleotides. Therefore, it was possible to confirm the cDNA sequences for the longer,
neuronatin-α, and shorter, neuronatin-β
, isoforms by sequencing two separate clones for each
form of neuronatin (nnn) (FIGURE.-III-13). As these novel mRNA isoforms were isolated from
neonatal rat brain, they were named neuronatin (neuronal-neonatal). The restriction map for
neuronatin- αwas generated, and some sites are shown (FIGURE-III-14). This was confirmed
using four enzymes, EcoRI and NotI did not digest neuronatin-α, NcoI generated four fragments,
and digestion with XhoI yielded two fragments of 556 and 639 bp.

The only difference between the two forms of neuronatin was confined to a portion of
the coding region. Neuronatin-αhad an additional 81 bp sequence inserted into the coding
region. It is of interest to note that this additional stretch of cDNA had the prototypical features
of an intron (Lewin 1994), including the consensus sequences GT at the 5’
-end, AG at the 3’
end, and the branch site, TCGAAAT, located 33 nucleotides upstream of the 3’
-end. Although,
exhibiting characteristics of an intron, and absent in neuronatin-β, this segment appeared to be
the middle exon of neuronatin-α. Therefore, neuronatin-αmay possess three exons, the first
exon from position 1 to 72 (72 nt, 24 aa); the third exon from position 73 to 162 (90 nt, 30 aa);
and the second (middle) exon was inserted between positions 72 and 73, and consisted of the 81
bp sequence coding for 27 amino acids.
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THE cDNA SEQUENCE OF NEURONATIN
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FIGURE-III-13: The neuronatin cDNA sequence. The cDNA sequences for the two
alternatively spliced forms of neuronatin, αand β, are shown. Based on the cDNA sequence,
neuronatin-αhas three exons consisting of 72, 81 and 90 nucleotides. Neuronatin-βwas identical
to the α-form, except that it lacked the 81 bp middle exon (box). Neuronatin-αcontained the 81
bp middle exon which exhibited prototypical features of an intron including consensus GT-AG,
and a branch site, TCGAAAT, located 33 nucleotides upstream of the 3’
-end (underlined). Also
underlined are the translation start (GAACCATGG), stop (TGA) and termination (AATAAA
followed by CA) signals. The numbering begins with the methionine start codon. The GenBank
accession number for neuronatin-αis U08290, and for neuronatin-βU09785.
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THE RESTRICTION MAP OF NEURONATIN
ENZYME SITES
AluI:
ApaI:
BamHI:
BcgI:
BglI:
BsaI:
BscBI:
BstBI:
DdeI:
DpnI:
EcoRII:
FokI:
HaeIII:
HincII:
HindII:
HinfI:
HpaII:
MaeI:
MaeII:
MaeIII:
MboI:
MboII:
NaeI:
NcoI:
PstI:
PvuII:
RsaI:
Sau961:
SduI:
Spel:
TaqI:
XhoI:
XhoII:
XmaIII:

218 642 687 1082
796
925
77
51
995
38 270 290 354 379 380 427 437 575 793 794 927 1097 1153
155
284 614
587 627 927 974
118 164 303 985 1084
545
45 289 312 428 516 794 963
724
724
145 698 899
236 241 429 517 960 1067
786 1037 1071 1148
1044
891
585 625 925 972
86 477 552 723 781
518
40 511 633
112 214 1160
687
90 204 1035
238 288 378 426 435 591 792 793 904 962 1096 1124 1151
278 329 390 407 796 1176
785 1036
16 155 340 557
556
625 925
310

FIGURE-III-14: Some restriction enzyme sites for neuronatin-α(GenBank #U08290).
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Although, neuronatin-βdoes not have the middle exon, it maintained the same open
reading frame as that in neuronatin-α, suggesting that the two forms are alternatively spliced.
The GenBank accession number for neuronatin-αis U08290, and that for neuronatin-βis
U09785 (Joseph et al 1995a).
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IIID. GENBANK ANALYSIS OF NEURONATIN
IIID-1. The Relationship of Neuronatin to Calbindin-d28k
Neuronatin-αcDNA was compared for homology in the GenBank database using
Intelligenetics and the BLAST server (Altschul et al 1990). When the full length of neuronatinαwas analyzed, there were no completely homologous sequences in the database. However,
there was 88% homology to rat calbindin-d28k (Locus: RATCALBDF, GenBank #M27839)
(Lomri et al 1989). The region of homology involved mainly the 3’
-untranslated region of
neuronatin-αand part of the 3’
-untranslated region of the Lomri et al rat calbindin-d28k. The
entire 5’
-untranslated region and the first 208 nucleotides (out of 243) of the deduced coding
region of neuronatin-αwere non-homologous and unrelated to calbindin-d28k (FIGURE-III-15
and TABLE-1II-3).

Importantly, the 81 bp putative middle exon of neuronatin-αhad no homology to any
form of calbindin-d28k, including the Lomri et al sequence, or with any other sequence in the
GenBank database (Search done on June 30, 1994). Furthermore, the coding regions for
neuronatin-αand calbindin-d28k were separated by 746 bp, and there was no homology between
neuronatin-a and any of the several other forms of calbindin-d28k present in GenBank. In
contrast, the Lomri sequence was highly homologous with the other forms of calbindin-d28k. In
conclusion, neuronatin and calbindin-d28k are shown to be two different genes.
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COMPARISON OF CALBINDIN-D28K TO NEURONATIN
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COMPARISON OF CALBINDIN-D28K TO NEURONATIN

FIGURE-III-15: Comparison of calbindin-d28k and neuronatin cDNA sequences. GenBank
analysis of neuronatin revealed no completely homologous sequence. However, the 3’
untranslated region of neuronatin-α(NN) matched with part of the 3’
-untranslated region of one
form of calbindin-d28k (Locus: RATCALBDF, GenBank #M27839) (CAL). The details of the
homology are provided in TABLE-III-3. The entire 5’
-untranslated region, and the first 208
nucleotides (out of 243) of the coding region of neuronatin-αwere not homologous to calbindind28k. When a separate GenBank analysis was carried out with only the 81 bp middle exon of
neuronatin, no match was identified in the database.
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DIFFERENCES BETWEEN CALBINDIN-D28K AND NEURONATIN

Neuronatin-a
Locus
GenBank accession no.
Total cDNA length (bp)
Location of coding region
Homology:
Region of interest
No match
Additions

Calbindin-D28k

RNU08290
U08290
1195
41-283

RATCALBDF
M27839
3352
628-1413

1-1177
1-208

2160-3352
2160-2380
2390 ( + C)

242 ( + G)
401 ( + G)
434 ( + G)
437 ( + C)
438 ( + C)

Substitutions

810 (T)
811 (G)
1146 (G)

2623 ( +G)
2626 ( +C)
2642 ( +C)
2796 ( +A)
2821 ( +C)
2881 ( +G)
2985 (G)
2986 (T)
3321 (C)

TABLE-III-3: Comparison of calbindin-d28k and neuronatin cDNA sequences. Note that the
coding regions of neuronatin and calbindin-d28k are separated by 746 bp. It is inferred that
neuronatin is not a homolog of calbindin-d28k.
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IIID-2. The Calbindin-d28k Sequence: RATCALBDF
Lomri et al (Locus: RATCALBDF, GenBank #M27839) used a mixture of three 20-mer
synthetic oligos, S1, S2 and S3, derived from the cDNA sequence of rat spot-35 cDNA (Yamakuni
et al 1987), a calcium binding protein (calbindin-d28k), to screen a commercially obtained rat
brain cDNA library (Clontech, Palo Alto, CA). One positive clone, pC28, was isolated and
sequenced. The total length of pC28 was 3370 nucleotides (3352 without the poly(A) tail). The
longest open reading frame was 783 nucleotides encoding 261 amino acids, with homology to
spot-35. The 5’
-UTR extended 525 nucleotides (A1-fragment) upstream from the 5’
-end of spot35 cDNA. The 3’
-UTR extended 1145 nucleotides (A2-fragment) downstream from the 3’
-end of
spot-35 cDNA. Therefore, the following segments of pC28 were studied:
1-525:
526-2226:
2227-3370:

A1-fragment
A4-fragment
A2-fragment

A3-fragment consisted of the A4 plus A2-fragments.

The 526-2226 fragment was homologous to spot-35 cDNA and calbindin-d28k, and on
Northern analysis hybridized to three mRNA species, a major species at 1.9 kb, and, two minor
species at 2.8 and 3.2 kb. Lomri et al proceeded to determine whether the A1 and A2-fragments
were spliced forms of calbindin-d28k. The A1-fragment hybridized a 1.1 kb mRNA which was
not detected when spot-35 cDNA was used as the probe. Therefore, Lomri et al reasoned that A1fragment was a cloning artifact resulting from an unrelated piece of cDNA being ligated to
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the 5’
-end of the cDNA during library construction.

Next they investigated the A2-fragment. Based on the observation that chicken calbindind28k had three mRNA species, 3.1, 2.8 and 2.0 kb, resulting from the presence of three
polyadenylation signals in the 3’
-UTR (Flunziker 1986; Hunziker & Schrickel 1988), Lomri et al
predicted that full length pC28 cDNA should be a copy of the longest calbindin-d28k mRNA. To
test this hypothesis they used the A2-fragment as a probe in Northern analysis. Only a 1.3 kb
mRNA was detected which was not the size of the rat spot-35 mRNA (Yamakuni et al 1987).
Therefore, pC28 cDNA was not a copy of the largest calbindin-d28k mRNA. As this 1.3 kb
mRNA species detected by the A2-fragment was found only in the nervous system, the
suggestion was made that it may have resulted from alternative splicing occurring only in the
nervous system. However, this too was deemed unlikely for several reasons. First, another pC28
fragment named A3 (which is a cDNA copy of the mature mRNA) hybridizes not only to spot-35
mRNA but also to the smaller 1.3 kb mRNA. Second, the A2-fragment hybridizes only the 1.3 kb
mRNA. In the case of alternative splicing, the A2 probe should hybridize the larger spot-35
mRNA (3.2 kb).

Therefore, Lomri et al inferred that the A2-fragment may have also resulted from a
similar cloning artifact. It is generally believed that cloning artifacts are rare; therefore, it is
surprising that two such events should have occurred in pC28. Hence, Lomri et al advises the
need to carry out both sequencing and Northern analyses to characterize all cDNA clones
isolated from libraries. The possibility that the A1 and A2-fragments were novel genes was not
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considered. The full length of pC28 sequence is retrieved from the GenBank database as rat
calbindin-d28k (#M27839).

IIID-3. The Calbindin-d28k Sequence: EST #06992
On GenBank analysis, the Expressed Sequence Tag (EST #06992), isolated by Adams et
al (GenBank #T09099) is also retrieved as being 97% homologous to the Lomri et al calbindind28k sequence (Locus RATCALBDF; GenBank #M27839) (Adams et al 1993). This homology
led Adams et al (1993) to conclude that EST #06992 was the human homolog of calbindin-d28k.
However, on further analysis it is determined that the region of homology between EST #06992
and that of calbindin-d28k is confined to the A2-fragment, between nucleotides 2318 and 2389.
However, EST #06992 also exhibited homology to neuronatin-α(FIGURE-III-16). Although,
EST #06992 is only 414 bp long and not characterized, it appears to be a homologue of
neuronatin and not calbindin-d28k.

IIID-4. The Significance of the Homology
Although, neuronatin and calbindin-d28k are different genes, the question remains as to
the relevance of the observed homology. The 3’
-untranslated region of neuronatin is nearly
totally homologous to the A2-fragment of the Lomri et al sequence. Although, the 81 bp middle
exon of neuronatin was absent in the Lomri sequence, part of the coding region also showed
some homology. Therefore, the A2-fragment of the Lomri et al sequence is most likely not a
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COMPARISON OF EST #06992 AND NEURONATIN

CAGCGGACTCCGAGACCAGCGGATCTCGGCAAACCCTCTTTCTCGACCACCCACCTA
CCATTCTTGGAACCATGGCGGCAGTGGCGGCGGCCTCGGCTGAACTGCTCATCATCG
GCTGGTACATCTTCCGNGTGCTGCTGCAGGTGTTCAGGTACTCCCTGCAGAAGCTGGC
ATACACGGTGTCGCGGACCGGGCGGCAGGTGTTGGGGGAGCGCAGGCAGCGAGCCCC
CAACTGAGGCCCCAGCTCCCAGCCCTGGGCGGCCGTATCATCAGGTGCTCCTGTGCA
TCTNGGCCAGCACGGGAGCCAGTNCCGCGCAGGAATNTGGGGTCCCCTGTGTTCCCT
CGCCAGAGGAGNCACTTTGCAAGGTCAGTTGAGGGGCCAGTAGACCCCCGGAGAAGC
AGTAACCGACAATT

FIGURE-III-16: The sequence of EST #06992 (GenBank #T09099) with its region of homology to
neuronatin cDNA. EST #06992 is a 414 bp expressed sequence tag isolated by Venter and colleagues
as being a homolog of calbindin-d28k (Locus: RATCALBDF, GenBank #M27839). The region of
homology with neuronatin is underlined.
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part of calbindin-d28k, and instead, it is a homologue of neuronatin. This conclusion would
mean that EST #06992 (T09099) is also not calbindin-d28k, but instead a part of the cDNA of
human neuronatin.
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IIIE. THE cDNA FRAGMENTS & NEURONATIN
The next issue was to determine which of the five cDNA fragments (JT-I, JT-4, JT-8, JT10 & JT-30) hybridized neuronatin cDNA. For this purpose, each of the cDNA fragments were
random prime labeled and used to carry out five separate Southern blots. Each blot contained
DNA from the nine positive clones (P-2 to P-10) obtained when the rat brain library was
screened with the mixed probe. These were the clones used to sequence neuronatin cDNA. The
clones, P-2 to P-10, hybridized strongly to the mixed probe. Clone P-1 did not hybridize the
mixed probe and is included as a negative control.

When tested individually, the JT-J sequence hybridized to all nine positive clones (P-2 to
P-10), but not P-1, the negative control (FIGURE-III-17). The remaining four cDNA fragments
(JT-4, JT-8, JT-10 & JT-30) did not hybridize any of the clones. Therefore, JT-I is the cDNA
fragment that lead to the isolation of neuronatin. Th
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flanking the cloning site, were used to amplify the inserts in these 10 clones, and Southern
analysis carried out using JT-1 as the probe (FIGURE-III-18). As would be expected based on
the results shown in FIGURE-III-17, JT-I hybridized to products from clones P-2 to P-10, but
not P-1. This confirms that JT-1 is the cDNA fragment that hybridized neuronatin. Based on size
comparison to the mRNA species, clones P-3 and P-8, when sequenced, lead to the identification
of neuronatin-βcDNA, and clones P-4 and P-9 contained neuronatin-αcDNA.
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JT-1 HYBRIDIZES PLAQUES P-2 TO P-10

FIGURE-III-17: Determination of the cDNA fragment that hybridizes neuronatin. Separate
Southern blots were carried out using the five novel cDNA fragments (JT-1, JT-4, JT-8, JT-10 &
JT-30) as probes. When the rat brain cDNA library was screened with a mixture of these five
cDNA fragments, nine positive plaques (P-2 to P-10) were isolated. These nine plaques, P-2 to
P-10, together with a negative plaque (P-1), were placed on five separate membranes, and
hybridized to each of the five probes. Only JT-1 hybridized to plaques P-2 to P-10, none of the
other probes hybridized. The findings indicate that JT-1 is the cDNA fragment that leads to the
isolation of neuronatin.
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JT-1 HYBRIDIZES PCR PRODUCTS OF PLAQUES P-2 TO P-10

FIGURE-III-18: JT-I hybridizes PCR products derived from plaques P-2 to P-10, studied by
Southern blotting. PCR amplification was carried out using DNA from plaques P-1 to P-10 as
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hJT1. As noted in FIGURE-III-17, JT-1 hybridized with P-2 to P-10, but not with P-1, the negative
control. P-4 and P-9 were used to sequence neuronatin-α, and P-3 and P-8 were used to
sequence neuronatin-β.
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These results would imply that the JT-I sequence should be homologous to neuronatin
cDNA. To investigate this, the JT-I clone was fully sequenced. JT-1 cDNA fragment was 224 bp
long, and the two primers used for its isolation in the differential display reaction, T12GG at the
3’
-end and CAGGCCCTTC (OPA-1) at the 5’
-end, were located. Surprisingly, however, there
was no homology between the sequences of JT-1 and neuronatin. This simply did not appear
right. On the one hand, the JT-I probe hybridized strongly to neuronatin cDNA, on the other
hand, the sequences did not exhibit homology!

For a long time the basis for this incompatibility was not understood. However, based on
an analysis of the 3’
-untranslated region of neuronatin, the reason seems apparent. The 3’
untranslated region of neuronatin cDNA actually contains sequences that will hybridize the same
primers, T12GG and CCAGGCCCTTC (OPA-1), as that used for generating the JT-1 cDNA
fragment (FIGURE-III-19). Only the A in the OPA-1 sequence is replaced by C in neuronatin.
The primer T12GG is located at the 3’
-end of neuronatin and the primer CCAGGCCCTTC is
located at position 838 bp of the neuronatin cDNA sequence (GenBank #U09785). Therefore,
the predicted product sizes using these primers would be 231 bp when neuronatin cDNA is used
as template and 224 bp when JT-1 is used as template.

To confirm this, a PCR reaction was carried out under conditions identical to that used in
the original differential display reaction. The same primers, T12MG (M = U + A + C) and
CAGGCCCTTC (OPA-1) were used in two separate reactions, one containing JT-1 as template,
and the other containing neuronatin-αcDNA as template. The PCR conditions, identical to that
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COMPARISON OF JT-1 & NEURONATIN SEQUENCES
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FIGURE-III-19: Comparison of the JT-1 and neuronatin sequences. The location of the two
primers used to identify JT-I and neuronatin are indicated. The 3’
-primer was T12MG, and the
5’
-primer was CAGGCCCTTC (OPA-1). The complementary sequence to the 3’
-primer, CCA12,
was seen at the 3’
-end of both JT-1 and neuronatin cDNA. Regions homologous to the 5’
-primer
were seen at the 5’
-end of JT-1, and 220 nucleotides proximal to the 3’
-end of neuronatin. The
predicted product sizes using these primers were 224 bp with JT-1, and 231 bp with neuronatin.
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used for differential display consisted of denaturation at 94°C for 30 secs, annealing at 40°C for
2 min, extension at 72°C for 30 secs, for 40 cycles; followed by extension at 72°C for 5 min.
Twenty µl of each sample was applied to a 1.5% agarose gel, stained with ethidium bromide and
photographed with UV light (FIGURE-III-20). As predicted, both JT-1 and neuronatin
generated products of comparable sizes. The results were comparable to the pattern seen on the
differential display gel used to generate JT-1 (FIGURE-III-4). The additional larger band seen
in the sample using neuronatin cDNA as template was also observed on differential display.

IIIE-1. Comments about JT-1 & Neuronatin
By an unusual coincidence, the differential display primers used to generate JT-l also
amplified a product of comparable size from neuronatin cDNA. Therefore, it appears that the JT1 sample used for library screening and Southern blotting also contained the neuronatin product.
In hindsight, the JT-1 product was prepared by PCR amplification using T12,MG and
CAGGCCCTTC as primers, and a single band was cut out of the gel and purified. This band was
TA cloned and sequenced. On the assumption that this was a single product, only one clone was
fully sequenced, and indeed, this clone exhibited the presence of the T12GG primer at the 3’
-end,
and the CAGGCCCTTC (OPA-1) primer at the 5’
-end. Hence, there was no reason to believe
that there was anything unusual. Furthermore, the JT-I sample hybridized on Southern blotting to
neuronatin cDNA under high stringency conditions.
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PCR AMPLIFICATION OF JT-1 & NEURONATIN

FIGURE-III-20: Comparison of the PCR products of JT-I and neuronatin. Amplification of
was carried out using conditions identical to that used for differential display. The primers used
to isolate JT-I on differential display were T12MG and OPA-l. These same primers were used in
two separate PCR reactions containing JT-1 or neuronatin as templates. The predicted product
sizes using these primers were 224 bp with JT-1, and 231 bp with neuronatin. Lane-1 is a DNA
standard.
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It is only when the JT-1 sequence was noted not to match with the neuronatin cDNA
sequence that a mystery arises. It is now apparent that the neuronatin product was (all along)
present in the purified JT-1 sample. This explains the strong hybridization of JT-1 to neuronatin
cDNA, and is the reason that the JT-1 sequence is not homologous with neuronatin.
Paradoxically, this unusual occurrence may have actually helped in the identification of
neuronatin as a novel gene. In hindsight, if instead of the JT-1 clone that was sequenced, the
clone homologous to the A2-fragment had been sequenced, the high homology to calbindin-d28k
would have dampened the effort needed to characterize this gene.

145

IIIF. Neuronatin mRNA EXPRESSION
IIIF-1. Neuronatin mRNA Expression Pattern

Northern blotting experiments revealed that both forms of neuronatin hybridized to a
mRNA species of about 1.2 kb, therefore, subsequent studies were carried out using neuronatinαas the probe. When studied in three day old rats, neuronatin was expressed only in the brain,
and not in the heart, lung, liver, kidney, muscle, skin or spleen (FIGUIRE-III-21).

Thereafter, the expression of this gene during different stages of brain development was
investigated. Northern blotting was carried out using RNA extracted from rat embryos in the
early (E7-10), mid (E11-14) and late (E16-19) embryonic stages of development, postnatal (P)-3
days (P3), P7, P14, P28 and P56 days. As the brain is not developed early in embryogenesis, E710 embryos were studied whole, and the cephalad half of E11-14 embryos were used for RNA
extraction. From E16-19 onwards, it was possible to dissect the brain out for study. Neuronatin
was not expressed in the early embryonic period, it first appeared in mid embryonic stages of
development, and its expression became abundant later at E16-19, a time in development when
there is a marked increase in brain weight due to rapid neuroepithelial cell proliferation and
neuroblast commitment. Postnatally, the expression of neuronatin declined by the second
postnatal week such that only minimal levels were present in adulthood (FIGURE-III-22).
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NEURONATIN mRNA IN RAT TISSUES

FIGURE-III-21: Neuronatin mRNA expression in different tissues of the neonatal rat. RNA
samples, extracted from the heart, lung, liver, brain, kidney, muscle, skin and spleen of postnatal
day-3 rats were used to carry out Northern blotting. After hybridization with neuronatin, the blot
was stripped and rehybridized with I8SRNA probe to control for the amount of RNA applied.
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NEURONATIN mRNA DURING RAT DEVELOPMENT

FIGURE-III-22: Neuronatin mRNA expression during rat brain development. RNA was
extracted from the brains of embryonic (early (E7-10), mid (E11-14) & late (E16-19) and
postnatal (P3, P7, P14, P28 & P56) rats. In the case of E7-10, the embryo was used whole, and at
E11-14, the upper halves of the embryos were used. From E16-19 onwards, it was possible to
separate out the brain for RNA extraction. Following hybridization with neuronatin, the blot was
stripped and rehybridized with glyceraldehyde 3-phosphate dehvdrogenase (G3PDH) as a
control.
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In another experiment, neuronatin mRNA expression was studied in E13-15 and E16-18
day old embryos, and in an adult mother rat; sister embryos from each of the two litters used in
this experiment were photographed to show the rapid increase in head (and brain) size during
this three day period (FIGURE-III-23).
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GROSS APPEARANCE & NEURONATIN mRNA

FIGURE-III-23: Gross appearance and neuronatin mRNA expression in embryonic and adult
rats. Total RNA samples, extracted from E13-15, E16-18 and adult rat brain were used to carry
out Northern blotting with neuronatin cDNA probe. A sister pup from each of the two litters
used in this experiment was photographed.
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IIIF-2. Expression of Neuronatin mRNA Isoforms During Development

In order to study the expression of the two alternatively spliced forms of neuronatin
mRNA during brain development, primers were designed to hybridize the neuronatin cDNA
sequence (FIGURE-III-13).

5’
-Primer:
5’-GCG-AAC-CCT-TGC-TCT-CGA-CCA-CCC-AC-3’(homologous to positions -40 to -15)

3’
-Primer:
5’-CCC-ACT-AGT-TTT-CTT-AAC-CC-3’(complementary to positions 652 to 671)

The predicted product sizes were 710 bp for the β-form; and 791 bp for the α-form
(including the 81 bp sequence (box in FIGURE-III-13)).

For cDNA synthesis, total RNA extracted from E7-10, E11-14, E16-19, P7 and P14 rats
were reverse transcribed using a modification of previously described methods (Kawasaki 1990).
Initially, reactions containing 5 µg RNA, 40 u RNase inhibitor, 0.5 µg oligo-dT12-18, made up to
10 µl with diethylpyrocarbonate-treated water was heated to 70°C for 10 min, and then chilled
on ice. Thereafter, final concentrations of 10 µM DTT, 125 µM dNTP (all four), 10 u RTMMLV and 1x RT-buffer were added in a total volume of 20 µl, and the reactions incubated at
37°C for 60 min. The RT-enzyme was then inactivated by heating to 94°C for 5 min and
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chilling on ice. Four µl aliquots of the cDNA reaction were used for PCR amplification. The
final concentration of the ingredients of the PCR reaction were, 100 µM dNTP, 0.4 µM 5’
primer, 0.4 µM 3’
-primer, 5 u Taq DNA polymerase, 10 mM Tris HC1, 1.5 mM MgCI2, 50 mM
KCI and 5 µg gelatine, in a total volume of 50 µl. The samples were denatured at 95°C for 2 min
and amplified for 40 cycles. Each cycle consisted of denaturation at 95°C for 30 secs, annealing
at 62°C for 1 min, and extension at 72°C for 2 min. The samples (30 µl per well) were
electrophoresed using 1x Tris acetate buffer on 1% agarose containing ethidium bromide. A 100
bp ladder (Life Technologies) was used as the DNA size marker. The gel was photographed with
UV light.

The findings reveal that of the two forms, it is the β-form that appears at E11-14
(FIGURE-III-24). Although, the α-form was not observed on Northern blotting at E7-10, it was
seen on RT-PCR to be present at that earlier developmental stage as well. Besides the predicted
bands for neuronatin-αand β, no other products were amplified, indicating that there are no other
forms of neuronatin mRNA expressed during brain development.
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NEURONATIN SPLICED FORMS & DEVELOPMENT

FIGURE-III-24: Differential expression of neuronatin isoforms during development. Reverse
transcriptase-PCR study of neuronatin-a and βmRNA during rat development. Primers flanking
the coding region of both neuronatin-a and βwere synthesized (see FIGURE-III-13). The 5’
Primer was homologous to sequences -40 to -15, and the 3’
-Primer was complementary to
sequences 652-671. The predicted size for the a-form was 791 bp, and that for the β-form 710
bp. RNA extracted from E7-10, El 1-14, E16-19, P7 and P14 rat brain were used. Although, the
a-form was present even at E7-10, neuronatin-βappeared only at E11-14, coinciding with a
period in development when neurogenesis has been initiated.
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IIIG. ANALYSIS OF THE DEDUCED PROTEIN
The deduced gene product for neuronatin-α, based on its cDNA sequence, was a novel
polypeptide of 81 amino acids with a molecular weight of 9.1 kDa. Neuronatin-βencoded 54
amino acids of 6.2 kDa. The hydrophobicity plot of neuronatin-βcDNA indicated the presence
of two distinct domains, a hydrophobic domain at the N-terminal and a hydrophilic domain at the
C-terminal (Kyte & Doolittle 1982) (FIGURE-III-25). In the case of neuronatin- α, the 81 bp
middle exon is neither hydrophilic nor hydrophobic. Therefore, further protein analysis was
carried out only with the β-form.

The hydrophobic domain contains 23 amino acid residues. This is a suitable size to form
a transmembrane α-helix structure (Tanford 1978; Adams & Rose 1985). When neuronatin
cDNA was fused to LacZ, the expressed fusion protein was noted to be anchored to the E.coli
cytoplasmic membrane, suggesting that this protein is membrane bound. However, more
experiments are required to evaluate the precise cellular location of the protein. The C-terminal
domain of neuronatin is hydrophilic and highly basic, and is 20% (6 of 30 amino acids)
constituted by arginine residues.

The primary amino acid sequence of neuronatin showed about 50% homology with two
known proteins, PMP1 which is a subunit of H+-ATPase (Navarre et al 1992ab) and
phospholamban which is a subunit of Ca2+-ATPase (Tada 1991). The secondary structural
organization of these three polypeptides were also similar, each consisting of two
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HYDROPHOBICITY OF NEURONATIN PROTEIN

FIGURE-III-25: Hydrophobicity plot of the deduced protein for neuronatin-β. The N-terminal
half (corresponding to exon-1) of the protein is hydrophobic, and the C-terminal half
(corresponding to exon-3) is hydrophilic. Exon-2, present only in neuronatin-α, was neutral.
The hydrophohicity profile was determined using the method of Kyte and Doolittle.
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domains, a hydrophobic transmembrane domain and a charged hydrophilic domain (FIGUREIII-26). The structural similarity between neuronatin and these subunits of cation-translocating
channels suggests that neuronatin may also function in a similar manner to regulate ion channels.

The amino acid sequence of the 81 bp middle exon, present in neuronatin-α, exhibited
40% identity with periplasmic hydrogenase (Stokkermans et al 1989) (FIGURE-III-27). When
related amino acids were taken into consideration, the extent of homology increased to 54%.
This electron transfer enzyme is an iron-sulphur hydrogenase which catalyzes the oxidation and
production of molecular hydrogen. The significance of this homology is uncertain, as
hydrogenases are known to be present only in microorganisms such as the anaerobic sulphate
reducer Desulfovibrio vulgaris (Hildenborough). Nevertheless, the region of homology included
conserved cysteines involved in the functional coordination of the catalytic iron-sulphur cluster.
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PMP1, PHOSPHOLAMBAN & NEURONATIN

FIGURE-III-26: Amino acid sequence alignment of PMP1, phospholamban and neuronatin
protein sequences (top panel). The left side of the alignment is predicted to be the α-helix
domain, it begins with the N-terminal for neuronatin and PMP1, and with the C-terminal for
phospholamban. The predicted secondary structures of the three polypeptides are also shown
(bottom panel).
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PERIPLASMIC HYDROGENASE & EXON-2 OF NEURONATIN

FIGURE-III-27: The deduced protein of exon-2 and homology to periplasmic hydrogenase.
When the 27 amino acid sequence of the middle exon of neuronatin-αwas searched in GenBank
using the BLAST server, there was 40% identity with periplasmic hydrogenase (GenBank
#S13526). This increased to 54% when related amino acids were taken into consideration.
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IIIH. ROLE OF NEURONATIN IN NEURONAL GROWTH
IIIH-1. Expression of Neuronatin mRNA in Neuronal Cell Lines
In order to determine whether neuronatin was expressed in neurons or glia, neuronal and
glial cell lines were studied. Neuronatin was expressed in PC12 and NCB2O, both neuronal cell
lines, but not in the rat glial cell lines, 9L and a primary glial line (FIGURE-III-28). In this
experiment it was also noted that neuronatin mRNA levels were down-regulated following treatment
(for a few hours) with NGF. This finding, together with the fact that NGF treatment stops the growth
of PC12 cells and induces them to extrude neurites, raises the possibility that neuronatin may be
involved in PC12 growth and differentiation. Furthermore, this preliminary observation was
supportive of the in vivo observation that neuronatin mRNA is abundant in the relatively
undifferentiated developing brain, but not in the differentiated adult brain.

IIIH-2. NGF Down-Regulates Neuronatin mRNA Expression
The differential expression of neuronatin mRNA during development suggested that this
gene was involved in neuronal growth. Therefore, the preliminary findings noted in the PC12
experiment described above was investigated further by studying the effect of NGF on the
expression of neuronatin mRNA. When NGF (200 ng/ml) was applied for 7 days, there was
downregulation of neuronatin mRNA expression (FIGURE-III-29).
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NEURONATIN mRNA IN NEURONAL CELL LINES

FIGURE-III-28: Neuronatin mRNA expression in neuronal cell lines. Northern blotting was
carried out in neuronal and glial cell lines. PCI2 (rat pheochromocytoma), NGF-treated (few
hours) PC12 cells, and NCB2O (Chinese hamster cortical neurons x rat neuroblastoma) cells
were the neuronal-type cell lines studied. In order to evaluate for expression in glia, the 9L cell
line and a primary rat glial cell line were studied in separate blots (a representation is shown).
Neuronatin was expressed in neuronal cell lines, but not in glial lines.
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EFFECT OF NGF ON NEURONATIN mRNA

FIGURE-III-29: Effect of NGF on neuronatin mRNA expression, studied by Northern blotting.
Comparison of undifferentiated PC12 cells (NGF (-)) to that following treatment with NGF (200
ng/ml) for 9 days (NGF (+)). Neuronatin mRNA expression is downregulated following NGFtreatment. The densitometric evaluation using G3PDH expression to control for the amount of
mRNA applied is shown. The ethidium bromide stained gel pictured before transfer is also
shown.
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Thereafter, the effect of NGF was compared to that of other inducing agents. NGF (200
ng/ml) was applied for different time periods (1,3,7 and 9 days), and compared with the effects
of basic Fibroblast Growth Factor (bFGF) (100 ng/ml), Transforming Growth Factor (TGFβ1)
(1 ng/mI), 12-O-tetradecanoylphorbol-13-acetate (TPA) (100 nM) and dexamethasone (10 µM),
all applied for 7 days (FIGURE-III-30). Neuronatin mRNA, abundant in undifferentiated PC12
cells, was significantly reduced at 24 hours after the addition of NGF, and remained suppressed
even at 9 days. Although less potent than NGF, bFGF also causes transient differentiation of
PC12 cells and as may be predicted based on the NGF results, caused some decrease in
neuronatin mRNA levels. On the other hand, TGFβI, TPA and dexamethasone, agents that do not
induce neuronal differentiation, were not associated with the suppression of neuronatin mRNA
levels. Furthermore, Epidermal Growth Factor (EGF), which unlike NGF is known to enhance
PC12 proliferation (Huff et al 1981), did not downregulate neuronatin mRNA levels even when
applied in a concentration of 200 ng/ml for periods ranging from 6 hours to 8 days (data not
shown).

The effect of adding and removing NGF was then investigated. Treatment with NGF for
3 days, followed by its removal for 7 days, returned neuronatin mRNA levels to baseline
(FIGURE-III-31).
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NGF & OTHER AGENTS ON NEURONATIN mRNA

FIGURE-III-30: The effects of NGF and other inducing agents on neuronatin mRNA levels.
NGF (200 ng/ml) was applied for 1,3,7 and 9 days; and parallel samples were treated for 7 days
with bFGF (100 ng/ml), TGFβ1 (1 ng/ml), TPA (100 nM) and Dexamethasone (Dex) (10 µM).
NGF-treatment, resulting in the cessation of proliferation and the commitment of PC12 cells to a
differentiated fate, was associated with the downregulation of neuronatin mRNA at 24 hours,
that persisted even when studied at 9 days. The differentiating effect of bFGF was less
prominent than NGF, and as would be predicted on the basis of the NGF results, neuronatin
mRNA was only partially downregulated. TGFβ1, TPA and dexamethasone do not induce
neuronal differentiation, and indeed, these agents do not suppress neuronatin mRNA. The
ethidium bromide gel pictured before transfer is also shown.
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ADDITION & REMOVAL OF NGF ON NEURONATIN mRNA

FIGURE-III-31: The effect of addition and removal of NGF on neuronatin mRNA expression.
Lane-1, undifferentiated PC 12 cells (NGF (-)); Lane-2, NGF for 2 days (NGF (+)); Lane-3,
NGF for 2 days, and then NGF removed for 7 days (NGF (+/-)). NGF was applied in a
concentration of 200 ng/ml in all samples. NGF downregulates neuronatin mRNA. Removal of
NGF allows neuronatin mRNA to return to baseline. The densitometric evaluation using G3PDH
to control for the amount of mRNA is shown. Photomicrographs of representative PC12 cells are
also shown, undifferentiated (A); NGF (200 ng/ml) for 7 days (B); and, NGF for 7 days followed
by its removal for 7 days (C).
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In order to determine whether the effect of NGF involved protein and RNA synthesis, the
effect of NGF in the presence and absence of cyclohexiniide, a protein synthesis inhibitor, and
Actinomycin-D, a RNA synthesis inhibitor were studied. Pre-treatment of PC12 cells with either
cycloheximide or Actinomycin D did not prevent the effect of NGF on neuronatin mRNA
expression (FIGURE-III-32). These findings suggest that the effect of NGF on neuronatin
mRNA expression is not dependent on protein and RNA synthesis.

Finally, RT-PCR was carried out to study changes in the spliced forms of neuronatin
mRNA before and after NGF application. The primers and conditions used for RT-PCR were
identical to that described (FIGURE-III-24). Only the α-form of neuronatin mRNA was
expressed in PC12 cells, and this was downregulated following treatment with NGF (200 ng/ml)
(FIGURE-III-33).
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PROTEIN & RNA SYNTHESIS INHIBITION & NEURONATIN mRNA

FIGURE-III-32: Effect of protein and RNA synthesis inhibitors on neuronatin mRNA expression.
Protein synthesis was inhibited with cycloheximide (10 µg/ml), and RNA synthesis with
Actinomycin-D (1 µg/ml). Lane-1 (CONTROL), undifferentiated PC12 cells; Lane-2, NGF; Lane3, cycloheximide (CHEX); Lane-4, cycloheximide plus NGF; Lane-5. ActinomycinD (ACT-D);
Lane-6, Actinomycin-D plus NGF. NGF was applied in a concentration of 200 ng/ml; all
treatments were for 2 days. Although. cycloheximide and Actinomycin-D by themselves
downregulated neuronatin, the effect of NGF was still visible in these samples as well. The
densitometric assessment using G3PDH to control for the amount of mRNA applied is also shown.
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NEURONATIN ISOFORMS IN PC12 CELLS

FIGURE-III-33: Study of the expression of neuronatin-αand βisoforms in PC12 cells. RTPCR was carried out using primers that flank the coding regions of both forms as described in
FIGURE-III-24. The predicted product size for the α-form was 791 bp, and that for the β-form
710 bp. (A). Ethidium bromide stained gel, Lane-1, undifferentiated PC12 cells; Lane-2, NGF
(200 ng/ml) applied for 1 day; Lane-3, NGF (200 ng/ml) for 7 days. (B). Southern blot of the gel
shown in (A) using neuronatin cDNA as the probe. Only the α-form of neuronatin is expressed
in PC12 cells.
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IVA. Summary of Results

Neuronatin is a novel mRNA that is selectively expressed in the mammalian brain during
development. There are two alternatively spliced forms, the α-form encodes a polypeptide of 81
amino acids, and the β-form encodes 54 amino acids. The only difference between the two is that
the α-form contains an additional 81 bp sequence (middle exon) encoding 27 amino acids
inserted into its coding region; the β-form does not contain this sequence. During rat
development, and when studied by RT-PCR, the mRNA for the α-form is expressed at E7-10.
The β-form, however, appears only at E11-14, a time when the neural tube has closed and
neuroepithelial proliferation has been initiated. Thereafter, the levels of both forms increase such
that maximum expression is seen at E16-19. Postnatally, the level of neuronatin mRNA declines
to traces in the adult brain. The deduced neuronatin protein is amphipathic, with a highly
hydrophobic N-terminal arranged in an α-helix, and a hydrophilic C-terminal that is basic. The
amino acid sequence and its secondary structure exhibits homology to members of a group of
proteins called proteolipids whose members function as regulatory subunits or independent ion
channels. Therefore, neuronatin appears to be a new member of the proteolipid family of
proteins that may function as a unique regulator of ion channels during brain development.

IVB. Brain (and Neuron) Specific Expression

Whilst the expression of neuronatin mRNA is abundant in the brain, little or no
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expression was seen in several other tissues, including, heart, lung, liver, kidney, muscle, skin
and spleen. Furthermore, on the basis of screening neuronal and glial cell lines, neuronatin was
noted to be expressed in PC12 and NCB2O, neuronal cell lines, but not in the glial lines. This
would indicate that neuronatin is also neuron-specific. Other developmental genes such as
thymosin-β10 (Erickson-Viitanen et al 1983; Lugo et al 1991; Lin & Morrison-Bogorad 1991;
Joseph & Tsang 1994), p23 transplantation antigen (Sibille et al 1990; Price et al 1992; Joseph et
al 1995b), and matrix proteins, including NCAM (Hirsch et al 1990) and β-amyloid precursor
protein (Lahiri & Robakis 1991) are also expressed abundantly during development. These
genes, however, are not brain-specific. On the other hand, the expression of neuronatin is brainspecific suggesting a more selective role in the development of the brain.

IVC. Neuronatin and Mammalian Brain Development

Neuronatin mRNA is expressed in a developmentally regulated manner. On Northern
blotting, neuronatin mRNA first appeared at E11-14, and declined to the trace levels seen in the
adult brain by the second postnatal week. Based on the extent of homology observed between α
and β, it was not possible to distinguish the isoforms on Northern blotting. When RT-PCR was
carried out with primers flanking the coding region of the α- and β-forms, it was determined that
the α-form was present even earlier at E7-10, but the β-form appeared only at E11-14. Apart
from the αand βisoforms, there were no other mRNA isoforms that were identified during
development. On this basis it may be inferred that the splicing mechanism that removes the 81
bp middle exon from neuronatin-α, resulting in the generation of the β-form,
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becomes activated at E11-14. Whether the splicing mechanism is important in determining the
function of neuronatin needs to be studied.

In the rat, E11-14 is the time when the neural tube has closed and neuroepithelial
proliferation has been initiated. Closure of the tube begins about its middle, and advances in both
directions to completion by about El2 in the rat. This is the time when the expression of the βform is first noted. The closure of the neural tube triggers the neuroepithelial stem cells of the
ventricular zone to proliferate. Waves of neuronal stem cells are generated, which following
clonal expansion, stop dividing and become committed neuroblasts. Subsequently, the
neuroblasts migrate along supporting radial glial fibers into the surrounding tissue and become
layered in an inside-out manner. The surge of neuroepithelial proliferation results in a rapid
increase in brain mass that continues, in the rat, into the second postnatal week. The mRNA
expression pattern seen with neuronatin may suggest a role for this gene in neuroblast
generation.

However, there are some aspects of the expression profile of neuronatin that could
indicate other roles. The α-form was detected to be present even at E7-10 by RT-PCR, which is a
more sensitive technique than Northern blotting. This finding raises the prospect that neuronatin
may be involved even earlier in embryogenesis, possibly even during neural induction.
However, as the splicing mechanism for neuronatin becomes active only at E11-14, this does not
appear likely. Moreover, the expression of neuronatin mRNA persisted into the early postnatal
period and traces were seen even in adulthood, making it unusual for this gene
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to be involved in neural induction. Another concern is based on the observation that peak levels
of neuronatin mRNA are seen later in development, at E16-19, when neuroepithelial
proliferation, neuronal migration, patterning and synaptogenesis are also taking place. It appears
unlikely that neuronatin participates in these post-migratory events as its mRNA levels decline
to traces by the second postnatal week. The expression of genes involved in patterning and
synaptogenesis tend to persist for a longer period of time.

IVD. Role in Hindbrain Development: In Situ Expression
In order to further understand the significance of neuronatin mRNA expression during
embryogenesis, it was necessary to determine its in situ expression. Peter Gruss and his
colleagues at the Max Planck Institute, Gottingen, Germany, have recently reported the in situ
expression of neuronatin mRNA in the mouse (Wijnholds et al 1995). During embryogenesis,
the expression of neuronatin mRNA is first seen in rhombomeres-3 and 5 of the early hindbrain
and in the floor of the foregut pocket. It is also observed in the early Rathke’
s pouch and in the
developing adenohypophysis, retina and inner ear. As embryogenesis advances, the expression of
neuronatin mRNA becomes more generalized and is seen throughout the central and peripheral
nervous system.

The finding that neuronatin mRNA is selectively expressed in rhombomere-3 and 5
during early mouse embryogenesis suggests a functional role for this gene in the determination
of hindbrain segment identity. The expression of neuronatin actually appeared to precede visible
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morphological changes, again suggesting a mechanistic role. Clearly, the mechanism by which
neuronatin is involved in hindbrain segmentation needs investigation. Furthermore, the relative
importance of neuronatin, in comparison to Krox-20 and sek, the other genes expressed in the
same rhombomeres is not known. One major difference, however, unlike Krox-20 which is
expressed only transiently during development, the expression of neuronatin becomes more
generalized and abundant in the nervous system later in development. Therefore, it may be
suggested that neuronatin is involved in determining segment identity in the hindbrain, and in
the maturation and maintenance of the post-mitotic neuronal fate.

lVE. Neuronatin is Highly Conserved in Mammalian Species
Important biological functions through strong evolutionary pressure are well conserved.
Examples of highly conserved genes include those involved in regulating metabolic pathways,
DNA replication, and those governing development (Tremblay & Gruss 1994). In order to study
conservation, neuronatin sequences in different species were compared. The α(U25033) and β
(U25034) forms of human neuronatin cDNA (Dou & Joseph 1994), and the mouse homolog of
neuronatin have also been sequenced (GenBank #X83570). The deduced proteins of human, rat
and mouse are strikingly homologous (FIGURE-IV-1).

The protein sequences of exon-1 and exon-2 were identical in all three species. In the
case of exon-3 which has 30 amino acids, there were two amino acid changes; first, human Thy11
was replaced by His11 in both rat and mouse. Secondly, rat His26 was replaced with Gln26 in
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CONSERVATION OF NEURONATIN PROTEIN IN MAMMALS

FIGURE-IV-1: Comparison of the deduced neuronatin protein sequences of rat (GenBank
#U08290), human (#U25033) and mouse (#X83570). The amino acids encoded by exon-l and
exon-2 are identical in all three species; in exon-3, two residues are different between the
species.
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human and mouse. In spite of these two changes, the reading frame remained the same in all
three species. The translation start site and context, stop signal, and termination signals were
identical in human, rat and mouse.

Therefore, neuronatin is a highly conserved mammalian gene. In addition, Southern
hybridization of genomic DNA from human, monkey, rat, mouse, dog, cow and rabbit revealed
that neuronatin is highly conserved in vertebrates (Dou & Joseph 1995ab). This degree of
conservation suggests that neuronatin has a biologically important function. Once the
invertebrate homologues of neuronatin are also identified, it will be possible to determine
whether this gene is conserved even earlier in evolution.

IVF. Neuronatin Protein and its Homology to Proteolipids
Neuronatin, PMP1 and phospholamban are amphipathic polypetides that are members of
a class of proteins referred to as proteolipids (TABLE-IV-1) (Dou & Joseph l996c). These are
proteins that typically have two domains, one that is a hydrophobic transmembrane α-helix, and
the other domain is charged and hydrophilic. Although, the primary amino acid sequences of the
proteolipids are different, their structural organization is similar. These proteins are generally
small polypeptides, fractionate into the chloroform/methanol phase, and several members
function as regulatory subunits of membrane channels. Members of this class of proteins include
γ
-subunit, sarcolipin, PMP2, F-sub-c and vac-sub-c.
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THE PROTEOLIPID FAMILY OF PROTEINS

Amino Acids

Mol Wt (kDa)

Function

References

Sarcolipin

31

3.8

Ca2+-ATPase
Skeletal Muscle

Wawrzynow et al
1992

PMP1

40

4.7

H+-ATPase Yeast

PMP2

43

4.8

Phospho-lamban

52

6.1

Ca2+-ATPase
Cardiac Muscle

γ
-Subunit

58

6.5

Na+/K+-ATPase

Phospho-lemman 72

8.4

Choride &
Taurine
Channels

F-sub-c

75

7.6

Vac-sub-c

155

15.8

Neuronatin-α

81

9.1

Neuronatin-β

54

6.2

Navarre et al
1992ab
Navarre et al
H+-ATPase Yeast
1994

F1F0-ATPase
Mitochondria
Th-ATPase
Vacuolar

Tada 1991
Mercer et al
1993
Palmer et al
1991
Moorman et al
1992, 1995
Fearnley et al
1990
Mandel et al
1988

TABLE-IV-1: Members of the proteolipid family of proteins. These polypeptides are small and
amphipathic, i.e., contain hydrophobic and hydrophilic domains. Although, their amino acid
sequences are not homologous, the characteristic secondary structure consists of two distinct
domains, one end being hydrophobic and the other hydrophilic. These proteins function as
regulatory subunits of ion-channels. However, phospholemman forms a pentamer and functions
as a novel chloride and taurine channel.
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The γ
-subunit, a polypeptide of 58 amino acids, is a subunit of Na+/K+-ATPase (Mercer et
al 1993). Sarcolipin has 31 amino acids and functions as a subunit of Cd2+-ATPase in skeletal
sarcoplasmic reticulum (Wawrzynow et al 1992). PMP2 is highly homologous to PMP1, consists
of 43 amino acids, and is a subunit of yeast H+-ATPase (Navarre et al 1994). F-sub-c is 75 amino
acids long and is subunit-c of F1F0-ATPase (Fearnley et al 1990). Vac-sub-c contains 155 amino
acids and constitutes subunit-c of vacuolar H+-ATPase (Mandel et al 1988). Unlike these,
phospholemman, a 72 amino acid polypeptide (Palmer et al 1991), is organized as a pentamer
and functions as a novel chloride and taurine channel (Moorman et al 1992, 1995).

Furthermore, proteolipids may also be involved in human disease. For example, F-sub-c
is the major component of the storage organelles seen in neuronal ceroid lipofuscinosis (Palmer
et al 1992), which is an autosomal-recessive lysosomal neuro-degenerative condition of
childhood manifesting with blindness, seizures, dementia and early death. The involvement of Fsub-c in the pathogenesis of this disease is supported by the finding that similar deposits occur in
the mouse mutant, motor neuron degeneration (mnd/mnd), which is a model for neuronal ceroid
lipofuscinosis (Faust et al 1994). Neuronatin is a new member of the proteolipid family and its
unique expression in the developing mammalian brain raises the possibility that this gene is a
novel membrane channel regulator during brain development. Alternatively, neuronatin may
function as a receptor, be secreted, or function as a ligand.
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IVG. Role in Neuronal Growth and Differentiation
Although, neuronatin-αmRNA is expressed in the developing rat brain in a precise
temporal association with hindbrain segmentation and neurogenesis, its cellular function is not
known. The finding that neuronatin mRNA is expressed in PC12 cells provides a useful
substrate to investigate the role of this novel gene in neuronal growth and differentiation. PC12
cells have been extensively studied as model neurons ever since their establishment in 1976
(Greene & Tischler 1976). A striking feature of this cell line is that on exposure to NGF, it stops
proliferating and extrudes neurites in the process of transforming into a neuronal phenotype.
When NGF is removed, the cells revert to their original rounded and undifferentiated phenotype.
Treatment of PC12 cells with NGF was associated with a downregulation of neuronatin mRNA
expression. The mRNA levels remained suppressed as long as the cells were exposed to NGF.
However, when NGF was removed, neuronatin mRNA levels returned to baseline along with a
reversal of the phenotype to an undifferentiated state. NGF decreased neuronatin mRNA even in
the presence of protein and RNA syntheses inhibitors.

The decrease in neuronatin mRNA levels in PC12 cells appears to be NGF-specific, as
other growth factors did not show a similar response. These findings may suggest a relationship
between the effects of NGF and neuronatin mRNA expression. Whether NGF mechanistically
involves neuronatin in this process is not proven. When NGF was removed from the incubating
medium and PC12 cells allowed to return to their undifferentiated state, neuronatin mRNA
expression also increased. Together, these findings may suggest that high levels of neuronatin
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mRNA expression are associated with an undifferentiated state, and low levels with a
differentiated state. This logic is supportive of the in vivo observation that neuronatin mRNA is
abundant in the developing brain, and that its levels decline with maturation and differentiation
such that only traces are present in the adult brain. The significance of neuronatin in PC12
growth and differentiation would be clearer when it becomes possible to study protein
expression. Unfortunately, an antibody is not yet available for such studies.

Of the two alternatively spliced forms of neuronatin mRNA, only the larger α-form was
expressed in PC12 cells. Using the same primers and RT-PCR conditions, both forms were
observed to be present in the developing rat brain. The β-form appearing at about E11-14 in the
rat coinciding with the closure of the neural tube and the initiation of neuroepithelial
proliferation and neuroblast commitment. The α-form was present even earlier in gestation at E710, a time when neurulation is taking place. The level of expression of both forms peaked late in
gestation (El6-19), and declined by the second postnatal week to trace levels in the adult brain.
Assuming a role for neuronatin in PC12 growth and differentiation, the finding that only the αform is present in this cell line may implicate this form as being functionally important.

IVH. The Human Neuronatin Gene
The human neuronatin gene and its mRNA isoforms (a (U25033) and β(U25034)) have
also been fully sequenced (Dou & Joseph 1994, 1995ab, 1996abc). The human gene spans 3973
bases and contains three exons and two introns (FIGURE-IV-2).
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THE HUMAN NEURONATIN GENE

FIGURE-IV-2: The organization of the human neuronatin gene. The gene is 3973 nucleotides
long, and contains three exons and two introns.
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The full sequence is deposited in GenBank (U31767) (FIGURE-IV-3). The promoter
contains modified TATA (-27) and CAAT (-59) sites, located upstream from the transcription
start site. A 21 base sequence highly homologous to the neural restrictive silence element
(NRSE) which governs neuron-specific gene expression is observed at -421 bp.

Analysis of the genomic structure and the mRNA sequences indicates that neuronatin
gene is expressed as two mRNA species, αand β, generated by alternative splicing. The α-form
contains all three exons, whereas, in the β-form, the middle exon has been spliced out. Several
putative transcription factor binding sites were found in the 5’
-flanking region. These include
consensus sequences for SP-1, AP-2 (two sites), δsubunit, SRE-2, NF-A1, ETS and NRSE.

The first intron of human neuronatin gene also contains binding sites for SP-1 and AP-3.
Similar sites have been noted in the first intron of human ATP synthase αsubunit (Akiyama et al
1994) and human proto-oncogene c-myb (Jacobs et al 1994). Moreover, there are several unusual
AT islands located in the first intron. Although, the significance of these sites needs to be
determined, there is increasing evidence indicating a regulatory role for the first intron in gene
expression (Makino et al 1994).

Mapping of the transcription initiation site in the human neuronatin gene was carried out
by primer extension analysis using human fetal brain mRNA and a labeled oligonucleotide
complementary to the region immediately before the start of the open reading frame of human
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FIGURE-IV-3: The complete human neuronatin gene sequence. Nucleotide numbering begins
at the 5’
-end of the first exon (transcription start site). Regions exhibiting homology to consensus
sites for transcription factors, SP-1, AP-2 (two sites), δ
-subunit, SRE-2, NRSE, NF-A1 and ETS
within the 5’
-flanking region; SP-1 and AP-3 within intron-1; and modified CAAT and TATA
boxes are underlined. The transcription start site is indicated by a thick horizontal arrow. The
exon/intron boundaries are indicated by vertical arrows. The coding regions of the three exons
and their deduced amino acid sequences are shown using the three-letter-code. The translation
initiation site, stop signal, poly(A) signal, poly(A) site and GT cluster are also underlined. The
GenBank accession number for human neuronatin gene is U31767.
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neuronatin-βcDNA. Only one reverse-transcribed cDNA product was seen on primer extension
(Dou & Joseph 1996b). This identified a single transcription start site located 124 bases upstream
from the methionine (ATG) initiation codon and 27 bases downstream from the modified TATA
box. This is a typical distance between the TATA box and mRNA transcription start site
(Maniatis et al 1987).

The 5’
- and 3’
- splice sites matched their consensus sequences (Green 1991; Balvay et al
1993). The first exon had 195 bases and the second exon 81 bases, which are typical exon sizes
in vertebrates (Berget 1995). The third exon containing 1016 bases was somewhat larger than the
average size of the last exon in vertebrates (Hawkins 1988; Brunak et al 1991). The putative
branch point sequences TGCTAAA for intron- 1 and TGCTATC for intron-2 were found
between 25-35 bases upstream from the AG-3’cleavage sites of the introns. All introns of this
gene conformed to the GT/AG rule (Breathnach & Chambon 1981; Green 1991). No other exon
or intron like structures was noted in the human neuronatin genomic DNA sequence.

The first exon contains the prototypical translation initiation site in good context,
GGAACCATG (Kozak 1991), and encodes 24 amino acid residues. Exons-2 encodes 27 amino
acid residues, and exon-3 encodes 30 amino acids. Based on the genomic structure, it is clear that
the α-form of neuronatin mRNA, encoding a protein of 81 amino acid residues, is derived from
all three exons. The α-form of neuronatin mRNA, encoding a protein of 54 amino acid residues,
is derived from a combination of the first and third exons. These results strongly indicate that the
αand βisoforms of human neuronatin mRNA are generated by differential
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splicing of the middle exon (exon-2). Interestingly, the N-terminal hydrophobic domain
(transmembrane α-helix) is entirely encoded by exon-1, and the C-terminal hydrophilic domain
is encoded by exon-3. The significance of the middle exon, which is neither hydrophilic nor
hydrophobic, in the functioning of this gene is even less clear.

The codon usage in human neuronatin gene was analyzed based on information derived
from more than ten thousand genes present in GenBank (Wada et al 1990). A comparison of
codon usage in the neuronatin gene was made to what is known about usage in our species. The
third nucleotide of all codons of neuronatin, except threonine, was noted be either a G or C. The
G + C% at the third nucleotide of a codon is believed to be important in determining codon usage
for individual genes in higher vertebrates (Ikemura 1985; Aota & Ikemura 1986). The most
frequently used codons in human beings were found to be those with a higher G + C% at their
third nucleotide position. The high G + C% seen at the third nucleotide of the human neuronatin
codons indicates that this gene conformed well to that expected for Homo sapiens. The
neuronatin gene did not contain any codons for histidine or aspartic acid.

IVI. Neural Restrictive Silencer Element
The operator region of human neuronatin gene was observed to contain a neural
restrictive silencer element (NRSE) (FIGURE-IV-4) (Dou & Joseph 1995b, 1996abc). In the 5’
flanking region of the human neuronatin gene, at position -421 bases, is a region that is highly
homologous to NRSE.
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NEURAL RESTRICTIVE SILENCER ELEMENT

FIGURE-IV-4: Homology of the neural restrictive silencer elements of neuronatin, to that in
SCG-10, sodium channel-II (NaII) and synapsin-I. The approximate location of NRSE for these
genes is indicated from their transcription cap site.
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The neural restrictive silencer element has the consensus motif,
[TT(C/T)AG(C/A/T)ACC(A/G)CGGA(C/G)AG(T/C/A)(G/A)CC]

NRSE

may

govern

the

neuron-specific expression of other genes including, SCG-10 (Mori et al 1990), sodium channelII (Na-Il) (Kraner et al 1992), synapsin-I (Valtorta et al 1992; Li et al 1993) and Na/K-ATPase α
3-subunit (Pathak et al 1994). SCG-10 is a growth-associated protein of 22 kd that is expressed
in neuronal derivatives of the neural crest. At E11.5 in the rat, SCG-10 first becomes expressed
in sympatho-adrenal progenitor cells. Thereafter, SCG-10 levels are strongly up-regulated in
sympathetic ganglia and suppressed in adrenal medulla. NRSE is located at about

-1500 in the 5’
-flanking region of the SCG-10 gene.

Protein factors present in non-neuronal cell types are believed to bind NRSE and silence
the transcription of SCG-10 gene. NRSE elements have also been noted at about -1000 in Na-II,
and at about -200 in synapsin-I. Although functional analyses using constructs of the 5’-flanking
region of SCG-10 and Na-II indicate that deletion of NRSE results in loss of neuron specificity,
the evidence in the case of synapsin-I is less certain. However, adjacent to the NRSE element in
synapsin-I is the region CGCCCCCGC, a high affinity zif268/egrl binding site (Christy &
Nathans 1989). A zinc finger transcription factor, zif268/egrl, also known as NGFIA, Krox-24
and TIS-8, is also an immediate early response gene. The expression of zif268/egrl is highly
responsive to neuronal stimulation. Furthermore, synapsin-I gene has been shown to be a target
of zif268/egrl (Thiel et al 1994).
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IVJ. Human Neuronatin Gene is Assigned to Chromosome-20q11.2-12
The human neuronatin gene has been mapped to chromosome 20q11.2-12 by screening a
human-rodent hybrid cell panel and fluorescence in situ hybridization (Dou & Joseph 1995b,
1996abc) (FIGURE-IV-5). This provides a basis to investigate whether neuronatin is a
candidate gene in human neuro-developmental diseases. The 20q11.2-12 region is rich in genes,
including several involved in signal transduction and cell growth regulation. These include
hemopoietic cell kinase (20q11-12) (Quintrell et al 1987), Rous sarcoma proto-oncogene SRC
(20q12-13) (Morris et al 1989), phospholipase C (20q12-13.l), topoisomerase-I (20q12-13.l)
(Kunze et al 1989), zinc finger protein 8 (20q13), CCAAT/enhancer binding protein (C/EBP)
(20q13. 1) (Hendrinks-Taylor et al 1992), protein tyrosine phosphatase (20q13. 1-13.2) (BrownSchimer et al 1990), S-adenosyl homocysteine hydrolase (2ocen-q13.1) (Mohandas et al 1984)
and potassium voltage gated channel (20q13.2).

Although, there are no neurological conditions that are yet known to be mapped to the
20q11.2-12 region, adjacent areas of chromosome-20 have been implicated in neurological
disease. The gene for benign neonatal epilepsy maps to 20q13.2-13.3 and the prion protein gene
involved in neuro-degeneration are located on 20pter-p12. Developmental genes, PAX1 is
located at 20p11.2 and bone morphogenetic protein- 2 at 20pl2. Chromosome-20 abnormalities
including ring formation and deletions have been noted in several disease conditions. Ring
formation of chromosome-20 was observed in an infant suffering epileptic seizures, mental
retardation and behavioral disturbances (Brandt et al 1993). Deletions of the long arm of
chromosome-20 have
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CHROMOSOMAL LOCALIZATION OF HUMAN NEURONATIN GENE

FIGURE-IV-5: Fluorescence in situ hybridization using human neuronatin genomic clone as the
probe. The chromosome was counterstained with propidium iodide and the signal amplified by
FITC-avidin and avidin-antibody. Neuronatin is located in single copy on human chromosome
20q11.2-12.
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been observed in some patients with myeloid leukemia and myelodysplastic syndromes (Davis et
al 1984, Diez-Martin et al 1991), and in patients with small cell lymphocytic lymphoma (Cotter
et al 1993, White et al 1994).

Interestingly, the region of chromosome-20 containing neuronatin is also the region that
is commonly deleted. Although, patients with deletion of 20q11.2-12 segment containing the
neuronatin gene have not been reported to exhibit neurological abnormalities, the importance of
neuronatin in brain development needs investigation. The abnormalities of chromosome-20
discussed above occurred postnatally after the completion of brain formation, a time when
neuronatin mRNA expression is normally repressed. As neuronatin is primarily expressed in the
developing brain, it is more likely that the consequences of neuronatin dysfunction will be
manifested during development. Besides its possible role in neurological disorders, the
neuronatin gene is adjacent to a putative site (20q13) for maturity onset diabetes of the young,
raising the possibility of its involvement in this condition.

IVK. Future Directions
The main areas of focus in the future will be to determine the biological importance of
neuronatin, study its cellular function, and investigate the regulation of this gene. For purposes
of determining its biological function, a knockout mouse strain needs to be generated. This will
help determine whether neuronatin gene is important in brain development. The results of such
an experiment will also provide clues that will be useful in identifying candidate disease
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conditions in which abnormalities of the neuronatin gene may be causally important.

In order to study cellular function, the neuronatin protein needs to be expressed in vitro
and used to raise antibodies which will be used to study tissue expression both by western
blotting and immunohistochemistry. The antibody will also be used to isolate the native protein
to enable the study of its crystal structure needed to understand the biologically active areas of
the protein. The protein will also be studied in bilipid membranes preparations to determine
whether neuronatin, like phospholemman, can form an independent ion channel. Cellular
function will also be studied by generating multiple cell clones that express the neuronatin
mRNA and protein, and the growth rates of these clones will be compared to appropriate control
lines.

To investigate gene regulation, serial deletion constructs of the 5’
-flanking region of the
neuronatin gene will be ligated to reporter constructs to help identify the functionally important
regions. The presence of a functional promoter and operator regions needs to be established. An
extension of these experiments will involve studies to determine whether the NRSE region of
neuronatin is functionally important or whether there is a novel element that regulates neuronspecific expression. Thereafter, putative proteins that may regulate its function, including
neuron-specific expression, will be studied using gel-shift assays and DNase-I footprinting.

Although, a novel mammalian gene has been identified, this only completes the first part
of the hypothesis. Further studies will determine whether neuronatin is mechanistically involved
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in neuronal growth and survival.

IVL. Conclusions
A novel mRNA, neuronatin, has been isolated from neonatal rat brain. There are two
alternatively spliced forms, αand β, that differ only in their deduced coding regions. The αform encodes a protein of 81 amino acids using three exons. The β-form encodes 54 amino
acids and is identical to the α-form, except that it lacks the middle exon. The human neuronatin
mRNA isoforms, and the human gene have also been fully sequenced, and assigned to
chromosome-20q11.2-12.

Venter and colleagues have recently isolated the tentative human consensus (THC)
sequences of neuronatin (THC #59797, THC #59798), and these have been included in the
Genome Directory (Adams et al 1995). As expected, based on the studies described in this
thesis, the THC sequences also exhibit a brain and development specific expression pattern.
Neuronatin mRNA is selectively expressed during mammalian brain development, and, based
on screening cell lines, it also exhibits neuron-specificity. The operator region of the gene
contains a neural restrictive silencer element which may govern neuron-specificity. In situ
hybridization studies carried out by other investigators reveal that neuronatin is involved in
hindbrain segmentation.

The deduced protein has two distinct domains, a N-terminal hydrophilic α-helix and a
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C-terminal hydrophobic domain, and is a member of the proteolipid family of proteins which
function as regulatory subunits of ion channels. Neuronatin is a novel member of this group and
is the only one that exhibits neuron-specificity and developmental regulation. In future studies,
the protein will be expressed and used to raise antibodies. The antibody will be used to study the
expression of neuronatin protein, and will help in isolating the native protein. Finally, the
biological importance of neuronatin will be studied by generating a knockout mouse strain.
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P208. Molecular Cloning of Differentially Expressed
Genes in Brain Aging
Rajiv Joseph and Wayne Tsang. Detroit. M1
With unfailing predictability, humans age, degenerate, and
die. The consequences are most devastating when brain
function deteriorates. The basis for aging is primarily
genetic, governed by differential gene expression. Neonatal
(3 days), young adult (3 months), and aged (33 months)
healthy male Fischer 344 rats, an inbred strain, were
studied. Brain RNA was extracted, reverse transcribed, and
cDNA fragments differentially displayed on denaturing
sequencing gels. Of the 35 fragments (JT1-35) that were
extracted from the gels, 5 had unique nucleotide sequences
and were expressed either in the neonate (JT-1,8,30) or
more strongly in the aged brain (JT-4,10) on northern
analysis. Similar results were seen using RNA from fetal
and adult human brains. Two other sequences matched
with GenBank sequences: JT-18 had 81% homology with
F1-ATP synthase β-subunit, and JT-33 had 89% homology
with thymosin β-10 gene. These unique cDNA sequences
are being used to identify their full-length sequences from
rat and human brain cDNA libraries. Differential
expression of these unique sequences in both rats and
humans suggests their involvement in brain aging.

Joseph R, Tsang W. Molecular cloning of differentially expressed genes in brain aging.
Proceedings of the 119th meeting of the American Neurological Association, San Francisco, CA.
October 1994. Ann Neurol 1994; 36: 311.
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MOLECULAR CLONING OF A NOVEL mRNA (NEURONATIN) THAT IS HIGHLY
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____________________________________________
As differential gene expression governs the progression of development into
senescence, we attempted to define the genes that are selectively expressed
during postnatal brain development. A cDNA fragment selectively expressed in
neonatal rat brain was identified by differential display and used to screen
a cDNA library prepared from the same mRNA sample. The full length cDNA,
neuronatin, was ll95bp long and coded for a novel protein of 81 amino acids.
The cDNA detected an mRNA species of similar size that was highly expressed in
rat neonatal and human fetal brain. The deduced protein exhibited a
hydrophobic N-terminal and hydrophilic C-terminal, suggesting that it is
membrane bound and might function in signal transduction. The selective
expression of this novel mRNA in late fetal and early postnatal brain
development, and loss of expression in adulthood and senescence, suggests
that downregulation of neuronatin may be involved in terminal brain
differentiation.
©1994 Academic Press, Inc.

____________________________________________
Normal brain development predictably leads to senescence manifesting as
progressive failure of function, cellular degeneration and death. The
consequences of aging are most devastating when brain function begins to
fail. Although, environmental factors may be contributory, development is
primarily genetically determined. The onset of senescence is species specific
and its course not significantly prolonged even under optimal environmental
conditions (1). Nevertheless, with increasing age, cellular macromolecules
progressively accumulate
_____________________________
+The GenBank Accession number for neuronatin is U08290.
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errors, such as mutations (2), telomere shortening (3), DNA hypomethylation
(4), impaired DNA repair (5), protein cross linking (6) and decreased protein
degradation (7). However, the mechanism by which these changes may be
involved in senescence remain unclear. Cells in culture also exhibit
senescence, for example, human diploid fibroblasts show growth failure after
a certain number of population doubling levels (8). The inevitable
progression of development into senescence is likely to involve changes in
gene expression manifesting either as upregulation or downregulation of
genes, or both. Therefore, we attempted to define the genes that are uniquely
expressed during brain development and senescence. We report the experiments
leading to the identification of a novel mRNA species that is selectively
expressed in fetal and neonatal human and rat brain.

MATERIALS AND METHODS
Fisher 344 Rats: Healthy male Fisher 344N/NIA rats, an inbred strain (9),
obtained from the National Institute of Aging, Bethesda, MD were studied at 3
days (neonate), 3 months (young adult) and 33 months (aged adult) of age. At
3 months of age, the rat is fully mature and at 33 months it is senescent
(10).
Differential Display: Animals were decapitated, brain quickly dissected out,
immersed in liquid nitrogen, homogenized and total RNA extracted by acid
guanidinium thiocyanate-phenol-chloroform method (11). The methods used were
as previously described (12,13,14). Total RNA (50µg) was treated with DNase—I
RNase—free (20u), human placental RNase Inhibitor (80u), 10mM Tris HC1, 1.5mM
MgCl2, 50mM KC1, incubated at 37°C for 30 mm, phenol:chloroform extracted and
ethanol precipitated. DNase-I treated RNA (2kg) was reverse transcribed using
5’-T12MG—3’ (2.5DM) as the 3’-primer (M=mixture of G,A and C), dNTP (20.µM),
MMLV-Superscript-II (300u) and MMLV buffer (lx) (Life Technologies, Grand
Island, NY): the preparation was incubated at 35°C for 60 mm and then at 95°C
for 5 mm (13). Thereafter, the reaction was PCR amplified with a degenerate
lO—mer sequence (CAGGCCCTTC (Operon Technologies, Alameda, CA) in a
concentration of o.5µM. Also included in the reaction were 5S-adATP (1386
Ci/mmol, 0.5µM) and Tag DNA polymerase (2.5u) (Boehringer Mannheim,
Indianapolis, IN), in a total volume 20µl. The preparation was denatured at
94°C for 5 mm., and then cycled 40 times. Each cycle consisted of
denaturation at 94°C for 30 secs, annealing at 40°C for .2 mm, and extension
at 72°C for 30 secs. Thereafter, the samples were extended at 72°C for an
additional 5 mm, and then held at 4°C. Loading buffer was added and the
samples electrophoresed on 6% acrylamide DNA sequencing gels
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under denaturing conditions. The gel was dried at 80°C for 45 mm. and exposed
(X-OMAT-AR, Eastman Kodak, Rochester, NY) overnight at —70°C. One cDNA
fragment was seen to be strongly expressed only in the neonatal bramn. This
cDNA fragment was cut out of the gel, phenol-chloroform extracted, ethanol
precipitated and PCR amplified using the same set of primers and conditions
used in the first amplification reaction for differential display. The
presence of amplified PCR products was confirmed on 1.5% agarose gels.
Northern Blotting: Initially, the partial sequence extracted from the
differential display gel, was used as a probe in northern blots containing
brain RNA from neonatal, young adult and aged rat brain. Once the full length
cDNA sequence was determined, this was also used in two sets of northern
blots, one containing rat brain RNA and the second containing human fetal and
aged brain. The procedure for the northern blots was as previously described
(15). Briefly, 15kg of total RNA containing 0.lµg/m1 of ethidium bromide was
electrophoresed on denaturing formamide gels. The amount of RNA applied across
the lanes was estimated to be comparable by UV photography. The gel was
transferred onto nitrocellulose by overnight capillary transfer. The membrane
was cross-linked, baked, and prehybridized in a solution containing 1% bovine
serum albumin, 7% SDS, 0.5M sodium phosphate pH7.0 and
1mM EDTA for 2 hours. Hybridization was continued overnight in the presence of
1x106 cpm/inl of random prime labelled probe, at 65°C. The membrane was washed
(1% SDS, 40mM Na3PO4 pH7.0, 1mM EDTA) at room temperature for 30 mm, and then
twice at 65°C for 30 mm. The washed membrane was autoradiographed for about 6
hours.
Cloning and sequencing of the cDNA Fragment: The cDNA fragment isolated from
the differential display gel was cloned into pCR (Invitrogen, San Diego, CA)
as described (16). The cloned vector was used to transform TA One Shot
competent cells. White colonies were selected for plasmid preparation from
plates containing Kanamycin and Bluo-gal (Life Technologies, Grand Island,
NY). The inserts were amplified using primers across the cloning site. The
reaction included the plasmid template (1µg), T7 primer (0.4µM), SP6 primer
(0.4µM), dNTP (100µM), buffer (lx) and Tag polyinerase (2.5u). The reactions
were denatured at 94°C for 5 mm. Thereafter, samples were amplified for 35
cycles. Each cycle consisted of denaturation at 94°C for 1 mm., annealing at
62°C for 2 min. and extension at 72°C for 3 min. This was followed by
extension at 72°C for 5 min, and samples held at 4°C. 25µl of the sample was
loaded on 1.5% agarose gel containing
0.lµg/ml. ethidium bromide, electrophoresed using Tris-acetate buffer (lx),
and photographed using UV light. In the absence of an insert, the predicted
size of the amplified product was 188bp. The clone containing the insert
exhibited a larger sized product estimated to be about 300bp using a lOObp
DNA ladder (Life Technologies, Grand Island, NY) that was run simultaneously.
Double stranded sequencing of the cloned cDNA insert was carried out using
Sequenase Version 2.0 (United states Biochemicals, Cleveland, OH). Five µg of
template was denatured, annealed with T7 or SP6 primers, labelled with 35SdATP and extended by the chain termination method of Sanger (17). The
presence of the anchored 3’—primer was used to locate the cloned insert. The
partial sequence (96nt) was unique with no homology in GenBank (18). This
sequence was used to isolate the full length sequence from the rat brain cDNA
library we constructed.
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Construction of Fisher Rat Brain cDNA Library:
We prepared a cDNA library
using a mixture of RNA from neonatal, young adult and aged Fisher 344 rat
brain. The overall scheme was as previously described (19). High quality
total RNA (1mg) was separated by the single step acid guanidinium thiocyanatephenolchloroform method (11). Through all the steps of the library
construction, products were monitored by UV spectrophotometry, DNA dipstick
(Invitrogen, San Diego, CA), or by 32P-dCTP incorporation. Total brain RNA was
treated with RNase-free DNase—I (lu/32 µg of RNA) in order to digest
contaminating genomic DNA. DNase—free RNA was applied to oligo-dT cellulose
column (Pharmacia, Piscataway, NJ). mRNA, eluted by 0.5M NaCl in
lx TE (10mM Tris HC1, 1mM EDTA), represented 2.7% of the total RNA pool. 4µg of
mnRNA was used to synthesize cDNA using 200u of Superscript—Il MMLV reverse
transcriptase, 0.5/µg of oligo-dT12-18, in 80µl of 50mM Tris, pH 8.3 buffer.
All steps upto this stage used dH2O treated with 0.02% DEPC and autoclaved,
and contained 2u/µl of RNase inhibitor. The resulting RNA-DNA hybrids were
converted to ds—cDNA in lOOµl of 20mM Tris pH 7.5, 4u of RNase-H and 46u of
DNA polymerase. ds-cDNA was blunt ended using mung bean nuclease (43u/200µl
of reaction mixture), 30mM sodium acetate pH 5.2 and 1mM Zn2+ as an activator.
For high efficiency cloning of blunt ended ds—CDNA, EcoRI adapters with a
nested NotI site (Life Technologies, Grand Island, NY) were ligated to the
ends using 20u of T4 Ligase, 66mM Tris pH 7.5, in a SOM1 reaction volume. NotI
recognizes an 8—base site which rarely exists in ds— cDNA (about one site per
65kb) increasing the chances of excising the intact insert after cloning. The
excess adapters and smaller cDNA fragments (<500bp) were removed by cDNA
fractionation column (Life Technologies). ds-cDNA with ligated Ec0RI(NotI)adapters were cloned into the single EcoRI site located at the 3’-end of LacZ
gene in λgtll. To minimize background, the dephosphorylated λgt11 EcoRI arms
(Life Technologies) were ligated with phosphorylated EcoRI (NotI) -adapterds-cDNA. Phosphorylation of EcoRI(NotI)—adapter—ds-cDNA was carried out with
40u of T4 nucleotide kinase, 66mM Tris pH 7.5, 1mM ATP, in 250µl reaction
volume. Finally, the recombinant λgtll phage were packaged in vitro using λ
Packaging System (Life Technologies), and used to infect E.coli Y1090(R-M-ΔLa
cU169). The efficiency was about 3.5 x 105 pfu/µg cDNA. More than 90% of the
plaques were detected by blue/white selection to contain recombinant phage.
Screeninci of Library: Using the unique partial cDNA fragment, we screened
about 25,000 plaques. The probe was labelled with 32PdCTP by the random primer
method to about 108-109 cpm/µg DNA.
Nine plaques showed strong hybridization (at 73°C). These nine plaques were
purified, DNA prepared and digested in separate reactions with Ec0RI and
NotI. Both these restriction enzymes released single fragments suggesting the
absence of these restriction sites within the insert. One plaque released an
insert of about 1.2—1.3kb, corresponding to the size of the mRNA species
detected in the northern blot using the partial cDNA sequence. This clone was
fully sequenced.
Sequencing of Full-Length cDNA: The clone isolated from the library and
predicted to contain the full length cDNA was sequenced using cycle
sequencing with the fmol™ sequencing System (Promega, Madison, WI).
Sequencing was carried out in both directions using a total of 9 primers,
five from one end and four from the other. Primers were custom made (DNA
International, Lake Oswego, OR).
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RESULTS AND DISCUSSION
Total RNA was extracted from neonatal, young adult and aged rat brain and
processed for differential display. A cDNA fragment selectively expressed in
neonatal brain was identified (Figure-1). This cDNA fragment was extracted
from the gel, PCR-amplified and confirmed on northern blot to be selectively
expressed in the neonatal brain (Figure—2). The mRNA was estimated to be
about 1.2kb. The cDNA fragment was cloned and sequenced. As there was no
homology for this sequence in GenBank, we used this cDNA fragment to screen a
λgtll cDNA library prepared from the same sample of brain RNA. Of the nine
positive clones identified, one clone contained an insert matching the size
of the detected mRNA species. This insert was fully sequenced in both
directions.
The full length sequence was ll95bp long and had no homology in GenBank
(Figure—3). Although, the 3’-untranslated region of our

Figure 1. Differential display of brain cDNA from healthy 3 day
old (neonate (N)), 3 month old (young adult (Y)) and 33 month old (aged
adult (A)) male Fisher 344 rats. The cDNA fragment (arrowhead)
selectively expressed in neonatal brain is shown.
Figure 2. Northern hybridization of brain RNA from neonatal (N),
young adult (Y), and aged adult (A) rats using the cDNA fragment
extracted from the differential display gel. The ethidium bromide stained
gels pictured under UV light prior to transfer is also included to show
that similar amounts of RNA were applied. The estimated size of the mRNA
derived using RNA standards was about 1.2kb.
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Figure 3. Full length cDNA sequence for neuronatin. The unique cDNA
fragment identified on differential display to be selectively expressed in
neonatal brain was used to screen a λgtll cDNA library we constructed using Fisher
rat brain. Of the 9 positive plaques identified, one clone had an insert of about
1.2kb, closely matching the size of mRNA detected on northern.
This clone was fully sequenced in both directions. The mRNA had a total length of
ll95b with prototypical translation initiation and termination sites. The
translation start site (GAACCATGG), coding stop signal (TGA), mRNA termination
signals (AATAAA and CA) are underlined.

sequence matched with part of the 3’—untranslated region of calbindin—D28K (20), the
entire 5’-untranslated region and coding region were unique. The sequence has a strong
translation initiation site GAACCATGG (21) and a coding region for 81 amino acids

from nt 41 to 283 followed by the stop signal. The deduced protein is novel having
no homologous sequences in the database. The 3’-untranslated region was 912 nt
long with the prototypical termination signals AATAAA located at position 1112, CA at

position 1174 followed by the poly(A) tail beginning at position 1178 (22). The
full length sequence, designated neuronatin, was used in northern blotting to
confirm selective expression in neonatal brain (Figure—4). In addition, in northern
blots using

1232

Vol. 201, No. 3, 1994
BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Figure 4. Northern blotting of neonatal rat brain (N), young adult brain
(Y) and aged rat brain (A) using the full length sequence for neuronatin as the
probe.
Figure 5. Northern blotting of human fetal (F) (18—24 weeks old) and
human aged (A) brain (60 years old) with full length sequence for neuronatin.
RNA from human brain, neuronatin was expressed in human fetal brain aged 18-24 weeks
(Figure-5). When tested for hydropathy (23), the protein was highly hydrophobic from
residues 1 to 36 and hydrophilic from residues 74 to 81 suggesting that the N-terminal
may be membrane bound whereas the C—terminal was located in the cytoplasm. Such a
protein may be involved in signal transduction. The abundant expression of neuronatin
mRNA during late fetal and early postnatal periods of mammalian brain development, and
downregulation during adulthood and senescence, suggests a role in brain
differentiation.

Acknowledgments: Supported by grants from the National
Institutes of Health (NS-01521) and the American Heart
Association—National Center (92—13200) (to RJ).
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_43 Molecular Cloning of a Novel Mammalian Brain
Developmental Gene, RAJIV JOSEPH, DEXIAN DOU & WAYNE
TSANG, (Henry Ford Hospital / CWR University, Detroit, Mich).
The developing brain grows, but the adult brain does not. As differential
gene expression governs development, we attempted to identify the
genes expressed in neonatal, but not adult, rat brain. cDNA fragments
expressed only in neonatal brain were identified by differential display
and used to screen a brain cDNA library we constructed using the same
samples of mRNA. Two alternatively spliced forms of a novel neuron
specific gene, neuronatin (nnn)-α and β
, abundantly expressed in
developing mammalian brain were isolated (BBRC 1994; 201:12271234). Neuronatin-αcoded for 8laa using 3 exons. and neuronatin-β
coded for 54aa with 2 exons. The two forms had the same open reading
frame and were identical except that in neuronatin-βthe middle exon
was spliced out. Neuronatin-αmRNA was expressed only in the brain
and not in the three other tissues studied. Neuronatin was expressed in
neuronal cells but not in glial lines. In the rat, neuronatin was not
detected at embryonic (E) day 7-10. It first appeared at E10-14, peaked
at E16-19 when neuro-epithelial proliferation and neuroblast
commitment are manifest, and declined to traces in adulthood.
Neuronatin also detected a 1.2kb mRNA in 18-24 wk old human fetal
brain, and on preliminary evaluation, the human cDNA exhibited
significant homology to the rat. The deduced protein had a highly
hydrophobic N-terminal in an α-helix suggesting membrane binding,
and a hydrophilic C-terminal. Identification of the human genetic locus
will help determine the importance of this gene in disease

Joseph R, Dou D, Tsang W. Molecular cloning of a novel mammalian brain developmental gene.
Proceedings of the meeting of Human Genome 1994: The Genes and Beyond, Washington D.C.
October 2-5, 1994 #43, p24.
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24. Human Homolog of a Novel Mammalian Brain Developmental Gene
DEXIAN DOU & RAJIV JOSEPH. Henry Ford Hospital / CWR
University, Detroit, Mich.
We have recently cloned a novel full length cDNA sequence of 1.2kb
that is selectively expressed in neurons. This mRNA is selectively and
abundantly
expressed in the brain of fetal/neonatal rats and humans,
suggesting a role in neuroepithelial proliferation and neuroblast
commitment (BBRC 1994; 201:1227-1234). Although, neuronatin-αwas
cloned from neonatal rat brain, it also hybridized to an mRNA species of
the same size in 18-24 week old human fetal brain. However, when rat
neuronatin-αcDNA was used to screen a human fetal brain cDNA
library, only the β
-form of neuronatin was identified. Comparison of the
cDNA sequences for neuronatin-β in the rat and human revealed
significant homology. The deduced proteins for these two cDNA
sequences were identical, except for substitution of His35 in the rat with
Tyr35 in the human. Furthermore, both sequences had the same
translation initiation site in good context, GAACCATGG, and
termination signals, AATAAA followed by CA and poly(A) tail. Using
the human cDNA, we have screened a human genomic library to identify
positive clones for purification and sequencing, and genomic
localization. The high degree of conservation observed in cDNA
sequences of the rat and human, suggests that neuronatin may have a
vital role in mammalian brain development.

Dou D, Joseph R. Human Homolog of a novel mammalian brain developmental gene.
Proceedings of the meeting of Human Genome 1994: The Genes and Beyond, Washington D.C.
October 2-5, 1994 #24, p20.
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368.12
NEURONATIN IS A NOVEL BRAIN SPECIFIC DEVELOPMENTAL GENE.

Rajiv Joseph, Dexian Dou and Wayne Tsang. Lab of Mol.
Neuroscience, Henry Ford Hospital, Detroit, MI 48202.
Differential gene expression governs brain development and senescence. Our
effort was to define the genes that are selectively expressed in neonatal (3
days), adult (3 mths) and aged (33 mths) male Fisher 344 rate, an inbred
strain. A cDNA fragment expressed only in neonatal brain, was identified by
differential display and used to screen a cDNA library constructed using the
same sample of mRNA. The full length cDNA, neuronatin, was 1195bp long
and coded a novel protein of 81 amino acids. The cDNA detected a mRNA
species which is expressed only in the brain and not in the three other tissues
studied. Screening of cell lines revealed that neuronatin is expressed in
neurons and not in glia. During development, neuronatin first appears at 1014 days of gestation and its expression is maximum late in gestation at 16-19
days. Postnatally neuronatin declines to trace mRNA levels in adulthood and
in senescence. Neuronatin also detected a 1.2kb mRNA in the human fetal
brain suggesting that this is a conserved mammalian gene. The deduced
protein has a highly hydrophobic N-terminal and hydrophilic C-terminal
suggesting that it is membrane bound and may function in signal
transduction. The selective expression of this novel mRNA in the
undifferentiated brain and decline in the differentiated adult brain suggests a
role for neuronatin in neuronal growth and differentiation. Identifying the
human genetic locus will help determine the importance of this gene in
human developmental disease.

Joseph R, Dou D, Tsang W. Neuronatin is a novel brain specific developmental gene.
Proceedings of the 24th meeting of the Society for Neuroscience, Miami, FL. November 1994.
Soc Neurosci Abs 1994; 20: 882.
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MOLECULAR CLONING OF NEURONATIN: ALTERNATIVELY SPLICED
FORMS
OF
A
NOVEL
BRAIN-SPECIFIC
MAMMALIAN
DEVELOPMENTAL GENE
Rajiv Joseph, Dexian Dou and Wayne Tsang
Laboratory of Molecular Neuroscience, Department of Neurology, Henry Ford
Hospital & Health Sciences Center and Case Western Reserve University, Detroit,
MI 48202.
INTRODUCTION. Mammalian brain development is governed by differential
gene expression.
Experimental Procedure
MALE 344 RATS
NEONATE
[3 d]

YOUNG ADULT
AGED ADULT
[3 mths]
[33 mths]
BRAIN
↓
RNA
↓
cDNA
↓
DIFFERENTIAL DISPLAY
↓
SELECT AGE—SPECIFIC cDNA FRAGMENTS
↓
CONFIRM SELECTIVE EXPRESSION ON NORTHERN
↓
CLONING
↓
SEQUENCING
↓
IDENTIFICATION OF UNIQUE cDNA FRAGMENTS
↓
CONSTRUCT & SCREEN F344 BRAIN cDNA
LIBRARY USING THE UNIQUE cDNA FRAGMENTS
↓
IDENTIFICATION OF FULL—LENGTH cDNA
SEQUENCES

In the rat, neurogenesis begins following
closure of the neural tube at about embryonic
(E) day-10 and is completed by the end of the
first postnatal week. During this period,
waves of neuroepithelial cells from the
ventricular zone undergo proliferation and
become committed neuroblasts which remain
postmitotic for the rest of their adult life. This
report describes the strategy used to isolate a
novel gene that is expressed during
neurogenesis. An initial report has recently
been published (1)
EXPERIMENTAL PROCEDURE. The
strategy used is shown in the figure. Briefly,
differential display was used to identify
cDNA fragments expressed in neonatal brain,
confirmed on northern blotting, cloned.
Sequenced, and used to probe a rat brain
library (2).

RESULTS AND DISCUSSION. Using Fischer 344 rats, an inbred strain, we
differentially displayed brain cDNA prepared from neonatal (day-3), young adult (3
months) and aged (33 months) male rats. 35 cDNA fragments, expressed in one or
other age group were extracted from the gels, PCR amplified and when used as
probes in northern hybridization, only 7 were confirmed to be differentially
expressed. Following cloning and sequencing, 5 of the 7 cDNA fragments had novel
nucleotide sequences. These cDNA fragments were used to screen a rat brain cDNA
library that we prepared from the original RNA samples. The full length sequence
for a novel mRNA, neuronatin, was isolated. Neuronatin mRNA was selectively
expressed in the brain, and was present in neuronal but not glial cell lines. There
were two alternatively spliced forms, αand β, with the same open reading frame.
Neuronatin-αcoded for a novel protein of 81 amino acids using three exons. In
particular, the middle exon was needed for the differential expression of neuronatin
during brain development, and its deduced protein was 40% identical with the
conserved region of an iron-sulfur hydrogenase involved in electron transfer.
Although, neuronatin-β was otherwise identical to the α-form, it lacked the
important middle exon. During development. Neuronatin-αmRNA was first seen at
E11-14 coinciding with the closure of the neural tube. The expression became more
pronounced at E16-19 when a surge in neurogenesis occurs, and declined
postnatally to trace levels in the adult brain. Therefore, this novel neuron-specific
gene, expressed in precise relationship to neurogenesis, may function to regulate
neuroblast generation during development.
The GenBank accession # for neuronatin-αis U08290 and for neuronatin-βU09755.
REFERENCES
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698P
Neuronatin Is a Novel Mammalian Gene
Involved in Neurogenesis
Rajiv Joseph, Dexian Dou, and Wayne Tsang, Detroit, Ml

Objective. Neurogenesis begins in midgestation and continues in the rat
into the neonatal period. Therefore, the role of neuronatin, a novel gene
that we cloned from neonatal rat brain (Biochem Biophys Res Commun
1994;201:1227-1234), in brain development was studied.
Methods/Results. Neuronatin has two alternatively spliced forms, αand
β
, with the same open reading frame. Neuronatin-αencoded 81aa using 3
exons, and neuronatin-βencoded 54aa using 2 exons. The only difference
was the presence in the α-form of the 81nt middle exon, required for the
expression of neuronatin during neurogenesis. The deduced protein for the
middle exon was 40% identical with the conserved region of an ironsulfur hydrogenase involved in electron transfer. Neuronatin mRNA was
selectively expressed in the brain and was present in neuronal but not glial
lines. The mRNA appeared at E11-14 coinciding with the closure of the
neural tube, became more pronounced at E16-19 when a surge in
neurogenesis occurs, and declined by the second postnatal week to trace
levels in the adult. When the coding region of neuronatin-α was
transferred into cells not containing neuronatin using a retroviral vector,
cell proliferation was promoted.
Conclusions. Neuronatin is a novel neuron-specific gene that is
expressed during neurogenesis and promotes cell proliferation. Therefore,
neuronatin may play an important role in mammalian neuroepithelial
proliferation leading to neuroblast generation.
Study supported by NIH NS01521 and the American Heart
Association-National Center 92-132 (to R.J.).

Joseph R, Dou D, Tsang W. Neuronatin is a novel mammalian gene involved in neurogenesis.
Proceedings of the 47th meeting of the American Academy of Neurology, Seattle, WA. May
1995. Neurology 1995; 45 (Suppl 4): A355.
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699P
Molecular Cloning of Human Neuronatin
Dexian Dou and Rajiv Joseph, Detroit, MI

Objective. Two alternatively spliced forms of a novel gene, neuronatin-αand β
have been cloned from neonatal rat brain (Biochem Biophys Res Commun 1994;
201:1227-1234). Neuronatin is expressed only in the brain in precise relationship
to neurogenesis. Based on experiments with cell lines constructed with and without
the coding region for neuronatin, this gene promotes cell proliferation. Rat
neuronatin-αalso hybridized an mRNA species of similar size in human fetal
brain. Therefore, we proceeded to isolate the human gene and cDNA homologue
of neuronatin.
Methods/Results. When rat neuronatin-αcDNA was used to screen a human
fetal brain cDNA library, only the β
-form of neuronatin was identified. The
deduced proteins for human and rat cDNA sequences were identical, except for
substitution of Tyr35 in human with His35 in rat. Furthermore, both sequences had
the same translation initiation site in good context, GAACCATGG, and
termination signals, AATAAA, followed by CA and poly(A) tail. Using primers
specific for the 3’
-untranslated region of human neuronatin cDNA to screen a
somatic cell panel, the human neuronatin gene was localized to chromosome-20
with 0% discordance. Human neuronatin was abundant and selectively expressed
in human fetal brain (18-24 wks), and not in the lung, liver or kidneys, the other
human fetal tissues screened. Only trace levels were present in the adult human
brain.
Conclusions. Neuronatin, located on chromosome-20, is a novel human gene
that is selectively expressed in human fetal brain during neurogenesis The high
degree of conservation observed in the cDNA sequences of human and rat suggests
that neuronatin may have a vital role in mammalian brain development.
Study supported by NIH NS01521 and the American Heart AssociationNational Center 92-132 (to R.J.).

Dou D, Joseph R. Molecular cloning of human neuronatin. Proceedings of the 47th meeting of
the American Academy of Neurology, Seattle, WA. May 1995. Neurology 1995; 45 (Suppl 4):
A355.
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M98.

Developmental Genes Link
Neuroembryogenesis and Carcinogenesis

Rajiv Joseph, Detroit, MI

Neuroembryogenesis and carcinogenesis are characterized by rapid
cell proliferation. Once differentiation begins, the developing brain
progressively matures to a postmitotic fate, but, in cancer, no such
restraint appears to exist. Based on the hypothesis that genes expressed
during brain development also may be involved in carcinogenesis, the
genes selectively expressed in the developing, but not adult, rat and
human brain were isolated. Differential display, library screening, and
Northern blotting were carried out as described (BBRC 1994; 20l:
1227-1234). The mRNAs for thymosin β
10 (Tβ
10) and p23 human
transplantation antigen (p23HTA) were expressed during development
in all tissues, including the brain. Neuronatin (nnn), a novel gene, was,
however, highly brain-specific in its expression. Although Tβ
10,
p23HTA, and nnn were abundant in developing brain, only traces were
expressed in the adult. Nevertheless, the expression of all 3 genes was
abundant in brain malignancy. In conclusion, Tβ
10, p23HTA, and nnn,
3 normal human developmental genes, become reexpressed in
malignant cells. The findings require that these genes be investigated
as targets to limit malignant cell proliferation.
Study supported by NIH grants # NS-01521 and American Heart
Association-National grant #92-132.

Joseph R. Developmental genes link neuroembryogenesis and carcinogenesis. Proceedings of
the 120th meeting of the American Neurological Association, Washington, DC. October 1995.
Ann Neurol 1995; 38: 309.
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Neuronatin mRNA: alternatively spliced forms of a novel brain-specific
mammalian developmental gene *
Rajiv Joseph*, Dexian Dou, Wayne Tsang
Department of Neurology, K-11, Laboratory of Molecular Neuroscience, Henry Ford Hospital and Health Science Center, 2799 West Grand Boulevard,
Detroit, MI 48202, USA
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Abstract
Neurogenesis begins with the closure of the neural tube around mid gestation and continues in the rat for about two weeks postnatally.
Therefore, we investigated the role of neuronatin, a novel cDNA that we cloned from neonatal rat brain (Joseph et al., Boichem. Biophys. Res.
Commun., 201 (1994) 1227-1234), in brain development. Further studies described in the present manuscript, lead to the identification of
two alternatively spliced forms of neuronatin mRNA, αand β. with the same open reading frame. Neuronatin-αencoded a novel protein of
81 aa, and the β-form encoded 54 aa. Both forms were identical, except that the α-form had an additional 81 bp sequence inserted into the
middle of the coding region. On Northern analyses, neuronatin mRNA was relatively selective for the brain. It first appeared at E11-14, a
time when the neural tube has closed and neuroepithelial proliferation initiated, became pronounced at E16-19 with a surge in
neurogenesis, and declined postnatally to adult levels with the completion of neurogenesis. In order to determine whether there were other
forms of neuronatin mRNA, and to study the expression of the αand βforms separately during development, reverse transcriptasepolymerase chain reaction was carried out using primers flanking the coding region of the αand βforms. The RT-PCR results clearly
indicated that there were only two forms of neuronatin. The β
-form first appeared at E11-14, whereas the α-form was present even earlier
at E7-10. Together, these findings indicate that the two forms of neuronatin mRNA is regulated differently during brain development. The
appearance of the β-form at mid-gestation, coinciding with the onset of neurogenesis, may suggest that alternative splicing of neuronatin
mRNA has relevance in brain development.
Keywords: Neuronatin; Development; Brain; Gene; Neuroepitheliurn: Proliferation: Commitment; Differentiation; Migration

1. Introduction
Although development is a continuum, there are certain stages when
the changes are more pronounced. The development of the brain
begins with neural induction during gastrulation leading to the
formation of the neural plate. Once the neural plate closes to form
the neural tube at about embryonic (E) day 10 in the rat, the
neuroepithelial cells of the ventricular zone begin to proliferate
[6,15] and generate waves of stem cells, which following clonal
expansion, stop dividing and become committed neuroblasts or
gliablasts [19]. Subsequently, these cells migrate along supporting
radial glial fibers into the surrounding tissue and become layered in
an inside-out manner to form the cortical mantle [3,13,14,16,17].
Although, it appears
_______
The GenBank accession number for neuronatin-α is U08290, and for
neuronatin-βU09785.
* Corresponding author. Fax: (1) (313) 876-1318.
0006-8993/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved
SSDJ 0006-8993(95)0062l4

that neurons and glia arise from a common precursor in the
neuroepithelium, more recent studies suggest they originate from
distinct stem cells [20]. In any event, the surge of neuroepithelial
proliferation and commitment to a neuronal or glial fate results in
a rapid increase in brain mass that continues into the early
postnatal period.
The molecular events that initiate neuroepithelial proliferation and
their subsequent commitment as neuroblasts or gliablasts are
undoubtedly complex and may involve multiple interacting
signals. Nevertheless, we proceeded to investigate the role of
neuronatin, a novel cDNA that we recently cloned from postnatal
(P) day 3 [7] rat brain, in development. In our original report, we
noted that neuronatin cDNA, identified a mRNA species of about
1.2 kb which was selectively more abundant in neonatal rat brain
compared to the adult brain. As rat brain development extends into
the postnatal period, we reasoned that neuronatin may be involved
in development. In the present study, we have characterized the
two alternatively spliced

R. Joseph et al /Brain Research 690 (1995) 92—98
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forms of neuronatin mRNA, and investigated their role in
rat brain development.

quenced, only 5 had novel sequences. These 5 fragments
were pooled and used to screen the ratbr
a
i
nλ
g
t
11cDNA
library that we prepared.

2. Materials and methods
2.4.

Northern blotting

2.1. Fischer 344 rats
Healthy F344/N rats (Harlan Sprague-Dawley, Indianapolis, IN), an inbred strain [5]. were used in all experiments. In order to study embryonic development, pregnant
animals at different stages of gestation timed from the
appearance of the vaginal plug were sacrificed. Embryos
were removed following decapitation of the mother. Early(E7-10). mid- (E11-14) and late- (E16-19) gestation
embryos were studied. Postnatally, P3, P7 and P14 pups,
and adult animals were studied. In the case of E7-10, whole
embryos were used, and at E11-14, the head region was
used for RNA extraction. By E16-19, the coverings of the
brain having developed, allowed dissection to remove the
brain. Animals were decapitated, brain quickly removed
and placed in liquid nitrogen. In experiments to study
expression of neuronatin mRNA in different tissues, the
heart, liver and kidneys were removed from P3 pups.
2.2. RNA extraction
Total RNA was extracted by acid guanidinium thiocyanate-phenol-chloroform method [4,8]. The tissue was
crushed in a mortar in the presence of liquid nitrogen; 10
ml of denaturing solution (4 M guanidinium thiocyanate.
25 mM sodium citrate (pH 7.0), 0.5% sarcosyl, 0.1 M
2-mercaptoethanol) was added, homogenized using a glassteflon homogenizer (Eherbach, Ann Arbor, MI) and kept on
ice. Thereafter, 0.2 M sodium acetate (pH 4.0), 10 ml of
water saturated phenol and 2 ml of chloroform-isoamyl
alcohol (49:1) were added, vortexed, kept on ice for 15 mm
and centrifuged (10,000 x g for 20 min) at 4°C. The
aqueous phase was precipitated with an equal volume of
isopropanol, the resulting pellet suspended in 0.3 ml of
denaturing solution, transferred to a micro-centrifuge tube
and precipitated again with isopropanol. The final RNA
pellet was washed with 75% ethanol and dissolved in 0.5%
SDS.
2.3. Library screening and sequencing
Differential display and library construction were carried out as previously described [7]. Briefly, total RNA
samples from neonatal (P3), adult (3 months) and aged (33
months) male F344 rat brain were reverse transcribed using
anchored 3-primers and degenerate 5-primers, and
separated on denaturing polyacrylamide sequencing gels.
Thirty-five cDNA fragments present only in the neonatal or
adult brain were extracted, PCR amplified, and used in
Northern blotting experiments. Only 7 of the 35 fragments
were confirmed to be differentially expressed on Northern
blotting. When these 7 fragments were cloned and se

The procedure for the Northern blots was as previously
described [8]. Briefly, 15 µg of total RNA containing 0.1
µg/ml of ethidium bromide was eleetrophoresed on denaturing formaldehyde gels. The amount of RNA was estimated to be comparable by UV photography (and later by
glyceraldehyde 3-phosphate dehydrogenase (G3PDH) hybridization), and transferred to nylon by overnight capillary
action. The membrane was cross-linked, baked, and
prehybridized in a solution containing 1% bovine serum
albumin. 7% SDS, 0.5 M sodium phosphate (pH 7.0) and 1
mM EDTA for 2 h. Hybridization was continued overnight
at 65°C in the same solution to which was also added 1 x
106 cpm/ml of random prime labeled probe. The membrane
was washed (1% SDS, 40 mM Na3PO4 (pH 7.0), 1 mM
EDTA) at room temperature for 30 min and at 65°C for 30
min (X2), and exposed to film for 6 h.
2.5. Reverse-transcriptase-polymerase chain reaction
(RT-PCR.)

In order to study the expression of the two alternatively
spliced forms of neuronatin cDNA during brain development, we synthesized primers designed against the neuronatin cDNA sequence (see Fig. 1). The 5’
-primer was
homologous to positions -40 to – 15 of the cDNA
sequence, 5’
-GCGAACCCTTGCTCTCGACCACCCAC3’
; the 3-primer was complementary to positions 652-671.
5’
-CCCACTAGTTTTCTTAACCC-3. The predicted sizes
of the products was 710 for the β-form. and 791 for the αform (including the 81 bp sequence (box in Fig. 1)).
For cDNA synthesis, total RNA extracted as described
above from E7-10, E11-14, E16-19, P7 and P14 rats were
reverse transcribed using a modification of previously
described methods [9]. Initially, reactions containing RNA
(5 µg), RNase inhibitor (40 U, Promega). oligo-dT (0.5 µg,
BRL), made up to 10 µl with DEPC-treated water was
heated to 70°C for 10 min, and then chilled on ice.
Thereafter, final concentrations of DTT (10 µM), dNTP
(125 µM), RT-MMLV (10 U, BRL) and RT-buffer (1 X,
BRL) were added in a total volume of 20 µl, and the
reactions incubated at 37°C for 60 min. Thereafter, the RTenzyme was inactivated by heating to 94°C for 5 min and
chilled on ice. Aliquots (4 µl) of the cDNA reaction was
used for PCR amplification. The final concentration of the
ingredients of the PCR reaction were, dNTP (100 µM), 5primer (0.4 µM), 3-primer (0.4 µM), Taq DNA polymerase
(5 u, Promega), Tris-HCI (10 mM), MgCl2 (1.5 mM), KCl
(50 mM) and gelatine (5 µg), in a total
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volume of 50 µl. The samples were denatured at 95°C’for
2 min, and then amplified for 40 cycles. Each cycle
consisted of denaturation at 95°C for 30 s, annealing at
62°C for 1 min, and extension at 72°C for 2 min. The
samples (30 µl per well) were electrophoresed using 1 X
Tris acetate buffer, on 1% agarose containing ethidium
bromide. A 100 bp ladder (BRL) was used as the DNA size
marker. The gel was photographed under UV light.

3. Results
The novel cDNA fragments isolated by differential
display from neonatal rat brain were used to probe the
λ
g
t
1
1rat brain cDNA library that we prepared. A total of
nine positive plaques were identified. These plaques were
isolated, purified and parallel samples digested with EcoRI
and NotI (EcoRI arms containing nested NotI sites were
used to construct the library). Both EcoRI and NotI
digestion released inserts of the same size. Of the nine
plaques that were isolated, the inserts in four were between
1.2 and 1.3 kbp, one about 2 kbp, and the remaining four
were less than 0.5 kbp. The clones in the 1.2-1.3 kbp

range corresponded in size to the mRNA species detected
on Northern blotting using the cDNA fragments. These
four clones were sequenced in both directions using the
fMolTM Sequencing System (Promega, Madison, WI) with
custom made primers. All four clones had identical 5’
- and
3-untranslated regions, translation initiation (GAACCATGG) [10]. stop (TGA) and termination (AATAAA)
signals [21]. Two of these four clones were identical
including having a coding region of 243 nt, whereas the
remaining two clones were also identical with each other
with a coding region of 162 nt. Therefore, we were able to
confirm the cDNA sequences for the longer, neuronatin-α.
and shorter, neuronatin-β, forms by sequencing two separate clones for each (Fig. 1). Although we used a pooled
sample of five novel fragments to screen the library, all the
clones identified were of neuronatin.
The restriction map generated for neuronatin-α was
confirmed by digestion with EcoRI, NotI, NcoI and XhoI.
There were no sites for EcoRI and NotI, XhoI had one site
resulting in two fragments of 556 and 639 bp, and NotI had
three sites resulting in four fragments, 40. 122, 471 and 562
bp. The difference between the two forms of neuronatin
was confined to a portion of the coding region.

Fig. 1. The cDNA sequences for the two alternatively spliced forms of neuronatin. Bascd on the cDNA sequence, neuronatin-αhas three regions..
possibly exons, consisting of 72, 81 and 90 nucleotides. Neuronatin-βwas identical to neuronatin-αexcept that it lacked the 81 bp middle region
(box). Neuronatin-αcontained the 81 bp middle region which exhibited prototypical features of an intron including consensus GT-AG and a
branch site, TCGAAAT, located 33 nt upstream of the 3’
-end (underlined). Also underlined are the translation start (GAACCATGG), stop (TGA)
and termination (AATAAA followed by CA) signals. The poly(A) tail begins at position 1057. For the RT-PCR study, primers flanking the
coding region were synthesized, the 5’
-primer was homologous to sequences -40 to -15, and the 3’
-primer was complementary to sequences 652671.
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bridize to the β
-form. Therefore, the results of the Northern blotting experiments would reflect the combined expression of neuronatin-α and –
β mRNA. Neuronatin
mRNA was relatively selectively expressed in the brain and
not in the heart, kidney or liver, the three other tissues
studied (Fig. 2). Next, the expression of neuronatin during
different stages of brain development was investigated.
Northern blotting was carried out using RNA extracted
from E7-10, E11-14, E16-19, P3, and adult (3 months)
male and female rats. Neuronatin was not expressed in the
early embryonic period, It first appeared in the mid embryonic period, and its expression became abundant later at
E16-19. Postnatally, its expression declined such that only
minimal levels were present in adulthood (Fig.3).
In order to determine the relative importance of neuronatin-α and -βduring development, and in order to
exclude other spliced forms of this gene, we carried out
RT-PCR with primers flanking the coding regions of neuronatin-α and -β
. On the basis of the location of the
primers (see Fig.1), we would predict that the α-form
would generate a product of 791 bp, and the β
-form 711 bp.
The findings reveal that of the two forms, it is the β
-form
that appears at E11-14 (Fig.4). Although the
Neuronatin-αhad an additional 81 bp sequence inserted
into the coding region without altering the reading frame
(Fig. 1). This additional stretch of cDNA had the prototypical features of an intron [11], including the consensus
sequences CT at the 5-end, AG at the 3-end, and the branch
site, TCGAAAT, located 33 nt upstream of the 3'-end.
Based on the cDNA sequence, it appears that neuronatin-α
had three regions, possibly exons, the first extending from
positions 1 to 72 (72 nt, 24 aa), the third from 73 to 162 (90
nt, 30 aa); the middle region was inserted between positions
72 and 73 and consisted of the 81 bp sequence coding for
27 aa. However, pending information of the genomic
structure, this analysis based on the cDNA sequences must
remain tentative.
GenBank analysis [2] using the BLAST server [1] revealed that the 3’
-untranslated region of neuronatin cDNA
matched with part of thc 3'-end of rat calbindin-D28k
isolated by Lomri et al (LOCUS: RATCALBDF. GenBank
#M27839) [12] (Table 1). However, the entire 5’
-end and
first 208 nt (out of 243 nt) of the coding region of
neuronatin were nonhomologous and unrelated to calbindin-D28k. Although the rat calbindin-D28k clone isolated by Lomri et al. exhibited significant homology with
calbindin-D28k present in other species, neuronatin did not
match with any of the several other forms of calbindinD28k present in GenBank.
Northern hybridization revealed that both forms of neuronatin cDNA hybridized to a mRNA species of about 1.2
kb, therefore, subsequent studies were carried out using
neuronatin-αas the probe. Because of the homology between the αand βforms, the α-probe would also hy-

Fig. 2. Northern blot study to compare neuronatin mRNA
expression in different tissues. Total RNA was extracted from P3
rat brain, heart, liver and kidneys; and from adult rat brain.
Following hybridization with neuronatin-α(top panel), the blot
was stripped and re-hybridized with human glyceraldehyde-3
phosphate dehydrogenase (G3PDH) (middle panel). The elhidium
bromide-stained gel, photographed prior to transfer. is also shown
(bottom panel).
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-β
, no other products were amplified, indicating that there
are no other forms of neuronatin mRNA during brain
development.
4. Discussion

Fig. 3. Northern blot study of neuronatin expression during
embryonic and postnatal rat brain development. Total RNA was
extracted from E7-11), E11-14, El6-l9, P3, adult male and female
rats, and processed for northern blotting using neuronatin-αas the
probe (top panel) The blot was also labeled with G3PDH (middle
panel). The ethidium bromide stained gel is also shown (bottom
panel).

α-form was not observed on Northern blotting at E7-11), it
was seen on RT-PCR to be present at this developmental
stage. Apart from the predicted bands for neuronatin-αand

Fig.4. RT-PCR study of neuronatin-α and βmRNA during rat
development. As described in Section 2. primers flanking the
coding region were designed to amplify products that would he
specific for the αand βforms. The predicted size for neuronatin-α
was 791 bp and that for neuronatin-β
, 710 hp. RNA extracted from
E7-10, E11-14. E16-19, P7 and P14 rat were used. The appearance
of the β-form at E11-14 coincided with a period in development
when neurogenesis has been initiated.

Although originally isolated from neonatal rat brain, the
studies described in this paper reveal that neuronatin
mRNA is abundant and differentially expressed during
brain development. There are two forms of mRNA, αand
β
, which appear to be alternatively spliced. The shorter β
form first appears in mid gestation, a time when the neural
tube has closed and neuroepithelial proliferation and
commitment to a neuronal or glial fate are taking place. On
the other hand. neuronatin-αmRNA, although not detected
on Northern analysis, was observed on RT-PCR to he
present even earlier in gestation. Nevertheless, the
abundance of the α-form was also increased in midgestation. Maximum levels of neuronatin mRNA were seen
late in gestation; thereafter, its expression decreased to
baseline levels in the adult brain. This close temporal
relationship between the mRNA expression pattern of
neuronatin and brain development raises the possibility that
the two phenomena are related.
Neuronatin-α exhibited partial homology to the 3’
-un
translated region of the rat calbindin-D28k clone isolated
by Lomri et al. [12]. There was no homology between
neuronatin-α cDNA and the forms of calbindin-D28k
cDNA isolated by other investigators. As would be
expected, the rat calhindin-D28k isolated by Lomri et al.
was highly homologous with calbindin-D28k derived from
other species. Review of the region of overlap between
neuronatin-αcDNA and the calbindin-D28k sequence of
Lomri et al. revealed that the coding region of calbindinD28k and the region of interest with neuronatin-αwere
separated by 746 hp. Furthermore, even within the region
of the homology between neuronatin-αcDNA and the 3’
end of rat calbindin-D28k, the entire 5’
-end and most of the
coding region (208 nt out of 243) of neuronatin-αdid not
match. The observed homology involved mainly the 3'untranslated region of neuronatin-α
, and part of the 3'untranslated region of calbindin-D28k. Therefore,
neuronatin-α and calbindin-D28k are different and
unrelated. The explanation for the homology seen with the
Lomri et al. sequence is unclear.
Conceivably, as
speculated by Lomri et al., cloning artifacts may have
resulted in unrelated pieces of cDNA becoming ligated to
their clone. The deduced protein sequence for neuronatin-α
was also novel, however, the amino acid sequence for the
81 bp middle sequence exhibited 40% identity with
periplasmic hydrogenase [18]. When related amino acids
were taken into consideration, the homology increased to
54%. This electron transfer enzyme is an iron-sulfur
hydrogenase that catalyzes the oxidation and production of
molecular hydrogen. The significance of this homology is
uncertain as
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hydrogenases are known to be present only in microorganisms
such as the anaerobic sulfate reducer Desulfovibrio vulgaris
(Hildenborough). Nevertheless, the region of homology included
conserved cysteines involved in the functional coordination of the
catalytic iron-sulfur cluster.
Neuronatin has two alternatively spliced forms which were
confirmed by sequencing two clones for each. Both had the same
open reading frame with neuronatin-α encoding 81 aa and
neuronatin-β54 aa. The only difference between the αand β
forms of neuronatin was the presence in the α-form of an
additional 81 nt sequence encoding 27 aa located in the middle of
thc coding region. Tentatively, based on the cDNA sequences, it
is suggested that neuronatin-αhas three exons, the first containing
72 nt encoding 24 aa. the second containing 81 nt encoding 27 aa,
and the third with 90 nt encoding 30 aa. As neuronatin-βcontains
only the first and third exons, it appears to be derived from the αform by the splicing out of the middle exon. Definitive proof will
require the elucidation of the gene structure of neuronatin.
In order to compare the expression of neuronatin-αand -β
during development, we synthesized primers flanking their
coding regions and carried out RT-PCR. The prediction would be
that neuronatin-α will generate a product of 791 bp, and
neuronatin-β, a product of 710 bp. And, if there were any other
spliced forms of neuronatin, additional products would be
generated. The results indicate that only products corresponding
in size to the αand βforms are amplified. In the absence of a
third product, we believe that there are no other spliced forms of
neuronatin mRNA. The β-form appeared at E11-14 and correlated
with a time in gestation when the neural tube has closed and
neuroepithelial proliferation and their commitment to a neuronal
or glial fate are manifest. Although RT-PCR, known to be more
sensitive than Northern analysis, detected the presence of the αform at E7-10, the expression of the α-form also increased later in
development. In any event, it appears that the splicing mechanism
that generates the β
-form becomes active during neurogenesis.
The significance of this observation, and its importance in neuroepithelial proliferation and the generation of post-mitotic brain
cells need to be determined. It may be speculated that the removal
of the middle exon may be important to function of this gene.
We do not yet know the function of neuronatin. The available
data suggest that neuronatin mRNA is abundant and expressed in
almost a precise relationship to brain development. Assuming that
this relationship is mechanistic, one may speculate that
neuronatin is involved in neuroepithelial stem cell proliferation or
their commitment to a post-mitotic fate. A clearer picture may
emerge when the growth characteristics of sister cell lines created
to express and not express neuronatin mRNA are compared. The
selective expression of neuronatin in the brain during
development raises the fascinating possibility that the promoter
sequence driving the expression of this gene could also be used to
drive the expression of other beneficial genes during brain
development. Furthermore, as neuronatin mRNA is also
expressed in human fetal brain [7], these findings may have
relevance to both normal and abnormal human brain
development.
In conclusion, neuronatin is a novel mRNA that is selectively
expressed during mammalian brain development. There are two
forms, αand β
, that are identical, except for the presence of an
additional 81 bp sequence within the coding region of the α-form.

The brain-specific nature of expression, its abundance and close
correlation with brain development suggests that neuronatin may
be functionally involved in mammalian brain development.
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ABSTRACT
Neuronatin is a novel human gene that we recently isolated from
neonatal rat brain (BBRC 1994; 201:1227—1234). Later, it was noted
that neuronatin mRNA was selectively expressed in the brain following
the closure of the neural tube, and that there were two alternatively
spliced forms, α and β (Brain Res 1995; 690:92—98) In this report, we
proceeded to isolate the human cDNA and genomic sequences for
neuronatin. The deduced protein is amphipathic and is a member of the
“proteolipid” class of proteins which function as regulatory subunits
of ion channels. The human gene is 3973 bases long and contains three
exons and two introns. In the 5’—flanking region of the neuronatin
gene is present a region homologous to the neural restrictive silencer
element which governs neuron—specific expression. Based on screening a
panel of human—rodent somatic hybrid cell lines, deletion constructs
of chromosome—20, and fluorescense in situ hybridization, human
neuronatin gene is assigned to chromosome 20qll.2—12, in a single
copy. This information provides the basis to investigate neuronatin
gene as a candidate in human neuro—developmental diseases.
*Presenting author.

Dou D, Joseph R. Human neuronatin gene and brain development. Proceedings of the Nature
Conference, Patterns of Life: The Nature of Biological Development, Boston, MA. November
9-10, 1995.
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122.1
SPLICED FORMS OF NEURONATIN mRNA IN BRAIN DEVELOPMENT
Rajiv Joseph, Dexian Dou and Wayne Tsang. Lab of Mol.
Neuroscience, Henry Ford Hospital, Detroit, MI 48202.

Neuronatin is a novel brain-specific mammalian gene that we recently
cloned from neonatal rat brain (BBRC 1994; 201:1227-1234). Further studies
were carried out to investigate the role of neuronatin in brain development.
Two alternatively spliced forms, αand β
, of neuronatin mRNA with the same
open reading frame were identified. Neuronatin-αencoded a novel protein of
81aa, and the β-form encoded 54aa. The difference between the two was
limited to the presence of an additional 81bp sequence inserted in the middle
of the coding region of the α-form. On northern analyses, neuronatin mRNA
was relatively selective for the brain. It first appeared at E11-14, a time when
the neural tube has closed and neuroepithelial proliferation initiated, became
pronounced at E16-19 with a surge in neurogenesis, and declined postnatally
to adult levels by the second postnatal week. In order to determine whether
there are other forms of neuronatin mRNA, and to study the expression of the
αand βforms separately during development, RT-PCR was carried out using
primers flanking the coding region of the αand βforms. The results indicate
that there were only two forms of neuronatin. The β
-form first appeared at
E11-14, whereas the α-form was present even earlier at E7-10. The
appearance of the β
-form at mid-gestation, coinciding with the onset of
neurogenesis, may suggest that splicing of neuronatin mRNA has importance
in brain development.
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Joseph R, Dou D, Tsang W. Spliced forms of neuronatin mRNA in brain development.
Proceedings of the 25th meeting of the Society for Neuroscience, San Diego, CA. November
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122.2
STUCTURE AND EXPRESSION OF A NOVEL HUMAN BRAIN
DEVELOPMENTAL GENE. Dexian Dou and Rajiv Joseph. Lab. of Mol.
Neuroscience, Henry From Hospital, Detroit, MI 48202.
A novel gene involved in brain development was isolated from a
human genomic library. Southern hybridization of genomic DNA brain
human, monkey, rat, mouse, dog, cow and rabbit indicated that this gene is
highly conserved in mammals. The gene has been localized on human
chromosome 20by somatic cell line hybrid analysis, and mapped on
20q11.4 using PCR of partial deletions of human chromosome 20 and
fluorescence in situ hybridization. The gene spans 3.9 kb and has 3 exons.
The exact sizes of the exon were determined, and all spice donor and
acceptor sites conformed to the GT/AG rule. A single transcription start
cap site was determined by primer extension. The promoter did not contain
a canonical TATA or CAAT box within 1.5 kb of its 5’
-flanking region. A
sequence homologous to neural restrictive silence element (NRSE) was
observed in the 0.3 kb region upstream of the cap site. The cDNA library
screening and RT-PCR results indicated that this gene is expressed as two
mRNA species, α and β
. When genomic and cDNA sequences were
compared, the two forms of mRNA were determined to be due to
differences in spicing of the second exon. Northern hybridization showed
both mRNA forms to be specifically and abundantly expressed in human
fetal brain. The putative translation products were estimated to be small
proteins of 81 and 54 amino acid residues, neuronatin–
αand β
, with
striking homology to their counterparts in rat and mouse.

Dou D, Joseph R. Structure and expression of a novel human brain developmental gene.
Proceedings of the 25th meeting of the Society for Neuroscience, San Diego, CA. November
1995. Soc Neurosci Abs 1995; 21: 284.
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P01.119
Neuronatin is a Novel “Proteolipid” Involved in
Human Neurogenesis

Rajiv Joseph and Dexian Dou, Detroit, Ml
Objective. To identify and sequence human neuronatin mRNA and
determine its function.
Background. Neuronatin is a novel gene first identified in neonatal rat
brain (Biochem Biophys Res Commun 1994;201: 1227-1234). Subsequent
studies have indicated a role in rnammalian brain development (Brain Res
1995:690:92-98). Therefore, we proceeded to isolate and sequence human
neuronatin.
Methods/Results, Using differential display and library screening, a
novel rat probe, neuronatin, was identified and used to screen a human fetal
brain cDNA library. Human neuronatin cDNA was 1,159 bp long and
corresponded in size to the 1.25-kb message detected on Northern analysis.
The expression profile of neuronatin mRNA correlated with mammalian
neurogenesis. The cDNA encoded a 54-residue polypeptide arranged as two
distinct domains, a highly hydrophobic N-terminal transmembrane α-helix
and a C-terminal domain that was highly basic and rich in arginine residues.
Both the primary amino acid sequence and the structural organization of this
amphipathic polypeptide exhibited significant homology to PMP1 and phospholamban, members of a class of proteins called “
proteolipids” that
function as regulatory subunits of membrane channels.
Conclusions. Neuronatin is a novel brain-specific proteolipid that may
function as a unique regulator of ion channels during human brain
development.
Study supported by grants from the National Institutes of Health.
Bethesda, MD (NS01521) and American Heart Association-National Center
(92-132) (to R.J.).
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Proceedings of the 48th American Academy of Neurology, San Francisco, CA. March 23-30
1996. Neurology 1996; 46: A148.
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P01.120
Human Neuronatin Gene Maps to
Chromosome 20q11.2-12
Dexian Dou and Rajiv Joseph, Detroit, MI
Objective. To sequence the human neuronatin gene and identify its
chromosomal location.
Background. Neuronatin is a novel human gene that we recently isolated from
neonatal rat brain (Biochem Biophys Res Commun 1994; 201:1227-1234). Later,
it was noted that neuronatin mRNA was selectively expressed in the brain during
neurogenesis and that it has two alternatively spliced forms. αand β(Brain Res
1995;690:92-98). Being a member of the “
proteolipid”class of proteins, we
suspect neuronatin functions as a unique regulator of ion channels during human
brain development,
Methods. Neuronatin cDNA was used to screen a human genomic library.
The resulting genomic clones were mapped, sequenced, and used for
chromosomal localization.
Results. The human gene is 3,973 bases long and contains three exons and
two introns. The 5’
-flanking region has a neural restrictive silencer element that
governs neuron-specific expression. Based on screening a panel of human-rodent
somatic hybrid cell lines, deletion constructs of chromosome-20, and fluorescence in situ hybridization, human neuronatin gene is assigned to chromosome
20q11.2-12 in single copy.
Conclusions. The sequencing of the entire human neuronatin gene and its
definitive chromosomal assignment will facilitate the investigation of neuronatin
in human neuro-developmental disease,
Study supported by grants from the National Institutes of
Health. Bethesda. MD (NS01521) and American Heart Association-National
Center 92-132) (to R.J.).
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Structure and Organization of the Human Neuronatin Gene
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Neuronatin is a brain-specific human gene that we
recently isolated and observed to be selectively expressed
during brain development. In this report, the genomic
structure and organization of human neuronatin is
described. The human gene spans 3973 bases and
contains three exons and two introns. Based on primer
extension analysis, a single cap site is located 124 bases
upstream from the methionine (ATG) initiation codon, in
good context, GAACCATGG. The promoter contains a
modified TATA box, CATAAA (-27), and a modified
CAAT box, GGCGAAT (-59). The 5’
-flanking region
contains putative transcription factor binding sites for
SP-1, AP-2 (two sites), δ-subunit, SRE2, NF-A1, and
ETS. In addition, a 21-base sequence highly homologous
to the neural restrictive silence element that governs
neuron-specific gene expression is observed at -421.
Furthermore, SP-1 and AP-3 binding sites are present in
intron 1. All splice donor and acceptor sites conformed
to the GT/AG rule. Exon 1 encodes 24 amino acids, exon
2 encodes 27 amino acids, and exon 3 encodes 30 amino
acids. At the 3’
-end of the gene, the poly(A) signal,
AATAAA, poly(A) site, and GT cluster are observed.
The neuronatin gene is expressed as two mRNA species,
αand β
, generated by alternative splicing. The α-form
contains all three exons, whereas in the β
-form, the
middle exon has been spliced out. The third nucleotide of
all frequently used codons, except threonine, of
neuronatin is either G or C, consistent with codon usage
expected for Homo sapiens. This information about the
structure of the human neuronatin gene will help in
understanding the significance of this gene in brain
development and human disease. ©1996 Academic Press, inc.

amino acids embedded in the middle of its coding region.
These findings suggest that the α
- and β
-forms were
alternatively spliced; however, other possibilities such as
being generated by different promoters or even by different
genes needed investigation. Although both forms were
selectively expressed in the brain, the appearance of the β
form coincided with closure of the neural tube and the
onset of neuroepithelial stem cell proliferation in the
ventricular zone (17).
These observations led us to investigate the involvement
of neuronatin in human brain development. Using rat
neuronatin-αcDNA as the probe, we screened a human
fetal brain cDNA library and sequenced both forms of
human neuronatin cDNA [GenBank Accession Nos.
U25033 (α-form) and U25034 (β
-form)]. The deduced
proteins for human neuronatin-αand -βcDNA were highly
conserved compared to those in the rat [GenBank
Accession Nos. U08290 (α-form) and U09785 (β
-form)].
The protein sequences in both species were identical,
except for the substitution of two residues near the Cterminal end. This degree of conservation in mammalian
species may indicate that the neuronatin gene is
functionally important. To determine the basis for the
generation of the α- and β
-forms and to help understand its
brain-specific expression, we proceeded to sequence the
human neuronatin gene.
Based on an analysis of the sequences of human neuronatin cDNA isoforms and their mRNA on Northern
blotting, neuronatin mRNA was estimated to be about 1.21.3 kb. Consequently, the neuronatin gene would be
predicted to be 4-10 kb, leading us to screen a λFixII
library (Stratagene, La Jolla, CA) containing 9-to 23-kb
inserts of partially restricted Sau3AI fragments of human
placental genomic DNA. As the total human genome
contains about 3.0 x 109 bp, to obtain one or two positive
clones, assuming neuronatin is in single copy, a minimum
of 0.3 million individual plaques containing 2.7 x 109 to 6.9
x 109 bp (about one to two times the size of the human
genome) would need screening. An aliquot (0.02 µl) of the
h
uma
ng
e
no
mi
cλFi
xI
Ilibrary, with a titer of 1.5 x 1010
PFU/ml, was used to infect Escherichia coli XL-Blue MRA
strain (Stratagene) at 37°C for 15 min in 15 ml of phage
dilution buffer (50 mM Tris-Cl, 90 mM NaCI, 0.01% gelatin, pH 7.0) to an optical density of 0.35 at 590 nm. The

Neuronatin was first identified in neonatal rat brain (16).
Subsequent studies revealed that neuronatin mRNA exists
as two isoforms, α and β(17). The α-form encodes a
protein of 81 amino acid residues, and the β-form encodes
54. The two forms had the same open reading frame and
were identical, except that the α-form contained an
additional 81-hp region encoding 27
Sequence data from this article have been deposited with the
EMBL/GenBank Data Libraries under Accession No. U31767.
1
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host cells were preinduced with 0.2% maltose overnight in
LB medium containing 10mM MgSO4. The cell suspension
was mixed with 200 ml of LB containing 0.7% agar, kept at
49°C, and poured onto 40 plates (ø10 cm) containing a base
of 2% agar. Following incubation (37°C for 18 h), the
plaques measuring about ø1-2 mm were transferred onto
nylon membrane. The membranes were then denatured in a
solution containing 0.5 M NaOH and IM NaCI for 1 min,
neutralized in 0.7M phosphate buffer (pH 6.5) for 2 min,
and rinsed with 10x SSC (0.15 M sodium citrate, 1.5 M, pH
7.0). Thereafter, the membranes were UV-crosslinked (254
nm for 5 min) and used for hybridization with human
neuronatin-β cDNA. The cDNA was 32P-labeled using
random primer extension (Rediprime, Amersham, Arlington Heights, IL) and purified using Nick Columns
(Amersham). Hybridization was carried out at 70°C for 24
h with 1 x 106 cpm/ml of labeled probe (specific activity of
0.8 x 109 cpm/µg) in 200 ml of a solution containing 5x
SSC,
lx
Denhardt
(0.02%
Ficoll,
0.02%
polyvinylpyrrolidone, 0.02% BSA), 0.5% SDS, and 200
µg/ml of denatured salmon sperm DNA. The blots were
washed with 0.1% SDS for 1 h and autoradiographed for 6
h without intensifying screens. As predicted, two plaques
showing strong hybridization with the human neuronatin
cDNA probe were identified.
Genomic DNA clones isolated by Southern hybridization may contain pseudogenes or highly homologous genes
(1, 4). Therefore, restriction digestion analysis was carried
out to help distinguish them. Individual phage plaques were
transferred into 20 µl of phage dilution buffer using pipette
tips and mixed with 10 µl of overnight cultures of XL-Blue
MRA strain. The suspension was used to inoculate 5 ml of
LB medium containing 0.9% maltose and 5 mM MgSO4
and incubated overnight at 37°C with continuous shaking.
A similar procedure was used for amplification in 300 ml.
The released host DNA and RNA present in the phagelysed solution were removed by incubation (37°C for 2 h
with 5mg RNase A and 500 U DNase I. Phage particles
were precipitated using 12.5% PEG 8000 and 6.5 M NaCl
at 0°C for 1 h with centrifugation (20,000g for 30 min).
Pellets were suspended in TE buffer (pH 8.0), and traces of
PEG and phage coat proteins were removed with
chloroform and phenol. Following ethanol precipitation,
phage DNA was dissolved in the same buffer. The DNA
samples (5 µg), prepared from the two positive clones, and
was digested in separate reactions with EcoRI, BamHI,
PstI, XhoI, HindIII, and NotI. In some reactions,
combinations of enzymes were also used. The restriction
fragments were separated on 1% agarose gel in TBE buffer
(100mM Tris-borate, 2 mM EDTA, pH 9.0), denatured
with 0.5 M NaOH for 30 min, neutralized with 1 M Tris-Cl
buffer (pH 7.5), transferred onto nylon with 10x SSC,
rinsed with 2x SSC for 5 min, and UV-crosslinked. The
blots were hybridized with 1 x 106 cpm/ml of 32P-labeled
neuronatin cDNA with a specific activity of 5 x 108 cpm/µg
at 65°C for 5 h in a speed hybridization buffer containing
2x SSPE (20 mM NaH2PO4, 30 mM NaCI, 10 mM EDTA,
pH 7.4), 7% PEG 8000, and 7% SDS.
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FIG.1. Outline of the approach used for the identification and
analysis of the human neuronatin gene. This gene was isolated
from a human genomic DNA library using the human neuronatin,
cDNA as the probe. (Top) The restriction map of both clones is
shown. The 6-kb BamHI fragment, containing the neuronatin
gene, was digested with EcoRI, and the resulting fragments (2.3
and 3.7 kb) were separately subcloned into pGEM7Zf) (+) and
sequenced by primer walking as described in the text. (Bottom)
The structure of the gene is shown. The promoter/operator and
exons are depicted as rectangular boxes, and the two intervening
introns are shown by thin horizontal lines. The distance from the
5’
-end of the gene is shown in kilobases. Some important
restriction sites are indicated.

To reduce the amount of background signal, each blot was
placed between pieces of Whatman filter paper during
hybridization. The blots were washed with a solution containing 0.2x SSC and 0.1% SDS. The restriction patterns
with both clones were similar. This suggested the absence
of pseudogenes and that comparable regions of the neurona
tin gene were present in both phage clones (Fig. 1).
Based on the above restriction analysis, a 6-kb BamHI
fragment showing strong hybridization with human
neuronatin-βcDNA was further characterized. When this
fragment was gel-purified and digested with EcoRI, two
fragments of 2.3 and 3.7kb were generated. The 2.3-kb
fragment hybridized with a probe generated from the 5’
end of neuronatin cDNA (a 141-bp PstI fragment from the
5’
-end of the human neuronatin-βcDNA), but not with a
probe from the 3’
-end of the cDNA (a 193-bp fragment of
the 3’
-end of neuronatin containing the poly(A) signal,
generated by PCR using

294

SHORT COMMUNICATION

primers 5’
-TGCGCCTCTACTGCACCGC-3’ and 5’
CCCTGGTCTCATGCAGTTGTGG-3’
). On the other
hand, the 3.7-kb fragment hybridized with the 3’
-end probe
of human neuronatin cDNA, but not with the probe specific
for the 5’
-end. These results suggested that the 6-kb BamHI
fragment may contain the complete neuronatin gene, with
the 2.3-kb BamHI-EcoRI fragment encoding the promoter
and operator regions. Therefore, these two fragments (2.3
and 3.7 kb) were subcloned into pGEM7Zf(+) (Promega,
Madison, WI) by white/blue selection on X-Gal LB plates
(10). Cycle sequencing with dideoxy chain termination was
carried out using the fmol sequencing system (Promega)
(27). The 5’
-flanking region of the gene was sequenced by
primer walking, beginning with the primer synthesized to
be specific for the 5’
-end of human neuronatin-βcDNA.
About 1.5 kb of the upstream 5’
-flanking region of the
neuronatin gene was sequenced. Using a similar approach,
the 3’
-end of the gene was sequenced beginning with a
primer that recognized the 3’
-untranslated region of human
neuronatin-βcDNA. Thereafter, the intervening region of
the gene was sequenced by primer walking in both
directions. The complete sequence of the human neuronatin
gene was 3973 bases long (Fig. 2).
The promoter of the human neuronatin gene contains a
modified CAAT box, GGCGAAT at -59, and a modified
TATA box, CATAAA at -27. The C of the prototypical
CAAT box was substituted by G, and the first T of the
canonical TATAAA box was replaced with C. Such
modified or TATA-less promoters are known to be present
in several other brain-specific genes, including synapsin-I,
aldolase C, neural cell adhesion molecule, and olfactory
neuron-specific protein (13, 20, 22, 28). The CATAAA box
in the neuronatin promoter was identical to that seen in the
human aromatic L-amino acid decarboxylase gene, which
is another neuron-specific gene (2, 29).
Several putative transcription factor binding sites were
found in the 5’
-flanking region. These include consensus
sequences for SP-1, AP-2 (two sites), δ
-subunit, SRE-2,
NF-A1, and ETS. Neural restrictive silencer element
(NRSE),
with
the
consensus
motif
[TT(C/
T)AG(C/A/T)ACC(A/G)CGGA(C/G)AG(T/C/A)(G/
A)CC], determining neuron-specific gene expression, was
present at -421 of the neuronatin gene. NRSE regions are
present in genes that exhibit neuron-specific expression,
such as synapsin-I, SCG10, Na/K-AT-Pase α 3-subunit,
and sodium channel-II (19, 21, 25, 26). Therefore, we
suspect that the NRSE of neuronatin may also be
functionally important in determining its brain (and
neuron)-specific expression. The first intron of

the human neuronatin gene also contains binding sites for
SP-1 and AP-3. Similar sites have been noted in the first
intron of human ATP synthase α-subunit (1) and human
proto-oncogene c-myb (15). Moreover, there are several
unusual AT islands located in the first intron of the
neuronatin gene. Although the functional significance of
these sites needs to be determined, there is increasing
evidence indicating a regulatory role for the first intron in
gene expression (23).
Mapping of the transcription initiation site in the human
neuronatin gene was carried out by primer extension
analysis of human fetal brain mRNA using a labeled
oligonucleotide complementary to the region immediately
preceding the start of the open reading frame. Only one
reverse-transcribed cDNA product was seen on primer
extension (Fig.3). This identified a single transcription start
site located 124 bases upstream from the methionine (ATG)
initiation codon and 27 bases downstream from the
modified TATA box. This is a typical distance between the
TATA box and the mRNA transcription start site (24).
The neuronatin gene contains three exons and two
introns. All 5’
- and 3’
-splice sites matched with the
consensus sequences (5, 11). The first exon has 195 bases,
and the second exon has 81 bases, which are typical exon
sizes in vertebrates (6). The third exon has 1016 bases,
somewhat larger than the average size of the last exon in
vertebrates (9, 12). The putative branch point sequences.
TGCTAAA for intron 1 and TGCTATC for intron 2, were
found between 25 and 35 bases upstream from the AG-3’
cleavage sites of the introns. All introns of this gene
conformed with the GT/AG rule (8, 11). No other exon- or
intron-like structures were noted in the human neuronatin
genomic DNA sequence.
The first exon, encoding 24 amino acids, contains the
prototypical translation initiation site in good context,
GAACCATGG (18). Exon 2 encoded 27 amino acids, and
exon 3 encoded 30 residues. Based on the genomic
structure, it is clear that the α-form of neuronatin mRNA,
encoding a protein of 81 amino acid residues, is derived
from all three exons. The β
-form of neuronatin mRNA,
encoding a protein of 54 amino acid residues, is derived
from a combination of the first and third exons. These
results imply that the α- and β-isoforms of human
neuronatin mRNA were generated by differential splicing
of the middle exon (exon 2). Interestingly, a putative αhelix transmembrane hydrophobic domain in the Nterminal of the deduced human neuronatin protein was
entirely encoded by the first exon, and the highly basic
hydrophilic domain at the C-termi-

FIG.2. The complete human neuonatin gene sequence. Nucleotide numbering begins at the 5’
-end of the first exon (transcription start site).
Regions exhibiting homology to consensus sites for transcription factors are underlined: SP-1, AP-2 two sites), δ
-subunit, SRE-2, NRSE. NF-A1
and ETS within the 5’
-flanking region: SP-1 and AP-3 within intron-1; and modified CAAT and TATA boxes. The transcription start site is
indicated by a thick horizontal arrow. The exon/intron boundaries are indicated by vertical arrows. The coding regions of the three exons and
their deduced amino acid sequences are shown using the three-letter code. The translation initiation site, stop signal. Poly(A) signal, and GT
cluster are also underlined. The GenBank Accession No. for the human neuronatin gene is U31767.
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Codon usage in the neuronatin gene was analyzed based
on information derived from more than 10,000 genes
present in the GenBank database (30). The third nucleotide
of all frequently used codons, except threonine, of
neuronatin was noted to be either a G or a C. The G + C%
at the third nucleotide of a codon is believed to be
important in determining codon usage in higher vertebrates
(3, 14). The most frequently used codons in humans were
found to be those with a higher G + C% at their third
nucleotide position. The high G + C% seen in the third
nucleotide position of the neuronatin codons is consistent
with that expected for Homo sapiens. The neuronatin gene
did not contain any codons for histidine or aspartic acid.
At the 3’
-end of the neuronatin gene, a typical poly(A)
signal and GT cluster were noted to be present. The
poly(A) signal, AATAAA, was located 62 bases 5’to the
poly(A) site, with the usual distance being 15-20 bases.
However, a GT cluster was present, as would be expected,
5 bases downstream of the poly(A) site. The location of the
GT cluster was comparable to that seen in other genes, such
as human interferon, rabbit β
-globin, and mouse amy-1a
(7).
In conclusion, we describe the complete sequence of the
human neuronatin gene. The gene spans 3973 bases and
consists of three exons and two introns, which encode two
alternatively spliced mRNA iso-forms, αand β
. The 5’
flanking region of neuronatin contains modified TATA and
CAAT boxes and a neural restrictive silencer element that
governs neuron-specific expression.
FIG. 3. Mapping of human neuronatin mRNA transcription
start site by primer extension. Primer extension was carried out on
human fetal mRNA 18-24 weeks old) (Clontech, Palo Alto, CA),
using
a
complementary
oligonucleotide
(5’
GGAACCAAGAATGGTAGGTG-3’
) designed to hybridize the
region of human neuronatin mRNA immediately preceding the
open reading frame between positions -20 and -1, where +1
defines the first A of the start codon methionine ATG. The
oligonucleotide was 5’
-end labeled with [y-32P]ATP using T4
polynucleotide kinase. The labeled primer (8 ng) was hybridized
with 1.5 µg of human fetal brain mRNA at 42oC for 3 h in 100 µl
of a solution containing 50 mM Pipes (pH 6.5), 400 mM NaCl, 1
mM EDTA, and 70% formamide. The DNA/RNA hybrids were
precipitated with ethanol, resuspended in 30 µl of 1X reverse
transcriptase buffer (50mM Tris-Cl, 40 mM KCI, 6mM MgCI2,
and 1 mM DTT, pH 8.3), and incubated with 200 units of
SuperScript II RNase H- reverse transcriptase (BRL, Gaithersburg,
MD) at 37oC for 15 min and then at 45oC for 45 min. The reaction
was stopped by incubation at 90oC for 2 min and combined with
0.3X volume of solution containing 10 mM NaOH, 95%
formamide. 0.05%. bromophenol blue, and 0.05% xylene cyanole.
The transcripts generated from the reaction were analyzed on 8 M
urea-6% polyacrylamide gel and autoradiographed. A single
product of 124 nucleotides was visualized. The four lanes to the
right show products of sequencing reactions used here as size
markers.

nal was encoded by exon 3. The middle exon was neither
hydrophobic nor hydrophilic, and its significance is even
less clear.
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Abstract
Human brain development is a continuum governed by differential gene expression. Therefore, we proceeded to identify
genes selectively expressed in the developing brain. Using differential display and library screening, a novel rat cDNA,
neuronatin, was identified and used to screen a human fetal brain cDNA library. Human neuronatin cDNA was isolated and
sequenced. The cDNA was 1159 bp long and corresponded in size to the 1.25 kb message detected on Northern analysis.
Neuronatin mRNA was selectively expressed in human brain during fetal development, but became repressed in adulthood.
When studied in the rat, neuronatin mRNA first appeared at mid-gestation in association with the onset of neurogenesis,
becoming most pronounced later in development when neuroepithelial proliferation and neuroblast commitment are manifest,
and declined postnatallv coinciding with the completion of neurogenesis. The deduced protein has two distinct domains, a
hydrophobic N-terminal and basic C-terminal rich in arginine residues. Both the amino acid sequence and secondary structure of
this amphipathic polypeptide exhibited homology to PMP1 and phospholamban, members of the ‘
proteolipid’class of proteins
which function as regulatory subunits of membrane channels. The neuronatin gene, 3973 bases long, contains in its 5’
-flanking
region a neural restrictive silencer element which may govern neuron-specific expression. Based on screening a somatic cell
hybrid panel, neuronatin gene was assigned to chromosome-20. And, using deletion constructs of chromosome-20 and
fluorescence in situ hybridization, neuronatin was localized to chromosome-20q 11.2-12. In conclusion, neuronatin is a novel
human gene that is developmentally regulated and expressed in the brain. The deduced protein is a proteolipid that may function
as a unique regulator of ion channels during brain development. The definitive localization of neuronatin to human chromosome
20q11.2-12 provides the basis to investigate this gene as a candidate in neuro-developmental diseases that may also map to this
region.
Keywords: neuronatin: Chromosome 20: Development: Proteolipid protein: Brain: Phospholamban: PMP1 : Cation channel: ATPase: Neural
restrictive silencer element

1. Introduction
Age may govern the ability of neurons to resist injury.
For example, it is well known that to establish neurons in
culture, embryonic brain needs to he used, the adult brain
is nearly useless for this purpose. Anecdotal accounts of
infants and children being able to withstand hypoxic injury, such as in drowning accidents, better than adults are
indirect support for this belief. Further analysis along these
lines highlights another obvious difference between the
developing and adult brain. The developing neuron grows,
but the adult neuron does not! What might the reason(s) be
for these differences? An answer to these questions may
help provide approaches to rekindle growth in the mature
___________
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neuron. As the genes themselves are largely
unchanged during development, the basis for these
differences in embryonic and adult brain must involve
differential gene expression. This reasoning lead us to
hypothesize that there are genes selectively expressed
in the developing brain that confer growth potential
and cytoprotection.
Our more limited goal, accomplished in studies
thus far, was to identify neuronatin, a novel gene that
is selectively expressed in the developing rat brain.
Using differential display to compare gene expression
in developing and mature rat brain, we initially
isolated neuronatin from neonatal rat brain [20].
Subsequently, neuronatin mRNA was observed to be
selectively expressed in the brain in a developmentally
regulated manner [21]. Other investigators, using in
situ hybridization techniques, noted neuronatin
mRNA to be expressed in the developing hind-
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brain [54]. The appearance of neuronatin mRNA first in
rhombomeres 3 and 5 of early embryonic mice suggests a
role in hindbrain segmentation. The implication that this
gene may function in early mammalian brain development
justifies the present study to isolate human neuronatin
mRNA and gene, and determine its location in the human
genome. The results have in part been published in abstract
form [12-14].

2. Materials and methods
2.1. Overall plan of study
We began this series of experiments initially using rat
brain and later human brain. First, RNA extracted from
neonatal and adult rat brain was reverse-transcribed using
degenerate primers, and the cDNA fragments compared by
differential display [20]. cDNA fragments selectively expressed in neonatal brain were isolated, cloned and sequenced. The cDNA fragments with unique sequences,
when used to screen a neonatal rat brain cDNA library,
resulted in the isolation of a novel clone, neuronatin, which
in turn was used to screen a human fetal brain cDNA
library. Thereafter, human neuronatin cDNA was used to
screen a human genomic library leading to the sequencing
of human neuronatin gene. The genomic clone was also
used for fluorescence in situ hybridization and
chromosomal localization.
2.2. Screening of human fetal brain cDNA library and
isolation of human neuronatin cDNA
The human fetal brain cDNA library was a random
primed 5’
-s
t
r
e
t
c
hpl
u
sλ
g
t
11library prepared using oligo(dT) (Clontech, Palo Alto, CA). RNA for preparing the
library was obtained from tissue pooled from seven
spontaneously aborted human fetuses of 20-26 weeks
gestation (Clontech, pers. commun.). A titer of 1.6 X 108
pfu/ml was used for screening. E. coli Y1090r- strain
(BRL, Gaithersburg, MD) was transfected in liquid lysate
and an estimated 20000 plaques prepared. The infection
was carried out at 37°C for 30 min in 40 ml of phage
dilution buffer (50 mM Tris, 90mM NaCI, 0.01% gelatin,
pH 7.0) to a cell density of 0.3 at 600 nm. The host cells
used for infection were pre-induced by treatment with
0.2% maltose overnight in LB supplemented with 10 mM
MgSO4. The infected cells were mixed with 10 times its
volume of LB containing 0.7% agar (pre-warmed to
49°C) and divided (5 ml/dish) into 80 dishes (100 mm
each). All dishes were pre-loaded with 2% agar in LB
medium. After overnight incubation at 37°C, the plaques
measuring about 1-2 mm (250-300 plaques/dish), were
transferred onto nitrocellulose (Gelman, Ann Arbor, MI).
The membranes were denatured in a solution containing
0.5 M NaOH and 1 M NaCl, neutralized using buffer (0.7
M phosphate, pH 6.5),
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each applied for 2 min, and quickly rinsed in 10 X SSC.
The membranes were cross-linked using short wave UV for
5 min and used for Southern hybridization. The rat
neuronatin cDNA probe (20) was 32P-labeled by random
priming (Promega, Madison, WI) and purified using column separation (Pharmacia, Upsala, Sweden). The hybridization was performed overnight at 65-70°C with 0.5-1
X 106 c.p.m./ml of probe at a specific activity of 0.5 X 109
c.p.m./µg in 250 ml of a hybridization solution containing 5
X SSC (70 mM sodium citrate, 750 mM NaCl, pH 7.0), 1 X
Denhart’
s
solution
(0,02%
ficoll,
0.02%
polyvinylpyrrolidone, 0.02% BSA), 0.5% SDS and 200
µg/mI salmon sperm DNA. The blots were washed three
times in 0.2 X SSC containing 0.1% SDS for 10 min and
autoradiographed overnight between intensifying screens.
Plaques showing strong hybridization were screened
again and purified. The purified phage was used to re-infect
E. coli Y1090r- cells, and a 300 ml lysate prepared [44].
The lysate was treated with RNase A (100 µg/ml) and
DNase I (10 U/ml) for 2 h at 37°C. The phage was
precipitated using 12.5% PEG 8000 and 7 M NaCl,
incubated at 0°C for 1 h. and centrifuged (15000 X g for 30
min). Phage DNA was isolated by phenol/chloroform
extraction and ethanol precipitation. Human cDNA inserts
were released by digestion of phage DNA with EcoRI, and
subcloned into pGEM7fZ( +) vector at the same restriction
site to generate constructs in the forward and reverse
orientations [15].
Fifty µg of closed circular plasmid DNA prepared by
the acid method was completely digested with a
combination of SacI and HindIII [56]. The vector with
intact SP6 promoter on the SacI side would be protected,
while the human cDNA fragment on the HindIII side was
accessible to digestion by ExoIII in a 5’
-direction. A
series of deletion constructs were generated by
incubation with ExoIII [3,19]. The concentration of
ExoIII used was 10 U/µg DNA. Aliquots of the reaction
mixture kept at 22°C were removed at 1.5 min intervals
and placed at 0°C. The cohesive end was blunt-ended by
incubation with S1 nuclease (12 U/µg DNA) at 22°C for
30 min, and filled-in using Klenow (2 U/µg DNA) at
37°C for 5 min. The deleted DNA fragments were ligated
using T4 DNA ligase and transformed into E. coli JM109
strain. The plasmids were selected as described [30].
DNA sequencing was carried out using the dideoxy-sequencing [45] and thermal cycle amplification with the
fMol Sequencing System (Promega, Madison, WI). The
SF6 primer was used to sequence the ExoIII constructs,
and custom synthesized oligonucleotides (DNA International, Oswego, OR) were used to confirm the open reading frame.
2.3.

Northern hybridization

Total RNA from human fetal (18-24 weeks) and adult
(60 years) brain were also obtained from Clontech, Palo
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Alto, CA. RNA from rat tissues was isolated by the acid
guanidinium thiocyanate method [7]. Briefly, fresh tissue
samples were homogenized on ice in 25 mM sodium citrate
buffer (pH 7.0) containing 4 M guanidinium thiocyanate,
0.5% sarcosyl and 100 mM β
-mercaptoethanol. Protein and
DNA were eliminated by mixing with 100mM sodium
acetate, 0.5 X volume of phenol and 0.1 X volume of
chloroform, followed by centrifugation. The RNA was
precipitated with an equal volume of isopropanol and
washed with 75% ethanol. The RNA pellet was dissolved
in DEPC-H20 and kept at - 80°C.
Samples of total human RNA (15 µg) were mixed with
3 X volume of denaturing and staining solutions (25 mM
MOPS, 20% formaldehyde, 50% formamide. 100 ng/ml
ethidium bromide and 2mM EDTA). The mixture was
incubated at 65°C for 5 min, combined with 0.25 volume of
loading buffer (50% glycerol, 0.1 % bromophenol blue and
2 mM EDTA), and applied on 10% formaldehyde- 1.5%
agarose gel and electrophoresed. RNA was transferred onto
nylon membrane (Micro Separations, Westboro, MA), and
UV cross-linked for 3 min. The blot was prehybridized in a
solution containing 5 X SSPE (40 mM NaH2PO4, 750mM
NaCl, 4mM EDTA, pH 7.4), 10 X Denhardt’
s solution,
50% formamide, 2% SDS and 100 µg/ml denatured salmon
sperm DNA at 42°C for 3 h. Hybridization was continued
with a fresh batch of the same solution containing 32Plabeled human neuronatin cDNA in a concentration of 5-10
X 106 c.p.m./ml, at a specificity of 1-2 X 109 c.p.m./µg
DNA. The hybridization was performed at the same
temperature for 18 h. The blot was washed three times
using 2 X SSC/0.05% SDS at room temperature for 10 min
and autoradiographed.
2.4. Hydropathy and densitometrv analyses
The protein structure was analyzed using the program of
Hitachi Hibio Prosis Protein Analysis System. The window
size was set at 7. KYTE.THR mode was selected for
calculation [25]. Quantitation of Northern blots was carried
out using Bio-Rad GS-670 Imaging Densitometer and
Molecular Analysis System. Quantitation of changes in
neuronatin mRNA expression was controlled with glyceraldehyde 3-phosphate dehydrogenase (G3PDH) mRNA
expression using Microsoft Excel software.
2.5. Screening of somatic hybrid cell panel
Human-rodent somatic cell hybrid panel (Bios, New
Haven, CT) was screened using pruners designed to specifically hybridize the 3’
-untranslated region of human neuronatin cDNA. The two primers, N-75 (5’
-TGCGCCTCTACTGCACCGC-3’
)
and
N-94
(5’
CCCTGGTCTCATGCAGTTGTGG-3’
) flanking the polyA signal site were synthesized to amplify a 193 bp product
that would he expected to be specific for human neuronatin
gene. The PCR reactions were carried out with hot-start

and by a two step amplification protocol. Template DNA
(190 ng) was used for the first step in a volume of 50 µl
containing 50 mM Tris (pH 8.3), 80 mM KCl, 2.5 mM
MgCl2, 195 µM dNTP, 40 ng each of primers N-75 and N94, and 0.5 U of Taq polymerase. Each cycle consisted of
denaturation at 95°C for 1 min, annealing at 45°C for 30s,
and extension at 72°C for 2 min, for a total of 30 cycles. A
5 µl aliquot from the resulting reaction mixture was taken
through a second amplification step with 1 U Taq
polymerase for 25 cycles, each cycle consisting of denaturation, annealing and extension at 95°C, 56°C and 72°C
respectively, for 1 min each. The amplified fragments were
separated on 1.5% agarose gel and visualized after staining
with ethidium bromide.
2.6. Screening of human genomic library and isolation of
human neuronatin gene
Human neuronatin cDNA was used to probe a human
placental genomic DNA lambda Fix II library (Stratagene,
La Jolla, CA). The library consisted of partially digested
Sau3AI fragments. The hybridization was carried out at
70°C for 24 h. The phage containing human neuronatin
genomic clone was taken into 100 µl of phage dilution
buffer and inoculated with 50 µl of overnight cultures of
XL-BIue MRA (Stratagene, La Jolla, CA) in 10 ml of LB
medium containing 0.9% maltose and 5 mM MgSO4. After
incubation at 37°C for 18 h, the resulting lysate was used to
inoculate 500 ml of medium using the same procedure.
Host nucleic acid was removed by incubation at 37°C for 2
h with 10 mg of RNase A and 1000 units of DNase I. The
phage particles were precipitated with 12.5% PEG 8000
and 6.5 M NaCl, at 0°C for 45 min followed by centrifugation at 20000 X g for 20 min. The pellet was suspended
in 50 ml of saline-Tris buffer (100 mM NaCl, 1 mM
EDTA, 25 mM Tris, pH 8.0). PEG was removed using
chloroform, and phage coat proteins removed with phenol.
After ethanol precipitation, the DNA was dissolved in 1 ml
of saline-Tris buffer and purified by chromatography. The
DNA solution was applied to a saline-Tris pre-equilibrated
column (1.2 cm wide and 36 cm high), packaged with
agarose beads (Bio-Gel A-5m, Bio-Rad, Richmond, CA).
The sample was fractionated into 0.5 ml aliquots using the
same saline-Tris buffer and elution monitored with 260 nm
UV. Fractions between 11 and 18 ml were pooled and
precipitated using ethanol. Purified human neuronatin
genomic clone was used to carry out chromosomal
localization by fluorescence in situ hybridization.
Thereafter, the clone was analyzed by restriction digestion.
subcloned and cycle-sequenced by the dideoxy-chain
termination method [45].
2.7. Fluorescence in situ hybridization
Fluorescence in situ hybridization (FISH) was carried
out using biotin-labeled human neuronatin genomic clone
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as the probe and human lymphocyte metaphase spreads.
Metaphase cells were obtained from phytohemagglutinin
stimulated human lymphocyte cultures using established
cytogenetic procedures [51]. Human neuronatin genomic
clone was biotin-labeled by nick-translation using a combination of DNA polymerase I and DNase I (Clontech, Palo
Alto, CA). The labeling reaction containing 1 µg of
chromatographically purified lambda phage DNA, 10 units
of polymerase I and 400 pg of DNase I, was incubated at
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16°C for 3 h in a 100 µl reaction. The mixture also
contained 20 mM biotin-21-dUTP, 20 µM each of dATP,
dCTP and dGTP, 8 mM β-mercaptoethanol, 10 µg/ml BSA
and 50 mM Tris buffer (pH 7.5). The reaction was stopped
by adding 20 mM EDTA. The labeled probe was purified
by Sephadex G-50 (Nick Spin Columns, Pharmacia,
Alameda, CA). Before hybridization, chromosomes were
characterized by G-banding using a modified protocol
[6,42]. Briefly, the slides were treated with 100 µg/ml

Fig.1. Plan of study leading to the identification of human neuronatin cDNA. F an R indicate the forward and reverse printers of λ
-phage,
Primers. HF1 and HR1, flanking the open reading frame was used to confirm the presence of identical coding regions in both clones.
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RNase A in 2 X SSC at 37°C for 1 h and dehydrated in
70%, 95% and 100% ethanol at room temperature or 2 min
each, and allowed to air dry. The slides were incubated at
70°C for 2 min in a denaturing solution containing 2 X SSC
and 70% formamide, dehydrated at 0C in the same ethanol
series. The biotin-labeled probe (100-150 ng) and 50 µl of
hybridization buffer (Oncor, Gaithersburg, MD) were
denatured at 70°C for 5 min. The denatured probe was
applied to the denatured slide, cover-slipped, sealed with
rubber cement and incubated overnight at 37°C. Following
hybridization, the slides were washed with 50% formamide
in 2 X SSC for 15 min and in 2 X SSC at 37°C for 8 min.
The hybridization signal was detected and amplified using
Texas Red/avidin and anti-avidin antibody (Oncor). The
chromosomes were counter-stained with 4’
,6-diamidino-2phenylindole. In a parallel experiment, signal was
amplified using FITC-avidin and anti-avidin antibody. The
chromosomes were counter-stained with propidium iodide.

3. Results
3.1. Isolation and sequencing of human neuronatin cDNA

An outline of the methods used is shown (Fig.1). Using
rat neuronatin probe to screen the human fetal brain cDNA
library, five plaques showing strong hybridization were
identified. The sizes of the inserts in these five plaques
were analyzed by PCR using the λ
-forward and reverse
primers flanking the cloning site. Two plaques, containing
the longest inserts of about 1.2 kb, were purified. Both ends
of the inserts were sequenced. Although this revealed that
both cDNA clones were generated from the same mRNA
one possessed the complete 3’
-end with poly(A) signal but
the other did not. The EcoRI digestion and PCR results
indicated that both inserts contained no internal EcoRI
sites. Therefore, the inserts were released intact by
digestion with EcoRI, sub-cloned into pGEM7fZ( + ) at the
same restriction site, and used for sequencing. The resulting
plasmids, pDR101 and pDR102, carried the same human
cDNA inserts but in opposite orientations. These two
plasmids allowed us to sequence the insert from both ends
of the cDNA. Both these clones were used to prepare
deletion constructs with a combination of SacI/HindIII and
ExoIII digestion. The deletion constructs were ligated,
transformed, DNA prepared, and sequenced using SP6
primer and cycle-sequencing. The DNA sequence revealed
an open reading frame extending from position 72 bp to
234 bp (GenBank #U25034) (Fig.2). Besides this,
neuronatin also had an alternatively spliced form which
encoded 81 amino acids (GenBank #U25033). Both forms
had the same open reading frame. The longer isoform (α)
was encoded by all three exons, whereas, the shorter (β
)
isoform, the focus of this report, was encoded only by
exons 1 and 3. The only difference

Fig.2. The nucleotide and deduced amino acid sequence of human
neuronatin cDNA. The predicted amino acid sequence is shown
below the nucleotide sequence using the three-letter code. The
sequence containing the ATG initiation codon is in good context,
GAACCATGG, and is indicated by stars. The putative α-helix
transmembrane segment is underlined. The six arginine residues
located in the hydrophilic C-termina1 domain are shown in bold.
The stop codon, TGA, is indicated by a dashed line. The poly(A)
signal, AATAAA, is also indicated by stars. The GenBank
accession number is U25034.

between the two forms was that the middle exon was spiced
out in the β
-form. The isoforms possessed a consensus
translational initiation site, GAACCATGG [22], and a
canonical poly(A) adenylation signal. AATAAA, located
between 1094 and 1100 bp. GenBank analysis using the
BLAST server revealed that neuronatin cDNA had partial
homology to the 3’
-untranslated region of one form of rat
calbindin-D28K isolated by Lomri et at. [27]. There was no
homology to any of the other forms of calbindin-D28K
present in the database. Moreover, the coding regions of
calbindin-D28K and neuronatin were separated by 746 bp.
Therefore. neuronatin and calbindinD28K are two different
genes.
3.2. Neuronatin protein structure and homology
The deduced gene products for neuronatin αand β
were 9.2 and 6.15 kDa respectively. The hydrophobicity
plot of human neuronatin cDNA indicated the presence of
two distinct domains, a hydrophobic domain at the Nterminal (encoded by exon-1) and a hydrophilic domain at
the C-terminal (encoded by exon-3) (Fig. 3). The middle
exon, present only in the α-form was neither hydrophobic
nor hydrophilic. The hydrophobic domain contained about
23 amino acid residues. This was a suitable size to form a
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Fig.3. Hydrophobicity profile of the deduced human neuronatin
protein. The hydrophobicity profile was determined using the
method of Kyte and Doolittle [25]. Hydrophobic regions (residues
1-23) are above the zero-line, and hydrophilic regions (residues 2454) are below this line. Hydrophobicity was determined using
windows of seven amino acids, and generated using Protein
Analysis System (Hitachi. San Bruno, CA).
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transmembrane α-helix structure [1,49]. The experimental
results also support that it was a membrane protein. When
neuronatin cDNA was fused to LacZ, the expressed fusion
protein was observed to be anchored in the E. coli cytoplasmic membrane (data not shown). The C-terminal domain of neuronatin was hydrophilic and highly basic, and
was 20% (6 of 30 amino acids) constituted by arginine
residues. The primary amino acid sequence of human
neuronatin showed about 50% homology with two known
proteins, PMP1 [37] and phospholamban [48], that function
as subunits of H+-ATPase and Ca2+-ATPase, respectively
(Fig. 4). The structural organization of these three polypeptides was also similar, each consisting of two domains,
a hydrophobic transmembrane domain and a charged
hydrophilic-domain.

Fig. 4. Amino acid sequence alignment of human neuronatin with PMP1 and phospholamban (top panel) Although, the left side of the alignment
is predicted to be the α-helix domain, it begins with the N-terminal for neuronatin and PMP1, and with the C-terminal for phospholamban. The
predicted secondary structures of the three polypeptides are also shown (bottom panel).

Fig 5 Human neuronatin mRNA expression in fetal and adult brain. Total RNA extracted from human fetal and adult brain was separated using
formaldehyde/agarose gel electrophoresis. RNA (15 µg) was applied in each lane. UV photography of the ethidium bromide (EtBr) strained gel
prior to transfer is shown (left panel). rRNA (28S and 18S) positions are indicated. Following transfer to a nylon membrane, the blot was
hybridized with human neuronatin cDNA (middle panel). Thereafter, the blot was stripped using 1% SDS for 20 min at 98-100oC, and rehybridized using G3PDH as the control probe (right panel).
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3.3. Neuronatin mRNA expression in human fetal brain

3.6. Organization of the human neuronatin gene

Human neuronatin expression was analyzed by Northern hybridization using full length human neuronatin
cDNA. As both isoforms were identical, except for the
presence of the middle exon in the α-form, we used
neuronatin-βcDNA as the probe in all Northern blotting
experiments described in this report. The expression pattern
seen was similar to that we observed earlier in the rat using
neuronatin-αcDNA as the probe [21]. After hybridization
with neuronatin, the blot was stripped and rehybridized
with human G3PDH as the control probe (Fig. 5).
Neuronatin mRNA is selectively expressed in human fetal
brain (18-24 weeks), compared to the adult (60 yrs) brain.
Densitometric quantitation, controlled with G3PDH
mRNA, indicated that the expression of neuronatin mRNA
in fetal brain was 23 times greater than that in the adult.

Human neuronatin gene was isolated from a genomic
library using human neuronatin-βcDNA as the probe. The
clone was mapped, fully sequenced by PCR primerwalking, and deposited in GenBank (#U31767) (Fig. 8a).
The gene was 3973 bases long consisting of three exons
and two introns. Analysis of the 5’
-flanking region revealed
a sequence that was highly homologous to the neural
restrictive silencer element (NRSE). NRSE governs
neuron-specific expression, and this may be the reason that
neuronatin is selectively expressed in the brain. The NRSE
alignment comparison between human neuronatin, SCG10
[34], sodium channel-II [23] and synapsin-I [26] are shown
(Fig. 8b).

3.4. Neuronatin mRNA expression in other human fetal
tissues
An mRNA blot prepared from human fetal (18-24
weeks) brain, lung, liver and kidney (Clontech, Palo Alto.
CA) was hybridized with human neuronatin cDNA (Fig.
6). Neuronatin mRNA was selectively expressed in brain,
and not in lung, liver or kidney. Densitometric analysis revealed that the expression in fetal brain was 28, 46 and 138
times higher than in the lung, kidney and liver,
respectively. In additional experiments using rat tissue, we
noted that neuronatin mRNA was not expressed in the
heart, skin and muscle (data not shown).
3.5. Neuronatin mRNA expression during mammalian
development
In order to investigate the expression of neuronatin
mRNA during development, Northern analysis was carried
out using RNA extracted from rats aged, E7-10, E11-14,
E16-19, P3, P90 (3 months) and P990 (33 months) and
human neuronatin cDNA as the probe. Neuronatin mRNA
first appeared at E11-14, peaked at E16-19, and declined to
traces in the adult brain (Fig. 7). Quantitation was carried
out using densitometry, the level of expression at E7-10
was set as 1 unit. Relative to this, the expression at E11-14
was 8 units, and at E16-19, 44 units. This increase in
neuronatin mRNA expression coincided with a rapid
increase in brain growth. Postnatally, neuronatin mRNA
expression decreased to 9 units by P3 and was at baseline
by 3 months of age. The developmental changes seen in the
rat are somewhat comparable to the changes seen in the
human. Neuronatin mRNA expression in human fetal brain
at 18-24 weeks (Fig. 5), and that in the rat at about a
comparable developmental stage (E11-19), indicated that in
both species there was a 20-30 fold increased expression
during embryogenesis over that seen in the adult.

Fig. 6. Human neuronatin mRNA expression in fetal tissues. A
blot containing human fetal RNA derived from brain, lung, liver
and kidney (Clontech, Palo Alto, CA) was hybridized with human
neuronatin cDNA (top panel). The same blot was stripped and rehybridized with G3PDH (bottom panel). RNA size markers are
also indicated.
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Fig. 7. Neuronatin mRNA expression during rat brain development. The expression of neuronatin mRNA was studied at different development
stages of the rat using the human cDNA probe. Northern hybridization blot is shown (inset). The Densitometric analysis of the Northern blot was
plotted against rat developmental stages, and compared to that in the human.

3.7. Localization of neuronatin to human chromosome-20
The human-rodent somatic hybrid panel was screened to
help localize human neuronatin gene. Twenty hybrid DNA
samples containing different combinations of human

chromosomes were used for PCR amplification with
specific primers. In order to design the primers. The 3’
untranslated region of human (GenBank #U25034) and rat
(GenBank #U08290) neuronatin cDNA was chosen as this
was the least homologous region between the two

Fig. 8. (a) Map of the human genomic clone, containing the neuronatin gene, used for chromosomal localization. The DNA sequence encoding
the entire human neuronatin gene has been deposited in GenBank (#U31767). (b) Homology of the neural restrictive silencer elements of
neuronatin, SCG-10, sodium channel-II (NaII) and synapsin-I. The location of NRSE is indicated from the transcription cap site for each gene.
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species. A single product of 193 bp was predicted (Fig. 9).
This fragment was specifically amplified only from the two
DNA samples containing chromosome-20, BIOS756 and
BIOS940 (Table 1). None of the other 18 hybrid cell lines
contained chromosome-20, and indeed, no products were
amplified. These results conclusively localize, with 0%
discordance, the neuronatin gene to chromosome-20.

3.8. Localization to the long arm of chromosome-20
A series of deletions of human chromosome-20 were
used for sub-chromosomal localization (Fig. 10). These
constructs were analyzed by PCR using the same
neuronatin-specific primers and conditions described above.
CF80-8, the hybrid cell line containing the 20q12-20q13
region of chromosome-20 did not amplify the specific
fragment indicating that neuronatin was not located on the
end of the long arm. With the deletion construct CF21-2,
containing the 20q11.2-20q13 region, amplification of the
neuronatin-specific product was observed. The predicted
product was also seen with GM10478, which contained
chromosome-20 in its entirety. These results indicate that
neuronatin gene is located between 20q 11.2 and 20q12.1.
3.9. Localization to chromosome-20q 11.2-12
FISH was used to confirm the results of the somatic
panel mapping and to determine the copy number.
Chromatographically purified lambda phage clone
containing the full neuronatin genomic DNA clone was
directly used as template to generate biotin-labeled probe
and hybridize with human lymphocyte metaphase spreads.
Several metaphase spreads were studied. Together with the
results of G-banding, neuronatin gene was assigned, in
single copy, to chromosome 20q 11.2-12 (Fig. 11).

4. Discussion

Fig. 9. Screening of human-rodent hybrid cell lines by PCR using
primers specific for the 3’
-untranslated region of human
neuronatin cDNA. The PCR products were analyzed on 1.5%
agarose gel and stained with ethidium bromide. Cell lines, #010
through #1099, are indicated, Sample #016 is a hybrid of human
and mouse, the rest are all hybrids between human and Chinese
hamster. Amplification was also carried out using human, Chinese
hamster. mouse and rat genomic DNA samples. Only DNA
derived from cell lines #756 and #940, which contain
chromosome-20, exhibited amplification of the predicted product
of 193 bp. Molecular size markers are indicated (BRL,
Gaithersburg, MD).

The isolation and sequencing of a novel human cDNA,
neuronatin, that is selectively expressed in the developing
human brain is described. Neuronatin mRNA is selectively
expressed in the brain, but not in lung, liver and kidney, the
other organs studied. Although neuronatin mRNA was
abundant in 18-24 week old human fetal brain, its expression
was minimal in adulthood. When investigated further in the
rat, neuronatin mRNA first appeared at E11-14, peaked at
E16-19, and declined to baseline levels in adulthood. This
close temporal association between the mRNA expression
pattern of neuronatin and neurogenesis may suggest a
functional relationship.
Although the precise mechanism of function during
neurogenesis is not known, the finding that neuronatin
mRNA is selectively expressed in rhombomere 3 and 5
during early mouse embryogenesis suggests a role in hindbrain segment identity [54]. The expression of neuronatin
actually appeared to precede visible morphological changes,
again suggesting a mechanistic role. Clearly, more work
needs to be carried out to determine the specific mechanism
by which neuronatin is involved in this process, and to
understand the separate functions of neuronatin, Krox-20
[55] and sek [39], the other genes noted to be selectively
expressed in rhombomeres 3 and 5. One major difference,
however, unlike Krox-20 and sek which
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are expressed only transiently during development, the
expression of neuronatin becomes more generalized and
abundant in the nervous system later in development.
Based on these findings it may be suggested that
neuronatin is involved in determining segment identity in
the hindbrain and in the maturation and maintenance of the
post-mitotic neuronal fate.
The deduced polypeptide consists of two distinct
domains on hydropathic analysis. The N-terminal was
hydrophobic and arranged as a transmembrane α-helix,
whereas the C-terminal was hydrophilic and basic
containing about 20% arginine residues. Neuronatin, both
its amino acid sequence and secondary structure showed
homology to two other genes, PMP1 [37, 38] and
phospholamban [48], both polypeptides that function as
subunits of cation-translocating ATPases. The PMP1 gene
product is a subunit of H+-ATPase and is a 40 amino acid
peptide with an α-helix transmembrane domain and highly
basic cytoplasmic domain. PMP1 modulates the activity of
a plasma membrane proton pump by its association with
H+-ATPase, the holoenzyme [36]. Functionally, deletion of
PMP1 gene resulted in decreased H+-ATPase activity.
Another protein showing a structural organization similar
to that of human neuronatin protein is phospholamban
[2,47]. Phospholamban is a 52 amino acid peptide [46]
comparable in size to neuronatin. As with neuronatin and
PMP1, phospholamban also has an α-helix transmembrane
domain and a highly basic cytoplasmic domain that
modulates the activity of Ca2+ -ATPase.
Neuronatin, PMP1 and phospholamban are amphipathic
polypeptides that are members of a class of proteins
referred to as proteolipids (Table 2). Proteolipids are pro-

Members of the proteolipid class of proteins. These polypeptides
are small and amphipathic on hydrophobicity analysis. Although
amino acid sequences are not homologous, their characteristic
secondary structure consists of two distinct domains, one end being
hydrophobic and the other hydrophilic. These proteins function as
regulatory subunits of ion-channels. However, phospholemman
forms a pentamer and functions as a novel chloride and taurine
channel

teins that typically have two domains, one domain being
hydrophobic and the other hydrophilic. Although the primary amino acid sequences of the proteolipids are different, their structural organization is remarkably similar. The
proteolipids are generally small polypeptides, fractionate
into the chloroform/methanol phase and several members

Fig. 10. Sub-chromosomal localization of human neuronatin using deletion constructs of chromosome-20. The construct CF80-8 contains 20q1220q13 region of chromosome-20, CF21-2 contains 20q11.2-20q13, and GM10478 contains the entire chromosome-20 (left). PCR amplification
of the human neuronatin-specific fragment was seen only with CF21-2 and GM10478 (right). The PCR products were electrophoresed on 1.5%
agarose gel and stained with ethidium bromide.
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function as regulatory subunits of membrane channels.
Other members of this class o
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-subunit,
sarcolipin, PMP2, F-sub-c and vac-sub-c. The γ
-subunit, a
polypeptide of 58 amino acids, functions as a subunit of
Na+/K+-ATPase [29]. Sarcolipin has 31 amino acids and
functions as a subunit of Ca2+-ATPase in skeletal sarcoplasmic reticulum [52]. PMP2 is highly homologous to
PMP1, consists of 43 amino acids and functions as a
subunit of yeast H+-ATPase [36]. F-sub-c is 75 amino
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acids long and is subunit-c of F1F0-ATPase [17]. Vac-sub-c
contains 155 amino acids and constitutes subunit-c of
vacuolar H+-ATPase [28]. Unlike these other, phospholemman, a 72 amino acid polypeptide [40], is organized as
a pentamer and functions as a novel chloride channel [33].
More recently, the phospholemman channel has also been
shown to be selective for taurine [32]. Furthermore, proteolipids may also he involved in human disease. For example, F-sub-c is the major component of the storage or-

Fig. 11. Fluorescence in situ hybridization using human neuronatin genomic clone as the probe. The chromosome was counterstained by
propidium iodide and the signal amplified by FITC-avidin and avidin-antibody.
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ganelles seen in neuronal ceroid lipofuscinosis [41], which
is an autosomal-recessive lysosomal neurodegenerative
condition of childhood manifesting as blindness, seizures,
dementia and early death. The involvement of F-sub-c in
the pathogenesis of this disease is supported by the finding
that similar deposits occur in the mouse mutant, motor
neuron degeneration (mnd/mnd), which is model for
neuronal ceroid lipofuscinosis [16]. Neuronatin is a new
member of the proteolipid family, and its unique expression
only in the developing human brain, requires that this gene
be investigated as a novel membrane channel regulator
during brain development.
With the help of human-rodent hybrid cell panel
screening and fluorescence in situ hybridization, we
mapped the neuronatin gene to human chromosome
20q11.2-12 providing a basis to investigate this gene as a
candidate in neuro-developmental disorders that may also
localize to the same or adjacent regions. The 20q 11.2-12
region is rich in genes, including several involved in signal
transduction and cell growth regulation. These include
hemopoietic cell kinase (20q11-12) [43], Rous sarcoma
protooncogene SRC (20q12-13) [35], phospholipase C
(20q12-13.1), topoisomerase-I (20q12-13.1) [24], zinc
finger protein 8 (20q13), CCAAT/enhancer binding protein
(C/EBP) (20q13.1) [18], protein tyrosine phosphatase
(20q13.1-13.2) [5], S-adenosyl homocysteine hydrolase
(20cen-q13.1) [31] and potassium voltage gated channel
(20q13.2). Although there are no neurological conditions
that are known to be mapped to 20q11.2-12, adjacent areas
of chromosome-20 have been implicated in neurological
disease. The gene for benign neonatal epilepsy maps to
20q13.2-13.3 and the prion protein gene, invoked in
neurodegeneration, is located at 20pter-p12. The developmental genes, PAX1 is located at 20p11.2 and bone morphogenetic protein-2 at 20p12.
Chromosome-20 abnormalities including ring formation
and deletions have been noted in several disease conditions.
Ring formation of chromosome-20 was observed in an
infant suffering epileptic seizures, mental retardation and
behavioral disturbances [4]. Deletions of the long arm of
chromosome-20 have been observed in some patients with
myeloid leukemia and myelodysplastic syndromes [10, 11],
and in patients with small cell lymphocytic lymphoma
[9,53]. Interestingly, the region of chromosome-20
containing neuronatin is also the region that is commonly
deleted. Although patients with deletion of 20q11.2-12
segment have not been reported to exhibit neurological
abnormalities, the importance of neuronatin in brain development needs to be investigated. The abnormalities of
chromosome-20 described above occurred postnatally after
completion of brain formation, a time when neuronatin
mRNA expression is normally repressed. As neuronatin is
primarily expressed in the developing brain, it is more
likely that the consequences of neuronatin dysfunction will
be manifested during embryogenesis rather than after
completion of maturation.

Neuronatin gene is 3973 bases long and has three exons
and two introns. The gene transcribes two alternatively
spliced mRNA isoforms. The α-form contains all three
exons and the β
-form contains only exons 1 and 3. The
middle exon has been spliced out in the β
-form, which is
the isoform studied in this report. The deduced proteins for
human α- and β
-form are highly conserved when compared
to rat neuronatin cDNA (#U08290 (α-form) and #U09785
(β-form)). The coding regions of both species were
identical, except for the substitution of two residues near
the C-terminal end of the proteins. This high degree of
conservation in mammalian species may indicate that
neuronatin gene is functionally important. The 5’
-flanking
region of neuronatin cap site has a region at -421 that is
highly homologous to neural restrictive silencer element
(NRSE). NRSE may govern the neuron-specificity of three
other genes, SCG10 [34], sodium channel-11 [23] and
synapsin-I [26]. SCG10 is a growth-associated protein of
22 kDa that is expressed in neuronal derivatives of the
neural crest. At E11.5 in the rat, it first becomes expressed
in sympatho-adrenal progenitor cells. Thereafter, SCG10
levels are strongly upregulated in sympathetic ganglia and
suppressed in adrenal medulla. NRSE is located at about 1500 in the 5’
-flanking region of the SCG10 gene. Protein
factors, present in non-neuronal cell types, are believed to
bind NRSE and silence the transcription of this gene.
NRSE elements have also been noted at about -1000 in
sodium channel-II, and at about -200 in synapsin-I.
Although functional analyses using constructs of the 5’
flanking region of SCG10 and sodium channel-II have
shown that deletion of NRSE results in loss of neuron
specificity, the evidence in the case of synapsin-I is less
certain. However, adjacent to the NRSE element in
synapsin-I is the region CGCCCCCGC, a high affinity
zif268/egr1 binding site [8, 50]. zif268/egr1 is a zinc finger
transcription factor, also known as NGFIA, Krox24 and
TIS8, and is an immediate-early gene. Based on the degree
of homology to the consensus sequence, the NRSE of
neuronatin may function to silence expression in nonneuronal tissues. A functioning NRSE in neuronatin may
account for the brain (and neuron)-specific expression of
this gene. Identification of the protein factor that silences
expression in non-neuronal tissues will help in
understanding the regulation of neuronatin.
In conclusion neuronatin is a novel human gene, the
mRNA for which is selectively expressed during brain
development. The organization of human neuronatin gene
and its mapping to human chromosome 20q11.2-12 is
described. The mRNA encodes an amphipathic polypeptide
that exhibits homology, both in its primary and secondary
structure, to PMP1 and phospholamban, members of the
proteolipid class of proteins which function as regulatory
subunits of ion channels. This information should facilitate
the study of neuronatin as a candidate gene for brain
disorders that may also become mapped to this region.
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Abstract
Neuronatin was recently cloned from neonatal rat brain ( Biochem. Biophys. Res. Commun., 201 (1994) 1227-1234). In subsequent studies, we
noted that neuronatin mRNA was brain-specific and that there were two alternatively spliced forms, αand β( Brain Res., 690 (1995) 92-98).
Furthermore, on sequencing the human neuronatin gene, it was determined that the α-form was encoded by three exons, and the β-form was
encoded by the first and third exons only (Genomics, 33 (1996) 292-297). The middle exon was spliced out in the β-form. The human neuronatin
gene is located in single copy on chromosome 20q11.2-12 (Brain Res., 723 (1996) 8-22). These studies called for an understanding of the function
of this gene. Therefore, we studied the expression of neuronatin in PC12 cells, an established model of neuronal growth and differentiation.
Neuronatin mRNA expression was found to be abundant in undifferentiated PC12 cells. Treatment with nerve growth factor (NGF), resulting in
neuronal differentiation, was associated with a downregulation of neuronatin mRNA expression. Removal of NGF was associated with a return of
neuronatin mRNA levels towards baseline. These effects appear to be specific for NGF as they were not seen with transforming growth factor,
epidermal growth factor, 12-O-tetradecanoylphorbol-13-acetate or dexamethasone. Although, basic fibroblast growth factor also reduced
neuronatin mRNA levels, the effect was less pronounced than with NGF. The NGF-induced decrease in neuronatin mRNA occurred even in the
presence of protein and RNA syntheses inhibitors. Of the two spliced forms, only the α-form was expressed in PC12 cells. In conclusion, we report
the presence of neuronatin mRNA in PC12 cells, and that NGF downregulates its expression. These findings provide a basis for investigating the
role of neuronatin in neuronal growth and differentiation.
Keywords: Neuronatin; PC12; Nerve growth factor; Development; Brain

Neuronatin mRNA is selectively expressed in the brain, and
was not present in several other tissues studied. Other
Neuronatin mRNA is a novel mammalian gene that is investigators have cloned the mouse homolog and observed,
selectively expressed during neurogenesis [6,7]. In more recent based on in situ hybridization studies, that neuronatin is first
studies we noted that there are two alternatively spliced forms, α expressed in rhombomeres-3 and 5 during embryonic (E8.5)
and β
, of neuronatin mRNA. Based on its genomic structure, the hindbrain development [13]. Although, the latter findings
α-form is encoded by three exons, and the β-form by two exons suggest the involvement of neuronatin in hindbrain
[2,3]. The only difference between the two was that in the β-form segmentation, its expression later in development becomes
the middle exon was removed by splicing. Otherwise, both more widespread in the central nervous system. The deduced
isoforms had the same translation start site, open reading frame, protein is amphipathic with a highly hydrophobic N-terminal
stop and termination signals. When studied in the rat, the α-form and hydrophilic C-terminal [2]. The protein has homology to
was expressed at embryonic day 7-10 (E7-10), whereas, the β- PMP1 and phospholamban, members of the proteolipid class
of proteins which in general function as regulators of ion
form appeared only at E11-14.
channels.
The precise function of neuronatin at a cellular level is not
known. Therefore, we investigated the expression of
neuronatin in PC12 cells, an established model of neuronal
___________
growth and differentiation [4]. The application of nerve
1. Introduction
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growth factor (NGF) to PC12 cells results in the cessation
of cell proliferation and transformation into a neuronal
phenotype, including the extrusion of neurites typical of the
differentiated adult neuron. Our results indicate that
neuronatin mRNA is abundant in undifferentiated PC12
cells, and its expression becomes repressed following treatment with nerve growth factor.
2. Methods
2.1.Materials
Nerve growth factor (2.5S), basic fibroblast growth
factor and epidermal growth factor were purchased from
Boehringer Mannheim, Indianapolis, IN. Transforming
growth factor was obtained from Calbiochem, and TPA and
dexamethasone were from Sigma Chemical, St. Louis,
MO.
2.2. Cell culture
PC12 cells (#CRL-1721, American Type Culture Collection, Bethesda, MD) were used in the study. The cells
were grown on collagen-coated 75-cm2 flasks in a medium
containing 84% DMEM with high glucose, 15% fetal calf
serum, penicillin 100 units/ml and streptomycin 100 µg/ml,
at 37oC in a humidified incubator with 5% CO2 [8]. In all
experiments 70-80% confluent cells were utilized.
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of ethidium bromide was also added. The preparation was
denatured at 65°C for 15 min, and 5 µl of loading buffer
(50% glycerol, 1 mM EDTA, 0.25% bromophenol blue)
added. The preparation was electrophoresed on 1%
agarose-3.7% formaldehyde using a buffer containing 0.02
M MOPS, 5 mM sodium acetate and 1 mM EDTA pH 7.0.
Before transfer, the gel was photographed under UV light.
RNA was transferred onto a nylon membrane (Micron
Separations, Westboro, MA) using 10 x SSC (1.5 M NaCl,
0.15 M sodium citrate, pH 7.0) by overnight capillary
action. After transfer, the membrane was washed with 5 x
SSC, UV cross linked for 2 min (Hoefer Scientific, San
Francisco, CA) and baked at 80°C for 1h. The membrane
was pre-hybridized in a solution containing 1% bovine
serum albumin, 7% SDS, 0.5 M sodium phosphate pH 7.0
and 1 mM EDTA at 65°C for 1h. Hybridization was
continued overnight in the same solution with the addition
of 1 x 106 c.p.m./ml of random-primed [32P]-labelled rat
neuronatin-αcDNA probe. The membrane was washed in a
solution containing 1% SDS, 40 mM sodium phosphate pH
7.0 and 1 mM EDTA, at room temperature for 15 min, and
then at 65°C for 30 min (twice). The washed membrane
was exposed to film (Kodak X-OMAT AR) between
intensifying screens at -70°C. Thereafter, the blot was
stripped by boiling for 20 min in a solution containing 1%
SDS and 0.1 x SSC, and re-hybridized with β
-actin or
glyceraldehyde 3-phosphate dehydrogenase (G3PDH) to
control for the amount of RNA applied in the different
lanes.

2.3. RNA extraction
Total RNA was extracted by the acid guanidinium
thiocyanate-phenol-chloroform method [1,9]. PC12 cells,
grown in culture flasks, were denatured using a solution
containing 4 M guanidinium thiocyanate, 25 mM sodium
citrate pH 7.0, 0.5% sarcosyl and 0.1 M 2-mercaptoethanol, homogenized using a glass-teflon homogenizer
(Eberbach, Ann Arbor, MI) and kept on ice. Thereafter, 0.2
M sodium acetate pH 4.0, 10 ml of water saturated phenol
and 2 ml of chloroform-isoamyl alcohol (49:1) were added
to the sample, vortexed, kept on ice for 15 min, and
centrifuged (10000 x g for 20 min) at 4°C. The aqueous
phase was precipitated with an equal volume of
isopropanol, the resulting pellet suspended in 0.3 ml of the
denaturing solution, transferred to a microfuge tube and
precipitated again with isopropanol. The final RNA pellet
was washed with 75% ethanol and dissolved in 0.5% SDS.
2.4. Northern blotting
Total RNA was isolated by the single step guanidinium
thiocyanate-phenol-chloroform method [1,9]. To 20 µg of
RNA (in a volume less than 3.5 µl) was added 3 µl of 10 x
running buffer (0.2 M MOPS, 0.05 M sodium acetate, 0.01
M EDTA, pH 7.0), 3.5 µl formaldehyde, 10 µl of
formamide, and volume made up to 20 µl with diethylpyrocarbonate-treated water. One µl of 1.25 mg/ml

2.5. Reverse transcriptase-polymerase chain reaction
As the αand βisoforms were identical, except for the
absence of exon-2 in the β
-form, it was not possible to
study the two forms separately by Northern analysis.
Therefore, we carried out RT-PCR, using primers flanking
the coding regions of both the α and βisoforms. The
primers were designed to hybridize the neuronatin cDNA
sequence (GenBank #U09785):
5’
-Primer:
5’
-GCGAACCCTTGCTCTCGACCACCCAC-3’
(homologous to nucleotides -40 to -15)
3’
-Primer:
5’
-CCCACTAGTTTTCTTAACCC-3’
(complementary to nucleotides 652 to 671).
The predicted product sizes were 710 bp for the β
-form
and 791 bp for the α-form. For cDNA synthesis, total RNA
extracted from PC12 cells was reverse transcribed using a
modification of previously described methods [7]. Initially,
reactions containing 5 µg RNA, 40 u RNase inhibitor, 0.5
µg oligo-dT12-18, made up to 10 µ1 with DEPC-treated
water was heated to 70°C for 10 min, and
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chilled on ice. Thereafter, final concentrations of 10 µM
DTT, 125 µM dNTP (all four), 10 U RT-MMLV and 1 x
RT-buffer were added in a total volume of 20 µl, and the
reactions incubated at 37oC for 60 min. The RT-enzyme
was then inactivated by heating to 94°C for 5 min and
chilling on ice. Four µl aliquots of the cDNA reaction were
used for PCR amplification. The final concentration of the
ingredients in the PCR reaction were, 100 µM dNTP, 0.4
µM 5’
-primer, 0.4 µM 3’
-primer, 5 U Taq DNA
polymerase, 10 mM Tris HCl, 1.5 mM MgCl2, 50 mM KCl
and 5 µg gelatin in a total volume of 50 µl. The samples
were denatured at 95°C for 2 min and amplified for 40
cycles. Each cycle consisted of denaturation at 95°C for 30
secs, annealing at 62°C for 1 min and extension at 72°C for
2 min. The samples (30 µl per well) were

Fig. 2. Comparison of the effect of NGF on neuronatin mRNA
levels in PC12 cells to that of other inducing agents. NGF (200
ng/ml) was applied for 1, 3, 7 and 9 days; and parallel samples
were treated for 7 days each with bFGF (100 ng/ml), TGFβ
1 (1
ng/ml), TPA (100 nM) and dexamethasone (10 µM). NGFtreatment, resulting in the cessation of proliferation and the
commitment of PC12 cells to a differentiated fate, was associated
with the downregulation of neuronatin mRNA at 24 h, that
persisted even when studied at 9 days. The differentiatin effect of
bFGF is known to be less prominent than NGF; and as would be
predicted on the basis of the NGF results, neuronatin mRNA was
only partially downregulated. TGFβ
1, TPA and Dex do not induce
neuronal differentiation; and indeed, these agents do not suppress
neuronatin mRNA. The ethidium bromide stained gel is shown
(lower panel). Representative of three experiments.

electrophoresed using 1 x Tris acetate buffer on 1% agarose
containing ethidium bromide. A 100-bp ladder (Life
Technologies) was used as the DNA size marker. The gel
was photographed with UV light. Using the same primers
and conditions we have previously reported that the two
forms of neuronatin are differentially expressed during rat
embryogenesis [7].
Fig. 1. (a) Effect of NGF on neuronatin mRNA expression, studied
by Northern blotting. Comparison of undifferentiated PC12 cells
(NGF(-)) to that following treatment with NGF (200 µg/ml) for 9
days (NGF(+)). Neuronatin mRNA is downregulated following
NGF-treatment. The amount of RNA applied in each lane was
controlled for by ethidium bromide staining and UV photography
(lower panel), and by hybridization with glyceraldehyde 3phosphate dehydrogenase (G3PDH). (b) Densitometric evaluation
of the changes in neuronatin mRNA seen in (a), controlled for with
G3PDH mRNA expression. (c) Neuronatin mRNA expression
during rat brain development. RNA was extracted from the brains
of embryonic day 7-10 (E7-10), E11-14 and E16-19; and postnatal
day 3 (P3), P7, P14, P28 and P56 rats. In the case of E7-10, the
embryo was used whole, and at E11-14, the upper halves of the
embryos were used. From E16-19 onwards, it was possible to
separate out the brain for RNA extraction. Following hybridization
with neuronatin, the blot was stripped and rehybridized with
G3PDH as a control. The results are representative of five separate
experiments.

2.6. Densitometry and quantitation
The autoradiograms of the Northern blots were scanned
and analyzed using a Bio-Rad GS-670 Densitometer and
Molecular Analysis System (Bio-Rad, Hercules, CA).
Quantitation of neuronatin mRNA expression was
controlled for with human glyceraldehyde 3-phosphate
dehydrogenase (G3PDH).
3. Results
The first major observation of this study is that
neuronatin mRNA is abundant in undifferentiated PC12
cells. Following the addition of 2.5S NGF (200 µg/ml) for
7 days, neuronatin mRNA expression is repressed (Fig.
1a,b). The size of neuronatin mRNA in PC12 cells was
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about 1.2 kb, similar to that in the developing mammalian
brain. For comparison, the expression pattern of neuronatin
mRNA during rat development is shown (Fig. 1c). During
embryogenesis, neuronatin mRNA is first clearly seen at
embryonic day 11-14 (E11-14), becomes pronounced at
E16-19, and declines by the second postnatal week to trace
levels in the adult brain. Next, the effect of NGF (200
ng/ml) applied for different time periods (1, 3, 7 and 9
days); and, comparison with the effects of other inducing
agents, basic fibroblast growth factor (bFGF)
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(100 ng/ml), transforming growth factor (TGFβ
1) (1
ng/ml), 12-O-ietradecanoylphorbol-13-acetate (TPA) (100
nM) and dexamethasone (10 µM), all applied for 7 days
were studied (Fig. 2). Neuronatin mRNA, abundant in
undifferentiated PC12 cells, was significantly reduced at
24h after the addition of NGF, and remained suppressed
even at 9 days. Although less potent than NGF, bFGF also
causes transient differentiation of PC12 cells and as may be
predicted based on the NGF results, decreased neuronatin
mRNA levels. On the other hand, TGFβ1, TPA

Fig 3. (a) The effect of the addition and withdrawal of NGF on neuronatin mRNA in PC12 cells studied by northern blotting. The lanes are as
follows: NGF(-), undifferentiated PC12 cells; NGF(+), NGF for 2 days; NGF(±), NGF for 2 days, and then NGF removed for 7 days. NGF was
applied in a concentration of 200 ng/ml. NGF downregulates neuronatin mRNA (although, the results in this experiment are not as marked as that
seen in Figs. 1 and 2). Removal of NGF allows neuronatin mRNA to return towards baseline. (b) Densitometric evaluation of the changes in
neuronatin mRNA seen in (a), controlled for with G3PDH mRNA expression. (c) Photomicrographs of PC12 cells. Undifferentiated (A); NGF
(200 ng/ml) for 7 days (B); and, NGF for 7 days followed by its removal for 7 days (C). Representative of five experiments.
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Fig. 4. (a) Effect of inhibition of protein and RNA synthesis on NGF induced changes in neuronatin mRNA expression. Protein synthesis was
inhibited with cycloheximide (10 µg/ml), and RNA synthesis with Actinomycin-D (1 µg/ml). The lanes are as follows: CONTROL,
undifferentiated PC12 cells; NGF, nerve growth factor; CHEX, cycloheximide; CHEX + NGF, cycloheximide plus NGF; ACT-D, ActinomycinD; ACT-D + NGF, Actinomycin-D plus NGF. In all samples, NGF was applied in a concentration of 200 ng/ml. All treatments were for 2 days.
Representative of three experiments. (b) Densitometric evaluation of the changes in neuronatin mRNA seen in (a), controlled for with G3PDH
expression.

and dexamethasone, agents that do not induce neuronal
differentiation, were not associated with suppression of
neuronatin mRNA levels. Furthermore, epidermal growth
factor (EGF), which unlike NGF is known to enhance PC12
proliferation [5], did not downregulate neuronatin

mRNA levels even when applied in a concentration of 200
ng/ml for periods ranging from 6 h to 8 days (data not
shown).
Thereafter, the effects of adding and removing NGF
were investigated. Treatment with NGF for 3 days, fol-

Fig. 5. (a) Study of the expression of neuronatin-αand βisoforms in PC12 cells. Reverse transcriptase-PCR study of neuronatin-αand βmRNA
was carried out using primers flanking the coding region of both neuronatin-αand β. The 5’
-primer was homologous to sequences -40 to -15,
and the 3’
-primer was complementary to sequences 652-671 (GenBank #U09785) (7). The predicted product size for the α-form was 791 bp,
and that or the β-form, 710 bp. The experimental conditions are described in Section 2. Samples were electrophoresed on 1.2% agarose gel and
stained with ethidium bromide: NGF(-), undifferentiated PC12 cells; NGF-1d, NGF (200 ng/ml) applied for 1 day; NGF-9d, NGF (200 ng/ml)
applied for 7 days. (b) In order to confirm that the bands seen in (a) are neuronatin, the gel was transferred on to a membrane and used for
Southern blot analysis with neuronatin cDNA as the probe.
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lowed by its removal for 7 days, returned neuronatin
mRNA levels to baseline (Fig. 3). In order to determine
whether the effect of NGF involved protein and RNA
synthesis, we studied the effect of NGF in the presence and
absence of cycloheximide, a protein synthesis inhibitor, and
Actinomycin-D, a RNA synthesis inhibitor. Although,
pretreatment of PC12 cells with either cycloheximide or
Actinomycin-D was associated with a decrease in
neuronatin mRNA levels, the effect of NGF could be
observed even in the presence of these agents (Fig. 4).
These findings suggest that the effect of NGF on
neuronatin mRNA expression is not dependent on protein
and RNA synthesis. Finally, RT-PCR was carried out to
study changes in the spliced forms of neuronatin mRNA
before and after NGF application. The primers and
conditions used for RT-PCR were identical to that
described [7]. Only the α-form of neuronatin mRNA was
expressed in PC12 cells, and this was downregulated
following treatment with NGF (200 ng/ml) (Fig. 5a). This
was confirmed by carrying out Southern analysis using
neuronatin cDNA as the probe (Fig. 5b). Using the same
primers and conditions, both the αand βisoforms were
found to be expressed in the developing rat brain [7].

4. Discussion
Our finding that neuronatin mRNA is expressed in
PC12 cells provides a useful substrate to investigate the
role of this novel gene in neuronal growth and differentiation. PC12 cells have been extensively studied as model
neurons ever since their establishment in 1976 [4]. A
striking feature of this cell line is that on exposure to NGF,
it stops proliferating, extrudes neurites and transforms into
a neuronal phenotype. When NGF is removed, the cells
revert to their original rounded and undifferentiated phenotype. Treatment of PC12 cells with NGF was associated
with a downregulation of neuronatin mRNA expression.
The mRNA levels remained suppressed as long as the cells
were exposed to NGF. However, when NGF was removed,
neuronatin mRNA levels returned towards baseline along
with a reversal of phenotype to an undifferentiated state.
NGF decreased neuronatin mRNA levels even in the
presence of protein and RNA syntheses inhibitors. Although there are two alternatively spliced forms that are
expressed during mammalian brain development, only the
larger α-form was noted to be expressed in PC12 cells.
The decrease of neuronatin mRNA levels in PC12 cells
appears to be NGF-specific, as other growth factors did not
show a similar response. The only exception being bFGF
which also reduced neuronatin mRNA levels, but the effect
was marginal compared to that seen with NGF. These
findings may suggest a relationship between the effects of
NGF and neuronatin mRNA expression. Whether NGF
mechanistically involves neuronatin in this process is not
proven. When NGF was removed from the incubating
medium, and PC12 cells allowed to return to their
undifferentiated state, neuronatin mRNA expression also
increased. Together, our findings may suggest that high
levels of neuronatin mRNA expression are associated with
an undifferentiated state, and low levels with a differentiated state. This logic is somewhat supportive of the in vivo
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observation that neuronatin mRNA is abundant in the
developing brain, and that its levels decline with maturation
and differentiation such that only traces are present in the
adult brain [7]. The significance of neuronatin in PC12
growth and differentiation would be clearer when it becomes possible to study protein expression. Unfortunately,
an antibody is not yet available for such studies.
Of the two alternatively spliced forms of neuronatin
mRNA, only the larger α-form was expressed in PC12
cells. However, using the same primers and RT-PCR
conditions we observed both forms to be present in the
developing rat brain [7]. The β
-form appearing at about
E11-14 in the rat, coinciding with the closure of the neural
tube and the initiation of neuroepithelial proliferation and
neuroblast commitment. The α-form was present even
earlier in gestation at E7-10, a time when neurulation is
taking place. The levels of both forms peaked late in
gestation (E16-19), and declined by the second postnatal
week to trace levels in the adult brain. Assuming a role for
neuronatin in PC12 growth and differentiation, the finding
that only the α-form is present in this cell line may
implicate this form as being functionally important. As
noted in our previous studies [7], the only difference
between the two spliced forms is the presence of the middle
exon in the α-form. Therefore, the possibility arises that the
81-bp middle exon of neuronatin may have significance in
regulating cell growth.
The expression of neuronatin in PC12 cells is entirely
consistent with the view that this is a neuron-specific gene.
In our previous studies, we observed that this gene was
selectively expressed in the brain, and not in several other
tissues screened [2,7]. The basis for neuron specificity may
be governed by the neural restrictive silencer element
(NRSE) that is present in the 5’
-flanking region of the
neuronatin gene [2,3]. The NRSE of neuronatin is located
-421 bases from the mRNA cap site. Besides this gene,
NRSE elements have been studied in several other neuronspecific genes, such as SCG10 [12], sodium channel-II [10]
and synapsin-I [11]. Although it is not yet known whether
the NRSE of neuronatin is functional, that in these other
genes may be functionally important.
In conclusion, we report that PC12 cells express neuronatin mRNA, a recently cloned brain-specific mammalian developmental gene. Following treatment with
NGF, there is downregulation of neuronatin mRNA expression which is reversed when NGF is withdrawn. Of the
two spliced forms, only the larger α-form is present in
PC12 cells. These findings provide a basis for the investigation of neuronatin in neuronal growth and differentiation.
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