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INTRODUCTION

The present study is focused on the development of the nodose
ganglia. The nodose ganglia are the distal portion of the Xth cranial
ganglia which are derived from both neural c'rest cells and nodose
placode cells. The nodose placode seeds the nodose ganglia with
neurons while the neural crest cells provide supporting cells to the
ganglia. The ge_nes which influence the development of the nodose
ganglia are not known. It is thought that the genes which show
rhombomere-restricted

expression

patterns

are

related

to

the

development of the adjacent head structures (Lumsden and Keynes,
1989; Wilkinson, 1993). The int-2 gene is expressed in rhombomeres

5 and 6 which are adjacent to the structure of the otic and nodose
placodes. The lrtt-2 gene encodes a protein which is released through
a secretory pathway. It has been suggested that int-2 is needed for
the development of the epipharyngeal placodes (Wilkinson, 1988;
Represa et al., 1991). It ha~ been reported that int-2 is responsible
for the formation of the otocyst from the otic placode. The present
study investigated whether int-2

also influences the formation of

the nodose ganglion from the nodose placode. Nodose ganglia provide
sensory innervation to the heart. Surgical ablatio!]- · of the nodose
placode in

chick embryos results

in

a long

QT interval in

electrocardiogram (Christiansen et al., 1989). To understand the
molecular basis of the development of the nodose ganglia is
important.
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A. The Development of The Nodose Ganglion and Its
Functions
During the embryogenesis of vertebrates, thickened ectoderm
covers the entire lateral side of the head primordium. This thickened
ectoderm constitutes the ectodermal placodes. The placodes undergo
various developmental processes such as

cell migration, prolifera_tion

and differentiation to form cranial sensory ganglia which contribute
to different functions in the head (Ariens Kappers, 1941; .D'AmicoMartel and Noden, 1980; D'Amico-Martel and Noden, 1983). These
placodes were classified into five groups from cranial to caudal: the
hypophyseal placode, the olfactory placode, the trigeminal placode,
the dorsolateral placodes and the epibranchial placodes. The latter
three groups are closely related in position , during embryogenesis.
Mapping of these ganglionic anlagen indicates that the dorsolateral
placodes lie in a medial, the epibranchial placodes in a lateral, and
the trigeminal placode in an intermediate position. Before stage 10 in
the chick embryo, these placodes have no definitive boundaries, and
some of the placodes appear to overlap, which makes it difficult to
separate them surgically at early stages of development (D'AmicoMartel and Noden,1983).
The ectodermal placodes provide neurons to the cranial sensory
ganglia. Unlike the spinal sensory ganglia (dorsal root ganglia), which
are derived solely from neural crest cells, the cranial sensory ganglia
are derived from two distinct embryonic sources: the neural crest
and the epidermal placodes (Verwoerd and Van Oostrom, 1979).
Gangliogenesis involves the first phase of migration of neural crest
cells from their site of origin to their terminal location. Soon after the
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migration of neural crest, the ectodermal placode thickens, and cells
begin to detach from it and join with the migrating neural crest cells
to form a ganglion. Cells budding from the placodes also undergo
differentiation and proliferation during gangliogenesis (D'AmicoMartel, 1982). Once they have formed the ganglion, the placodederived cells cannot be distinguished histologically from cells derived
from

the neural crest in

the

cranial ganglia.

The results

of

experiments using extirpation of neural crest or ectodermal placodes
indicate that placodes are the primary sources of the cranial sensory
ganglia, with the neural crest playing a minor role (Stone, 1922).
Cranial ganglia IX and X are composed of proximal ganglia and distal
ganglia with nerves connecting them (Martel and Noden, 1983).
Extirpation experiments by Hammond (1954; 1958) determined that
the neural crest cells contribute to the formation of the proximal
ganglia of cranial nerves IX and X. Studies on avian cranial nerves by
Hamburger (1961) indicated that the placode-derived neurons are
large, and limited to the distal aspect. of the ganglia. In contrast, the
neural crest-derived sensory neurons are smaller and are located
proximally. D'Amico-Martel and Noden (1983) replaced segments of
neural crest or strips of presumptive placodal ectoderm of chick with
homologous tissues from quail embryos, whose cells contain a
heterochromatin marker. The results indicate that placode-derived
neurons associated with cranial nerves V, VII, IX and X are located
distal to neural crest-derived neurons. The significance of the dual
origin of cranial sensory neurons is not

understood. One explanation

is that the neurons of different origins might exhibit functional
specificity (Kappers,

1936). It may be significant that neurons
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derived from the two embryonic primordia have different times of
terminal mitosis (D'Amico-Martel, 1982).
The nodose placode is one of the epibranchial placodes. It is
located lateral and caudal to the otic placode, adjacent to the first two
to three somites and contributes neurons to the distal vagal ganglion
(also called the nodose ganglion of the vagus, D'Amico-Martel and
Noden, 1983). Like other cranial sensory ganglia, the nodose ganglion
has a dual embryonic origin from the neural crest and ectodermal
placode. In the case of the nodose, the neural crest contributes the
nonneuronal elements such as supporting and Schwann cells while
the nodose placode contributes the neurons of the ganglion.
A histological and physiological study indicates that· there are no
efferent neuron cell bodies in the nodose ganglia. Morphologically the
ganglia are sensory. They provide the sensory innervation to the
heart (Wakley and Bower, 1981). In chick embryos the innervation
of the heart is derived from at least three sources: sympathetic
innervation· is from the first thoracic sympathetic ganglia (Baumel,
1975; Kirby and Stewart, 1984), parasympathetic innervation is from
cardiac ganglia (Kirby and Stewart, 1983), and sensory innervation of
the heart is from the distal ganglia of the vagus nerves (Wakley and
Bower,

E,81).

The

neuronal

precursors

of

sensory

cardiac

innervation are derived from the nodose placode. The neuroral
precursors of the sympathetic and parasympathetic innervation of
the heart are derived from the trunk and car'diac neural crest (Kirby
and

Stewart,

1983 ).

Cardiac

neural

crest

provides

both

ectomesenchyme and parasympathetic neurons to the developing
heart. Surgical ablation of cardiac neural crest results in persistent
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truncus arteriosus, in which the defective ectomesenchyme fails to
septate the aorticopulmonary flow (Nishibatake et al., 1987; Kirby,,
1987). Cells of the nodose placodes do not migrate to the heart and
do

not

form

any

ectomesenchymal

derivatives

in

normal

circumstances. However cells of the nodose placodes will migrate to
the heart to

become cholinergic parasympathetic postganglionic

neurons of the cardic ganglia if the neural crest is removed (Kirby,
1988a). At the same time, ectomesenchyme will also develop from
the nodose placode to strengthen the walls of the cardic outflow
vessel.
N odose ganglia provide sensory innervation to the heart
(Schwartz, 1985; Kirby et al., 1987). It is thought that there is a
competition for growth factors among autonomic terminals in an
end-organ. Removal of any part of the nervous system reduces the
level of competition, and results in overgrowth of the remaining
nerves, possibly by altering the availability of growth factors
produced by the target organ (Kessler et al., 1983; Kessler, 1985;
Kirby et al., 1987). The imbalance in the sympathetic innervation to
the heart may lead to ventricular arrhythmias (Schwartz, 1985). An
example of this is long QT interval in the electrocardiogram. There
are two familial disorders characterized by a prolonged QT interval:
Jervell and Lange-Nielsen syndrome has an autosomal recessive
pattern of inheritance and is associated with deafness, whereas
Romano-Ward syndrome is characterized by autosomal dominant
inheritance and no hearing abnormality (Jervell and Lange-Nielsen,
1957; Romano et al., 1963; Ward, 1964). A gene responsible for
Romano-Ward Long· QT Syndrom has been shown to be linked to the
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Harvey ras-1 locus on chromosome 11 (Towbin et al., 1994). One
hypothesis for the basis of the long QT interval is that there is an
imbalance of sympathetic innervation to the heart (Schwartz, 1985).
Removal

of the

nodose

placode

destined

to

provide

sensory

innervation to the heart prior to its cell migration •results in embryos
'

with prolonged QT interval in their electrocardiograms (Christiansen
et al., 1989). If the lesion is extended slightly to encroach on the otic
placode, these embryos also frequently have congenital deafness, as
measured by electrocochleography (Mulroy, 1990). These findings
mimic those of i;hildren with the Long QT Syndrome (Jervell and
Lang-Nielsen, 1957). The mechanism of these changes is not known.
The prolonged QT interval may be associated with decreased vagal
sensory innervation of the heart (Mulroy and Harrison, 1991), or due
to

an

induced

imbalance

of

sympathetic

or

parasympathetic

innervation to the heart.

B.

Molecular

Nervous

Basis

System

in

of

Patterning

the

Vertebrate

Formation

of

the

Cranial

Hindbrain

During early stages of the development of vertebrates, a transient
series

of repeated

hindbrain (Vaage,

bulges termed rhombomeres
1969). This feature

appears in the

of segmentation of the

hindbrain is related to the underlying patterning formation of the
cranial nervous system and craniofacial structures in the vertebrate
head (Lumsden and Keynes, 1989; Fraser, et al., 1990; Wilkinson and
Krumlauf,

1990; Wilkinson,

1993). A potential significance of

hindbrain segmentation is suggested by the · anatomical relationships
between rhombomeres, cranial ganglia and the branchial arches.
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Neural crest cells arising from specific rhombomeres contribute to
the formation of cranial ganglia and branchial arches, and they
display specific properties ·according to their segmental origins.
The molecular mechanisms that give rise to the segmental
organization of the hindbrain are not totally clear. However, a
number of genes which are expressed in rhombomere-restricted
patterns have been identified. These genes are thought to be related
to the segmental development of the vertebrate hindbrain. They
include: H ox homeobox genes (Murphy et al., 1989; Frohman et al.,
1990), retinoic acid receptors and the cellular retinoic acid-binding

.,

proteins (CRABP) (Smith and Eichele, 1991; Maden et al., 1992), the
receptor tyrosine kinase Sek (Wieto et al., 1992), the fibroblast
growth factor family member FgF-3 (int-2, Wilkinson et al., 1988),
and the zinc finger gene Krox-20 (Wilkinson et al., 1989a). In situ
hybridization analysis of the expression of Krox-20 in the mouse
embryo reveals that transcripts are restricted to rhombomeres 3 and
5 (r3 and r5). The expression of CRABP is restricted to r4, r5 and r6,

while FGF-3 is restricted to r5 and r6. Analysis of the expression
pattern of 3' members of the Hox~2 cluster in 9.5 day mouse
embryos

showed that four of them have limits of expression

coincident with rhombomere boundaries (Wilkinson et al., 1989b;
Murphy et al., 1989). The successively linked Hox-2.6, -2.7, and -2.8
genes are expressed from the caudal end of the spinal cord to an
anterior limit at the r6/7, r4/5 and r2/3 boundaries, respectively.
Expression of the 3'-most gene, Hox-2 .9, is restricted to a single
rhombomere, r4. The limits of expression of these genes coincide
with rhombomere boundaries, providing molecular evidence that

8

rhombomeres are true segmental compartments. In addition, the
expression patterns of these genes suggest that some of them may
play roles in establishing pattern and segment identity in the
hind brain.
Several genes have been studied in relation to the development of
the hindbrain. It is still not clear how the control system operates,
which genes regulate which others, and how they govern anatomical
development. The Krox-20

gene encodes a protein that acts as a

transcription factor, which binds to DNA in a sequence-specific
manner (Chavrier et al., 1988; 1990). The expression domain of Krox20

coincides with r3

and r5 and overlaps with the segment-

restricted domains of expression of several Hox genes. It is thought
that Krox-20 has a role in the control of hindbrain development and
in the regulation of Hox. expression (Chavrier et al., 1990). Mice
homozygous for the Krox-20 mutation have a defect in hindbrain
segmentation, with the animals showing a lack of r3 and r5. The
mutant embryos exhibit defects in cranial nerves and ganglia, in
which the trigeminal ganglia appeare to overlap facial/acoustic
ganglia and the glossopharyngeal (IX) nerve is fused with the vagus
(X) nerve complex (Swiatek and Gridley, 1993; Schneider-Maunery et
I

al., 1993).
An upstream gene called Kreisler has been reported recently.
Investigation of the Kreisler mutant mouse showed that the mutant
homozygous animal had lost rhombomeres 5 and 6 (Mckay et al.,
1994; Frohman et al., 1993). The study was based on the examination
of morphological changes and the expression pattern changes·· of

Krox-20, Hox genes and FGF-3. Krox-20 has expression in r3 and r5
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in wild-type mice but the expression in r5 disappears in mutant
mice. In the hindbrain of the Kreisler homozygotes, there is absence
of morphological segmentation posterior to the boundary between r3
and r5. FGF-3 which normally is expressed

in r5 and r6 was also not

expressed in this region of the homozygous Kreisler mutant. The
changes in the expression pattern of CRABP and some of the Hox
genes also reflect the absence of r5 and r6. The mutant mouse had
abnormal

development

of

cranial

nerves

in

which

the

glossopharyngeal nerve was fused with the vagus nerve. This mouse
also had inner ear abnormalities. These findings imply that the

Kreisler

gene functions

upstream of Kr ox- 2 0.

The loss of

morphological rhombomere boundaries and segmentation in Kreisler
can be explained as a consequence of the loss of the r5 domain of
Krox-20 expression.
The expression of int-2

(FGF-3)

in

specific

hindbrain

rhombomeres has implicated that int-2 may act as the source of an
inductive

signal

required

adajacent hindbrain

for

the. subsequent

development

structures (Wilkinson et al.,

of

1989). lnt-2

antisense oligonucleotide exposure in chick hindbrain explants in

vitro inhibited the formation of the otocyst from the otic placode
(Represa et al., 1990). Mice homozygous for int-2 mutations had
developmental defects in the inner ear, in which the formation of the
endolymphatic duct failed and the facial-acoustic ganglia became
smaller or absent (Mansour et al., 1993).
The connections between hindbrain rhombomeres and their
adjacent cranial

ganglia could lie in the neural crest, which

contributes to the cranial ganglia and forms the components of the
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branchial arches (Lumsden and Keynes, 1989). Examination of the
expression of H ox-2 genes shows that the combinational expression
pattern of Hox-2.6, -2.7, -2.8 in rhombomeres correlates precisely
with their expression in the neural crest of the branchial arches. The
segment-restricted

expression

of

Hox-2

genes in the neural

epithelium is also imposed upon premigrating neural crest and might
contribute to the imprinting of these cells prior to their migration
(Hunt et al., 1991; Lumsden et al., 1991). When neural crest destined
to enter the first arch was transplanted so that it entered the second
arch, it exhibited the same H ox-2 gene expression pattern as in first
arch and had same mesodermal derivatives . as in the first arch
(Noden, 1983).

C. Properties of Int-2: . A Member of the

Fibroblast Growth

Factor (FGF) Family
The int-2 gene was first described as a proto-oncogene. It can be
transcriptionally

activated

by

mouse

mammary

tumor . virus

(MMTV). Insertion of viral DNA (MMTV) within several kilobases on
either side of the int-2 gene results in transcriptional activation
which may result in neoplastic disease (Peters et al., 1983; Dickson et
al., 1984). Sequence analysis of int-2 shows it belongs to a mer,iber
of the fibroblast growth factor (FGF) family (Dickson and Peters,
1987; Dickson et al., 1989). The FGF family has at least seven
members: acidic FGF (aFGF), basic FGF (bFGJ<'), FGF-3 (int-2), k-FGF,
FGF-5, FGF-6, and keratinocyte growth factor (KGF). A growth factor
ca~led

androgen-induced

growth

factor

appears

to

be

a

Iiew

candidate for the FGF family (Tanaka et al., 1992). The members of
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the FGF family share a 30-60% amino acid sequence similarity over a
core central region. All members except aFGF and bFGF contain a
signal peptide in the amino terminus which , directs their passage
through the secretory pathway (Dickson et al., 1989). It has been
demonstrated

that

FGFs

can

stimulate

cell

proliferation

and

differentiation, and can influence a wide range of physiological
processes which are related to embryonic development (Reviewed in
Miller and Rizzino, 1994). FGFs act by binding to and activating cell
surface receptor tyrosine kinases, which consist of an extracellular
ligand binding region with three immunoglobulin like loops and an
intracellular region with two tyrosine kinase domains. The binding of
FGF to its receptor induces tyrosine autophosphorylation of the
receptor and triggers a signal transduction pathway which finally
activates some specific transcription factors in the nucleus (Ullrich
and Schlessinger, 1990; Burgess et al., 1990; Basilico and Moscatelli,
1992; Miller and Rizzino, 1994). Five FGF receptors (FGFRs) have
been reported, however, little is known about the possible specificity
of signal transduction by the different FGFRs. The mechanism of
action of int-2 is still unclear.
The mammalian int-2 gene contains three exons which encode a
protein of 245 amino acids (Moore et al., 1986). Anaiysis of the int-2
transcripts reveals four major classes of mRNA (Mansour and Martin,
1988). Using an SV40 promoter to drive transcription of an int-2
cDNA in COS-1 cells, several proteins were observed. These were
shown to be generated by initiatiop. from either CUG or AUG start
codons (Acland et al., 1990). The CUG initiation codon leads to a
product which localizes extensively to the ceff nucleus and partially
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to the secretory pathway. In contrast, initiation at the AUG codon
results in protein which enters the secretory pathway only. The
molecular weight of the protein ranges in size from 27.5 x 103 Mr to
35 x 103Mr (Mansour and Martin, 1988, Dixon et al., 1989). These
proteins represent glycosylated and non-glycosylated forms of the
same primary product with or without the signal peptide removed
(Dickson et al., 1990). The two forms of initiation product suggest a
dual role of int-2, an autocrine function acting at the cell nucleus, and
a paracrine fuction acting through a secreted product which may
interact with a cell surface receptor (Dickson et al., 1990; Acland et
al., 1990).
The biological function of int-2 protein is not very clear so far.
Since int-2 belongs to the FGF family, it is necessary to ask whether

int-2 has the ability to pr01note the growth of a variety of cell types
like other FGFs. Dickson et al. (1990) used conditioned medium from

int-2 transfected COS-1 cells to add to cultures of C57 MG mammary
epithelial cells. They found that the mitogenic activity of int-2 is not
as high as that of other members of the FGF family members like
FGF-5 and k-FGF. One of the reasons may be the choice of indicator
cells or the possibility that FGFs interact with a corresponding family
of specific receptors .. It may be necessary to identify specialized cell
types and receptors that respond to int-2. On the other hand, the
inhibition of the development of the otocyst by int-2 antisense
oligonucleotide or . the antibody had a strong inhibition effect on the
cell proliferation rate of the otic primordium (Represa et al., 1991).
This result implies that int-2 may act as an inductive signal from
neural ectoderm to the otic placo.de to induce the development of the
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otocyst. The effect of int-2 on the otic placode might be to increase
the cell proliferation rate, which appears to be a prerequisite for
invagination and folding (Schoenwolf and Smith,1990; Represa et al.,
1991). Besides its mitogenic effect, int-2 may

trigger additional

mechanisms such as expression of cell adhesion molecules, basement
membrane organization a:nd secretion of extracellular matrix, which
are

known

to

contribute

to

the

morphogenesis

of embryonic

epithelium, including the otic vesicle. It is also thought that int-2
expression in regions of neural ectoderm is a common requirement
for the development of cranial ganglia (Represa et al., 1991).
Expression of int-2 is highly restricted in normal cells. There are
no transcripts identified in normal adult tissues except for low levels
in brain and testis (Dickson et al., 1984; Jakobovits et al., 1986).
However, Northern blotting and RNAase protection analysis detect
int-2 transcripts in mid-gestation mouse embryos indicating it may

play a role in embryogenesis (Jakobovits et al., 1986; Wilkinson et al.,
1988). In situ hybridization

in

chick and

mouse

embryos

has

confirmed that int-2 displays complex expression patterns during
embryogenesis (Mahmood et al., 1995; Niswander and Martin, 1992).
In the prestreak mouse embryo, transcripts are found at a low level
in the parietal endoderm. During gastrulation, .expression is located in
migrating mesodermal cells and also in extraembryonic mesoderm.
Within the developing cranial neural tube, int-2 exhibits

dynamic

spatial and temporal expression. Int-2 transcripts

observed

were

initially in rhombomeres 4 and 5 of the hindbrain and later in
rhombomere 6. During hindbrain developmep.t, expression was lost
from these rhombomeres, but became restricted to rhombomere
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boundaries. Later sites of expression include the endoderm of the
pharyngeal

pouches,

pharyngeal

arches,

sensory

region

the

ectoderm

of

the

second

the

developing

cerebellum,

of the

inner ear

and

the

the

tooth

and
retina,

third
the

mesenchyme

(Wilkinson et al., 1988; Wilkinson et al., 1989; Niswander and
Martin,1992). RNAase protection assay and in situ hybridization in
Xenopus show that int-2 is expressed from the onset of gastrulation
through to prelarval stages. In the early gastrula, it is expressed
'
around the blastopore lip. This expression 'is maintained in the
posterior third of the prospective mesoderm and neuroectoderm in
the neurula. A second expression domain is in the anterior third of
the neuroectoderm in the late gastrula, which later resolves into
optic vesicles. Further domains of expression arise in tailbud
prelarval embryos in the stomodeal mesenchyme, the endoderm of
the pharyngeal pouches and the cranial ganglia flanking the otocyst.
In t-2

can also

be expressed in response to neural induction

(Tannahill et al., 1992).

THE HYPOTHESIS AND THE AIMS OF THIS RESEARCH

A.

Hypothesis of _the

Research

Clinically, a group of patients has been identified with a prolonged
QT interval on the electrocardiogram, with or without congenital
deafness. This syndrom was first described by Jervell and LangeNielsen (1957) and was termed the Long QT Syndrome. The
hypothetical basis for the pathogenesis of long QT by removal of the
nodose placode is provided by study of the developmental plasticity
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of autonomic innervation of the heart. In that study it was shown
that

removal

of

the

neural

crest

that

provides

sympathetic

innervation to the heart results in overgrowth of parasympathetic
innervation to the heart (Kirby et al., 1987). A study by Kessler in
adult mouse iris has shown that parasympathetic, sympathetic and
sensory terminals interact with each other to maintain certain
quantities of terminals in the target organ. Removal of any one set of
these nerves allows overgrowth of the remaining nerves (Kessler et
al., 1983; Kessler, 1985). These studies have led to the conclusion
that there is a competition for growth factors among autonomic
terminals in an end organ.

One hypothesis for the long QT

is that

there is an imbalance of sympathetic innervation to the · heart
(Schwartz, 1985). However, the etiology of the syndrome is still not
quite understood. Previous work using surgical ablation of the
nodose placode has created a model of the kmg QT syndrome that
occasionally occurs with deafness (Christiansen et al., 1989). The
purpose of this study is to try to. determine a molecular basis
common to the development of both .the nodose and otic placodes.
Represa et al (1991) have shown that the, int-2

proto-oncogene is

responsible for the development of the otic placode, the primordium
of the inner ear. During embryogenesis, the. otic placode which will
give rise to the inner ear and vestibulocochlear ganglion is located
adjacent to the nodose placode which will give rise to the nodose
ganglion. The formation

of the otocyst and the migration of

precursors of the nodose ganglia occur almost simultaneously, and
this is during the same time that int-2 protein is produced and
released by cells in the rliombencephalon. It may diffuse to ,the otic
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placode and induces the development of the otocyst. It has been
speculated that int-2 expression is necessary for the development of
most epipharyngeal placodes. But it is not known if this is the case.
The hypothesis of this study is that the expression of int-2 by the
cells of the rhombencephalon is necessary for the development of the
nodose and otic placodes to form the nodose ganglia and otocysts
respectively.

It may also influence the development of other

epipharyngeal placodes which include petrosal placodes. This study
is focused on

nodose and otic development.

B. Aims of the Research
The aim of the study is to determine whether interference with

int-2 expression in the region of the riodose and otic placodes would
disrupt normal development . of the nodose ganglia and otocysts in
chick embryos.
The specific aims include:
1. To determine whether int-2 is expressed at high levels at

stages 12, 14 and 16, the time period during which the formation of
the otocysts and nodose ganglia occurs.
2. To observe whether the .development of the otocysts and nodose
ganglia is inhibited in umaryos· after exposure · to int-2

antisense

oligonucleotide.
3. To determine whether the expression of, int-2 is decreased in
embryos exposed to int-2 antisense oligonucleotide.
4. To investigate the role of int-2 in the development of the
nodose ganglia.
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EXPERIMENTAL DESIGN

To observe the action of int-2 in the development of the otocysts
and nodose ganglia, antisense experiments are performed both in

vitro and in vivo. In the in vitro experiments, explants are prepared
from stage 12 chick embryos consisting of the pharyngeal portion of
the neural tube, the adjacent surface ectoderm and the pharyngeal
endoderm (Fig. I). The explants are cultured through the period of
otic vesicle formation and nodose placode cell migration. .The
explants are grown in the presence of int-2' antibody or int-2
antisense oligonucleotides. The int-2 sense and nonspecific random
oligonucloetides are used as control. The development of the otocyst
is evaluated following the earlier studies by Represa et al (1991). In
addition, the migration of cells from the nodose placode to form the
nodose ganglion is assessed. The experiments in vivo depend on an
experimental system used by Kalcheim and Le Douarin (1986) to
block and/or replace ·a signal molecule secreted by the neural tube to
influence dorsal root ganglion formation. A ,piece of resin bead
impregnated with int-2 antisense oligonucleotide is implanted in the
neural tube at the leye{ uf the otic and nodose placodes iii si.:.ge 12
chick embryos. The embryos are harvested at one, two and three
days after implantation for assessment of development of the
otocysts and nodose ganglia. The design of the experiment is
illustrated in figure 1.
The temporal expression pattern of int-2 mRNA in normal chick
embryos is determined by Northern blot analysis. In order to
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estimate the level of expression of int-2 protein after the embryos
are exposed to int-2 antisense oligonucleotide, int-2 antibody is used
in Western blot analysis to identify the int-2 protein. The level of

int-2 recognized in Western blot is compared between experimental
and control groups to confirm the reduction of int-2 in

embryos

exposed to int-2 antisense oligonucleotide.
To attempt to understand the mechanism of action of int-2 in the
formation of the nodose ganglia, the cell migration from the nodose
placode is observed to see whether it is delayed in embryos exposed
to int-2 antisense oligonucleotide. The rate of ' cell division of the
nodose ganglia and the neuronal differentiation of the ganglia are
also observed in embryos exposed to int-2 antisense oligonucleotide
to understand the 'role of int-2 in the development of the nodose
ganglia..
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MATERIALS AND METHODS
'

A.

Animals
Fertilized Arbor Acre chicken eggs (Seaboard Farms, Athens, GA)
;·

were obtained fresh and stored at 18-200C until incubation. Eggs
were incubated

in

forced-draft

incubators

maintained

at 70%

humidity and 370c, and were opened on a horizontal disk sander
after 42-45
neutral

hours incubation. The embryos were stained with

red-impregnated

agar

and

staged · according

to

the

Hamburger-Hamilton staging procedure (Hamb.urger and Hamilton,
1951).

B.

Northern

Analysis

(1) Total cytoplasmic RNA was prepared by the RNAzol method
(CINNA/Biotecx Laboratories, Inc. Houston, TX). Whole embryos were
collected at stages 12, 14, 18, 26 and 34, and were frozen in liquid
nitrogen. The embryos were homogenized in RNAzol (2ml per 100mg
tissue). The homogenate was transferred to a diethlpyrocarbonate
(DEPC)-treated glass tube. Chloroform (0.2ml per 2ml of homogenate)
was added to the tube. -The tubes were shaken vigorously for 30
seconds and placed on ice for 15 min, then were centrifuged at
12,000g, 40C for 15min. The

aqueous pha~e was transferred to a

fresh tube, and an equal volume of cold isopropanol was added and
mixed. The tubes
centrifuged

at

were stored at -20° C for 4 min and then

12,000g, 4° C for 15 min. The supernatant was

removed and the RNA pellet was washed with 70%. ethanol. The RNA
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was spun at 7,500g, 4° C for 10 min, dried, under vacuum and
resuspended in DEPC-treated RNase free H2O.
(2) Poly(A+) RNA isolation: Oligo(dT) cellulose, (80mg, GIBCO/BRL,
Gaithersburg, MD) was suspended in 10ml loading buffer B (20mM
Tris-HCI, pH7.4; 0.lM NaCl; lmM EDTA; 0.1% SDS) and poured into a
Poly-Prep Chromatography Column (Bio-Rad). The column was
washed with 3ml of 0.lN NaOH containing 5mM EDTA and then with
5ml of H2O,

equilibrated with 5ml of loading buffer A (40mM Tris-

Cl, pH7.4; lmM NaCl; lmM EDTA; 0.1% SDS). The total RNA sample (1l0mg in 0.5ml of DEPC H2O) was heated to 65°C for 5 min.
Prewarmed (65°C) loading buffer A (0.5ml) w·as added to the RNA
sample. The sample was cooled to room temperature for 2 min and
reapplied to the column. The column was washed with 5ml of loading
buffer B. The eluate containing non-poly(A+) RNA was discarded.
1.5ml of elution buffer (l0niM Tris-Cl, pH7.4; lmM EDTA; 0.05% SDS)
was added to the column and the poly(A+) RNA-containing

fractions

were collected in microfuge tubes. The samples were precipitated
with 0.1 volume of 3M sodium acetate, pH 6 and 2.5 volumes of
100% ethanol in -700C for 30 min and spun in a microcentrifuge for
15 min at 40c. The supernatant was carefully removed and the pellet
was washed in 0.5ml of 75% ethanol and spun at 4°C for 5min. · The
pellet was dried under vacuum, dissolved in DEPC-H2O and stored at

-1ooc.
(3) Northern analysis: One part of stock 12.3M formaldehyde
solution, 3.5 parts of agarose in DEPC-treated •H2O and 1.1 part of 5X
formaldehyde gel running buffer (0.lM MOPS, pH7.0; 40mM sodium
acetate; 5mM EDTA, pH8.0) were used to make a 1% formaldehyde
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agarose gel. The RNA samples (2mg of mRNA, 2.0ml of 5X
formaldehyde gel-running buffer, 3.5ml of formaldehyde, 10ml of
100% deionized formamide) were incubated for 15min at 650C,
chilled on ice,

mixed with 2ml of formaldehyde gel-loading buffer

(50% glycerol; lmM EDTA, pH8.0; 0.25% bromophenol blue, 0.25%
xylene cyanol FF) and were loaded on the gel. The gel w·as run in lX
formaldehyde gel-running buffer at 3-4V/cm for one and a half
hours, rinsed in several changes of DEPC-treated H2O and then
soaked in 20X SSC (175g NaCl and 88.2g sodium citrate in lL H2O,
pH7 .0) for 45 min. The RNA was transferred to a Hybond-H nylon
membrane and cross-linked to the membrane by exposure to UV
light for 3 min.
(4) Oligo-labeling of DNA probe: Mouse int-2 DNA (50ng) was
dissolved in 34 µI TE buffer in a microfuge tube, heated for 5 min at
100°C and then chilled on ice for 2 min. 10µ1 ?f Reagent Mix, 5µ1 of
(a32p) dCTP (3000Ci/mmol, DuPont, Boston, MA), and 1ml of Klenow
Fragment (1 unit/µl) were added and mixed gently. The reagents
were incubated at 37°C for 1 hour and then applied directly to the
center of the dried Bio-Spin Chromatography Column. The column
was centrifuged for 4 min at 2,500 RPM to collect the purified
sample. The strength of radioactivity of labeled probe was counted
using a

Beckman LS 8000 scintillation counter.
(5) Prehybridization and hybridization: The membrane with

cross-linked RNA was prehybridized in hybridization buffer (0.2M
NaH2PO4; 0.5M EDTA; 10% BSA; 20% SDS; 16% Formamide) in a sealed
plastic bag incubated in a 500C water bath for 1-2 hours with gentle
shaking. The prehybridization solution was ,discarded and replaced
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with 30ml of fresh hybridization solution containing oligo-labeled
(a.32p) int-2

DNA probe (1-3Xl07

cpm/ml).

The hybridization

reaction was carried out for 20 hours at 500C with gentle shaking.
The membrane was washed in 3 changes of wash solution (lM
Na3PO4, 0.5M EDTA, 20% SDS) for 20min, covered with plastic wrap
and exposed to a piece of Kodak Omat-AR X-ray film at -700C for 3-5
days.
(6) Internal control: An 18S riboprobe (Ambion) was used as an
internal standard to establish the amount of RNA in each sample. To
synthesize the 18S riboprobe, lµl of linearized pT7 RNA 18S, 1µ1 of
200mM DTT, 1µ1 of l0mM ATP, lµI of l0mM CTP, lµI of l0mM GTP,
2µ1 of l0X Transcription Buffer, lµl of 0.lmM UTP and sterile
distilled water were added to a final volume of 20µ1 and incubated
for 1 hour at room temperature. The unincorporated ribonucleotides
were separated by chromatography on a small G-25 column. The
labeled RNA was used directly for hybridization as described above.

'
C. In Vitro

Paradigm

(1) Preparation of explants: Eggs were incubated for 42-45 hours
at 70% humidity and 370c. An ellipsoid hole was made in the egg
shell using a horizontal disk-sander. The blunt-end of the egg was
punctured. The eggs were cleaned with 95% ethanol around the
ellipsoid hole. The egg membrane was opened with a forceps to
expose the embryo. The embryos were stained with neutral redimpregnated agar and staged according to the Hamburger-Hamilton
staging procedure (Hamburger and Hamilton, 1951). The embryos
which had 15-16 somites (stage 12) were chosen and the embryos
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older or younger than stage 12 were discarded. Microsurgery was
performed with a tungsten knife. The knife was sterilized using
flame. The embryos were cut transversely at lines cranial to the otic
placode and

below the third somite. The explants consisted of

pharyngeal neural tube, adjacent surface ectoderm and pharyngeal
-

endoderm. A longitudinal· incision along the midline of the neural
tube was made in the explants (Fig. 1).
(2) Culture of the normal explants: The explants were washed
briefly by transfer

to a small dish containing medium M-199 using a

pipet. The explants were then submerged in a 0.2% agar gel (1 % agar
was diluted with medium M-199 to a final concentration of 0.2%)
that was in the bottom of a well (16mm diameter). Medium M-199
with Earle's salts and 10% of FBS was added to the top of the agar gel.
The tissue culture was incubated at 37°C in 5% CO2 for 18-20 hours.
(3) Culture of the explants with int-2 antibody: The explants were
submerged in agar gel as described above. Human int-2 antibody
(Cambrige Research Biochemicals, UK) -diluted 1:500, 1:200 and 1:100
in medium M-199 with Earle's salts and 10% FBS

was added to the

top of the agar gel. The culture was incubated at 37°C in 5% CO2 for
18-20 hours.
(4) Culture of the explants with int-2

antisense oligonucleotide:

The explants were rinsed briefly in M-199 and were incubated in M199 with Earle's salts, 10% FBS, and

int-2 antisense oligonucleotide

(20µM) at 37°C in 5% CO2 for 120 min. The tissue block was then
transferred to the agar gel and incubated in M-199 with Earle's salts
and 10% FBS at 370c in 5% CO2 for 18-20 Hours.
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(5) Design of int-2 oligonucleotides:

The

int-2

antisense

oligonucleotide was designed to complement the 15 nucleotides
beginning at the AUG translation start site of mouse int-2 message
(5'CCAGATTAGGCCCAT3').

A corresponding mouse int-2 sense

oligonucleotide (5'ATGGGCCTAATCTGG3') was used as one control,
and a second control consisted of the nucleotides in the antisense
oligonucleotide

rearranged

in

random

order

(5'CACCGCCA TTCGAAG3'). These oligonucleotides were purchased
from the Molecular Biology Core Facility at the University of Georgia
(Athens, GA), and were phosphorothioate-modified to enhance their
half-life.

Genebank

was

searched

for

each

oligonucleotide to

determine the probability that the oligonucleotides would crosshybridize with message other than the one targeted. No other
potential messages were ideµtified.

D. In Vivo

Paradigm

Using a surgical blade, resin beads (AG-501 X8, Bio-Rad) were cut
into rectangular pieces (20-50µm wide, 20-50µm thick and 600µm
length that is equivalent to a distance from otic placode to somite
three) under a microscope. These pieces of .resin were incubated in

int-2 antisense oligonucleotide (80µM) at 40c overnight. Stage 12
embryos were used in this experiment. The vitelline membrane was
opened using forceps. An incision along the midline of the neural
tube was made by a tungsten knife. The incision was at the level of
otic

and

nodose

placodes.

The

resin piece

impregnated

with

oligonucleotide was implanted into the neural tube through the
incision. The eggs were covered and incubated for 24 hours at 370c
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and 90% humidity after surgery, and transferred for long-term
incubation at 370c and 70% humidity.

E.

Histological

Analysis

(1) Tissue processing: Explants were harvested from culture
I

medium after 18-20 hours of incubation. The explants were fixed 1n
Carnoy's fixative (60%

ethanol, 30%

chloroform and 10%

glacial

acetic acid) for 20 min, dehydrated in 95% ethanol for 15 min, two
changes, 100% ethanol for 15 min, two changes and xylene for 5 min,
two changes. The explants were embedded in paraffin in disposable
plastic tissue embedding molds (Polysciences, Inc. Warrington, PA).
The embedded blocks were left at room temperature for 2 hours and
stored at 4°C. The blocks were trimmed before· cutting and were cut
at 8µm. The paraffin sections were spread on albumin-coated glass
slides. The slides were dried on a 50°C slide warmer plate

overnight.

Whole embryos for in vivo study were harvested at one, two and
three days after implantation of the _resin piece impregnated with
.
'
oligonucleotide. The embryos were fixed in . Carnoy's Fixative for 5
hours, dehydrated in 95% ethanol for 1 hour,· two changes, 100%
ethanol for 1 hour, two changes, and xylene for 30 min, two changes.
The embryos were immersed in paraffin for 30 min, two changes,
and embedded in paraffin. The blocks were trimmed and cut at 810µm.
(2) Thionin staining of the slides: The slides were incubated in a
600C oven for 30 min and were immersed immediately in xylene for
10 min, three changes. The slides were then' rehydrated in 100%
ethanol 3 min, two changes, 95% ethanol 3 min, two changes, 75%
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ethanol 3 min, two changes and distilled H2O 3 min, one change. The
sections were stained in thionin (0.5% thionin in 20% ETOH) for 1 min
and

washed

immediately

with

distilled

water

three

times,

dehydrated through 75% ethanol 2 min, two changes, 95% ethanol 2
min, two changes, 100% ethanol 2 min, two changes and xylene 2 min
two changes. The

stained slides were mounted ~sing permciunt,

and

dried.
(3) Morphological study of otic and nodose placodes: The sections
were studied by light microscopy to observe the development of the
otic and nodose placodes. The study of the development of the otic
placode was directed at assessing

the degree of placode invagination

or otocyst closure. The study of the development of the nodose
placode was focused on

cell migra~ion from the nodose placode to

form the nodose ganglion, and the size of the nodose ganglion. The
volume of each nodose ganglion was determined as follows: the area
of the ganglion in each section was measured using Jandel Sigma
Scan software. The scope was connected with a computer. The edge
of the nodose ganglion on each section was traced to get the area of
the ganglion. Each area was multiplied by the section thickness and
the areas were totalled to obtain the volumes.

F.

Immunohistochemistry:
Stage 12 embryos were harvested and fixed in Bouins Fixative

(1500ml saturated picric acid, 500ml formalin, 100ml glacial acid,
700ml 95% ethanol) for 3 hours. The embryos were dehydrated in
70% ethanol for 20 min, two changes, 95% ethanol for 20 min, two
changes, 100% ethanoi for 20 min, two changes and xylene for 10

27
min, two changes, embedded in paraffin and cut at 12mm as
described above. The slides were incubated in 600C oven for 1 hour,
immersed immediately in xylene for 8 min, three changes,

100%

ethanol for 2 min, three changes, 95% ethanol for 2 min, one change
and

70% ethanol for 2 min, one change. The slides were immersed in

freshly prepared 30ml H2O2/150ml metl_lanol for 30 min to· eliminate
the nonspecific staining, washed in running deionized water for 10
min,

l0mM PBS for 5 min, three changes and in l0mM PBS with

0.1 % Tween-20 for 10 min, one change, and then incubated in normal
serum 1:100 in l0mM PBS for 10 min, and finally in int-2 antibody
1: 1000 in 10mM PBS with 1% normal serum at 40 C overnight. The
slides were washed in l0mM PBS for 5 min, four changes, in l0mM
PBS with 0.1 % Tween-20 for 10 min, one change, and then

incubated

in biotinylated secondary antibody (anti-sheep IgG) 1 :200 in 10 mM
PBS with 1% normal serum for 1 hour. The slides were washed in
l0mM PBS for 5 min, four changes, in l0mM PBS with 0.1 % Tween20 for 10 min, one change,

and incubated with ABC reagent for 30

min. The ABC reagent was prepared 30 min before use: reagent A
was mixed 1:100 in 0.1% Tween-20 in l0mM PBS; the same amount
of reagent

B ( 1: 100) was added and mixed well. The slides were

washed m l0mM PBS for 5 min, four changes and. incubated in
freshly prepared DAB/lmidazole/H2O2 medium for 15 min, rinsed in
two changes of

distilled water and counterstained in hematoxylin for

30 seconds, dehydrated through ethanol and xylene and cover
slipped using permount.
The embryos exposed to oligonucleotide (at stage 12) were
harvested 24 hours after surgery. The embryos were fixed in 4%
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paraformaldehyde

overnight, dehydrated in ethanol, embedded in

paraffin and cut at 12µm as described above. The slides were
incubated at 60°C
and

for 30 min, deparaffinized in xylene, rehydrated

immersed in freshly prepared 30ml H2O2/150ml Methanol for

30 min and then washed with running water for 10 min. The slides
were immersed in 0.lM Tris (pH7.6) for 5 min, in 0.lM Tris with 2%
FBS for 5 min, incubated in primary antibody (int-2 antibody)
1:1000 in 0.lM Tris with· 2% FBS for 60 min at room temperature,
rinsed with 0.lM Tris briefly, immersed in

one change of 0.lM Tris

for 5 min and one change of 0.lM Tris with 2% FBS for 5 min, and
then incubated in secondary antibody (Peroxidase-conjugated Rabbit
lgG fraction to sheep lgG, Organin Teknika, Co. Durham, NC) 1:1000 in
0.lM Tris with 2% FBS for 30 min, rinsed briefly with 0.lM Tris and
immersed in one change of 0.lM Tris for 5 min. The sections were
incubated in freshly prepared DAB/lmidazole/H2O2 medium (DAB
10mg, Imidazol 200ml, 30% H2O2 20ml and 0.lM Tris 20ml) for 5
min, counterstained in hematoxylin for 30 seconds, dehydrated in
ethanol and xylene and coverslipped using permount.

G. Western Blot
(1) Protein isolation: The pharyngeal regions of the embryos were
collected and homogenized in homogenizing buffer (0.5M NaCl, 20mM
Tris, 3mM EDTA and 0.lmM PMSF). The samples were centrifuged
(18,000 RPM) for 2 hours at 40c. The clear supernatant was collected
and stored at -70°C. Total protein in the lysate was quantified using
the BCA Protein Assay (Pierce) with bovine serum albumin as · a
standard (Bradford, 1976).
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(2) Making the gel: a. 12% polyacrylamide resolving gel: 1.90ml of
3.0M Tris pH8.8, 6.28ml of acrylamide, 0.075ml of 20% SDS and
6.42ml H2O were mixed and then degassed for 5-10 min. To this
solution was added

0.38ml of APS (28.&mg/ml) and 3.5ml of TEMED.

The solution was poured into the prepared plates. The gel was
overlaid with 0.1 % SDS to create a flat surface and was allowed to
polymerize for 60 min before pouring the stacking gel. b. Stacking
gel: 186ml of 1.0M Tris pH7.0, 13ml of 20% SDS, 200ml of stacking
gel acrylamide and 1,134ml of H2O were mixed and degased for
5min. 30ml of APS, 2ml of TEMED and 2ml of bromophenol blue were
added and the gel allowed to polymerize for 10 min. The 0.1 % SDS on
the surface of the well was washed off using distilled H2O. The
stacking gel was poured on top of the resolving gel. A comb was
inserted into the stacking gel and removed after 15 min.
(3) Running the gel and transferring the protein: The protein
samples were desolved in 4X Sample Buffer (20% SDS 1.6ml, BME
4.0ml, Glycerol 2.0ml, IM Tris pH7.0. 2.0ml, Bromophenol blue 4ml
and H2O 0.4ml). For each sample, 75mg of protein was loaded into
the polyacrylamide gel. The gel was run using Running Buffer (28.8g
of Glycine, 6.0g of Tris Base, 10ml of 20% SDS and H2O to 2 liters) at
100V for 1 hour. The gel was removed from the plates and
equilibrated in Transfer· Buffer (25mM Tris, 192mM Glycine, 0.1 %
SDS and 20% Methenol) for 15 min. The protein was transfered to a
BA-S nitrocellulose membrane using a semi-dry transfer cell (BioRad) at 12V, 220mA for 60 min.
(4) Washing and staining of the membrane: The membrane was
washed in PTX (0.2% Triton X-100, 0.15M NaCl, lOmM PO4 pH7.5,
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lmM EGTA and lmM NaN3) for 30 min and in PTX with 5% Super
Block (Pierce) for 30 min. The membrane was incubated overnight in
primary antibody (sheep antibody to human int-2) 1:500 in PTX with
5% Super Block

at room temperature, washed in PTX for 5 min, four

changes, in Urea/glycine (2M Urea, 15 Triton X-10 and 0.lM Glycine)
for 10 min, one change ·and in Tween Buffer (l0mM Tris pH7.5,
0.15M NaCl, 0.1% Tween, 0.005% Thimersol and 0.1% BSA) for 10
min, two changes. The membrane was then incubated in secondary
antibody (peroxidase-conjugated rabbit lgG fraction to sheep lgG)
1:1000 in Tween Buffer for 1 hour, washed in Tween Buffer for 5
min, two changes and in TBS Buffer (20mM Tris pH8.0 and 0.15M
NaCl) for 5 min, two changes. The membrane was stained in
Substrate (20mM TBS, 4ml of 3mg/ml 4-chloronapthol in MeOH,
20ml of 30% H2O2) for 10-15 min. The reaction was stopped by
submerging the membrane in ddH2O. The stained membrane was
wrapped in plastic wrap to retain

moisture, and photographed.

H. BrdU Labelling In Vivo
A piece of filter paper impregnated with BrdU (10-20µg) was
used to cover, topically, the pharyngeal region of the embryos. The
embryos were harvested after 2-4 hours of treatment with BrdU.
The embryos were fixed in Carnoy's fixative, dehydrated in ethanol
and

embedded in paraffin and cut at 8-lOµm according to routine

histological precedures. Sections were deparaffinized in xylene and
rehydrated via graded ethanols. Trypsinization (0.1 %) was in 0.2M
Tris-HCl buffer for 3 min, followed by a deionized water wash alid
then DNA hydrolysis with lM HCl at room temperature for 45 min.
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Endogenous peroxidase activity was blocked by immersion in 3%
H 20 2 for 5 min and, after a further wash, normal rabbit serum was
applied to the sections for 10 min. A PBS rinse for 5 min preceded
incubation
monoclonal

with

primary

antiserum

immunoglobulin,

Sigma)

(Mouse
for

anti-human
2

hours

at

BrdU
room

temperature, followed by another 5 min PBS rinse before fncubation
for 30 min with secondary antiserum (Rabbit anti-mouse lgG). A
final 5 min PBS rinse was followed by incubation with the tertiary
antiserum ( Mouse peroxidase-antiperoxidase, Sigma) for 10 min in
room temprature and then incubation with DAB for 10 min. Sections
were counterstained lightly with thionin for 15 sec and mounted
with permount.

The slides were examined under an Olympus

microscope and the brown-staining, BrdU positive cells and total
cells in the nodose ganglia were counted on each section under 40X
magnification. The ratio . was calculated by dividing the number of
positive cells number by the number of total cells and compared
using analysis of covariance between embryos exposed fo int-2
antisense versus sense oligonucleotides.

I.

Immunostaining

Sectioned

of

N eurofilament

on

Whole-Mount

and

Specimens

Whole embryos were fixed in 4% paraformaldehyde overnight at
4°c, followed by immersion in methanol for 2 days at -20°C and then
in 50% methanol/50% DMSO solution for 4 min on ice. The embryos
were then treated with 1% periodic acid/distilled water for 30 min to
inhibit endogenous peroxidase. After washing in Tris Saline Triton
(TST: 20mM NaCl, 150mM Tris, 0.5% Trit6n-X), the embryos were
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incubated

with

primary

antibody

(Mouse

68kD

neurofilament

monoclonal antibody) in TST containing 5% milk for 2 days at 4°C.
The embryos were then incubated in secondary antibody (HRPconjugated rabbit anti-mouse lgG) for 2 days after washing for 3
hours in TST. Visualization was accomplished, by DAB reaction for
HRP at 4°C. The stained preparations were stored in glycerin to clear
the

tissue. Paraffin-sectioned specimens were also prepared in

addition to the whole-mount specimens. The deparaffinized sections
1

were treated in 1% periodic acid and washed in TST. The sections
were then incubated in primary antibody ov~rnight at 4°C. After
washing in TST, the sections were incubated in secondary antibody
for 2 hours at room temperature. The DAB reaction was performed at
4°C for 15 min. The staining of the nodose ganglia and their nerve
processes was observed and- compared between embryos exposed to

int-2 antisense oligonucleotide and controls exposed to int-2 sense
oligonucleotide.

J. Cloning of a Fragment of Int-2 in Chick
(1) PCR Amplification: Chick genomic DNA and cDNA prepared
from stage 14 chick embryos were used as the DNA template and
subjected to 35 cycles of PCR amplification on an Eppendorf
Microcycler. The two primers were designed ' using the first exon of
mouse int-2 DNA which has a high homology (87%) to the first exon
of human int-2 DNA. The primers used were:
Forward primer: 5' ATGCCGGGATGGGCCTGATC 3'
Reverse primer: 5' AGGCGCTGTTCTCAAGGCTG 3'
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The PCR amplification

was

performed in

100µ1 of a solution

containing S0mM KCl, l0mM Tris-HCl pH8.3, 1.SmM MgCl2, 200mM
of each dNTP, l00pM of each primer, 0.Sµg of template DNA and 2.5
units of Taq polymerase (Perkin Elmer, Norwalk,CT). The reaction
conditions were as follow: initial denaturation at 95°C for 3 min,
.

followed by 35 cycles of 94°C for 1 min, ssoc for 1 min and 720c
for

45

seconds.

The

PCR

amplification

product

(10µ 1)

was

electrophoresed in a 1.0% agarose gel in IX TBE buffer (IM Tris, IM
boric acid, 20mM EDTA). The size of PCR product was observed.
(2) Southern Blot Analysis of the PCR Product: The PCR
amplification reaction (10µ1) was electrophoresed in 1.0% agarose gel
at l00V for 1 hour. The DNA was denatured by soaking the gel in
'

'

'

I.SM NaOH with gentle agitation for 45 min, followed by a brief rinse
in deionized water and then neutralized by soaking in IM Tris-Cl,
I.SM NaCl for 30 min, two changes. The DNA was transfered to a
Hybond-H nylon membrane in l0X SSC (I.SM NaCl, 0.15M Na3Citrate
pH7 .0) overnight by capillary action. After transfer, the nylon
membrane was fixed by UV cross-linking (120,000 microjoules/cm2,
30 sec, twice). The nylon filter was prehybridized in prehybridization
buffer (6X SSC, SX Denhardt's reagent, . 0.5% SDS,

l00mg/ml

denatured salmon sperm DNA) for 2 hours at 65°C. The mouse int-2
cDNA was used as a probe. The prehybridization solution was
replaced with hybridization solution (6X SSC, 0.5% SDS, l0mg/ml
denatured salmon sperm DNA).

The probe was

added to the

hybridization solution. The hybridization was carried out at 650C
overnight. The filter was washed in 2X SSC, 0.5% SDS for 30 miri· at
65°C, IX SSC, 0.5% SDS for 30 min at 650C and 0.lX SSC, 0.5% SDS for
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2 hours at 650C. The Kodak AR X-ray film was exposed to the filter
for 2 hours at room temprature.
(3) Subcloning of the PCR Amplification Product: The PCR product
was electrophoresed in 1% low melting point (LMP) agarose gel in IX
TAE (40mM Tris, 20mM NaAc, lmM EDTA). The band of appropriate
•

.

size that was positive by Southern analysis was cut and transferred
into a microfuge tube. The tube was incubated at 65°C for 10 min
and cooled to room temperature. The solution was extracted once
with

phenol,

twice

with

phenol/chloroform

and

once

with

chloroform. The supernatant was precipitated with 0.5 volume of
ammonium acetate and 2.5 volume of ethanol by storing at -700C for
30 min and centrifuging at 40c for 30 min. The pellet was washed
with 0.6 ml of 75% ethanol, spun for 5 min at 4°C and dried under
vaccum. The DNA was resuspended with dH2O. The pBluescript SK
plasmid was used as a vector in subcloning. It was digested with
Smal to get a blunt-ended cloning site. The blunt-end ligation was
made as following: 200ng of digested pBluescript SK, l00ng of
purified PCR product, 2µ1 of l0X ligation buffer and 4 units of ligase
in 20µ1 total volume and incubated at 14°C for 12 hours. DHllS
competent cells (100µ1, GIBCO/BRL) were transformed with 10µ1 of
products of ligation _reaction by pre-incubation of cells and DNA on
ice for 30 min, followed by heat shock at· 420 C for 2 min. The
transformed

competent

cells

were

grown

in

S.O.C.

medium

(GIBCO/BRL) for 1 hour at 370c and then spread on LB plates with
ampicillin (l00mg/ml), Blue-gal (0.01 %) and IPTG (0.5mM). The
plates were incubated overnight at 37°C. The white colonies were
identified among the blue colonies and used to isolate plasmid DNA.
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Several white colonies were picked using pipet tips and grown in
10ml LB medium _containing 0.1 mg/ml of ampicillin at 37°C for 6-8
hours with vigorous shaking (225 rpm). The bacterial culture (1.5ml)
was centrifuged in a microfuge tube for 15 seconds at 12,000g. The
medium was removed and the pellet was resuspended in 100µ1 of
ice-cold Solution I (50mM glucose, 25mM Tris-Cl pH8.0, l0mM EDTA
pH8.0) at room temperature for 5 min. Freshly prepared Solution II
(0.2N NaOH, 1% SDS; 200µ1) was added into the tube. The tube was
inverted five times and stored on ice for 5 min. Ice-cold Solution III
(3M KAc, SM glacial acetic acid; 150µ1) was added into the tube. The
tube was vortexed for 10 seconds in an inverted position and stored
on ice for 5 min. The sample was centrifuged at 12,000g for 5 min.
The supernatant was transferred to a fresh tube and incubated with
RNase (l0mg/ml) for 30 min at 37°C. The solution was extracted
with phenol/chloroform and the DNA was precipitated using ethanol.
The DNA pellet was resuspended in dH2O. The DNA (5mg) was
digested with EcoR I and BamH I for. 2 hours and electrophoresed in
1.0% agarose gel to determine if an insert was present. Southern blot
analysis was performed to determine if the insert hybridized with
mouse int-2 DNA.
(4) Sequencing of Double Strand Insert DNA: The plasmid DNA
containing the insert was isolated as described above. The DNA (2µg)
was denatured in 0.2N NaOH, lmM EDTA for 30 min at 370c. The
DNA was then neutralized with 0.1 volume of 3M NaAc pH5.0 and
precipitated with 2-4 volume of ethanol at -700C for 15 min followed
by centrifugation for 5 min at 40c. The pellet was washed with 70%
ethanol, dried under vacuum and dissolved in 7µ1 dH2O. To the DNA,
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2ml of Sequenase buffer and 1ml of primer were added. The tube
was incubated at 650C for 2 min, then placed in a small beaker of
650C H20 and allowed to cool to room temperature. The tube was
chilled on ice for 2 min. In the labeling reaction, 4ml of master mix
(7µ1 H20, 4µ1 DTT, 2.8µ1 35S dATP, 1.0µ1 full strength labelling mix)
and 2µ1 of diluted sequencing enzyme ( 1.0µ1 enzyme in 7 .Oµl dilution
buffer) were added to 10µ1 of temp_late-primer. The reaction was
incubated 2-5

min

at

room

temperature.

For the

termination

reaction, four tubes were marked A,C,G or T and the appropriate
ddNTP was added. The tubes were incubated at 370c for 5 min and
the reaction was stopped by adding 4µ1 of stop solution to each tube.
The samples (3µ1) were heated to 90°C for 3 min and loaded onto a
6% polyacrylamide sequencing gel. The gel was run at 2200V, 25mA
and 55W for 2 hours,

and. dried under a vacuum. Autoradiography

was performed by exposing the gel to Kodak X-AR film at room
temperature overnight.
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RESULTS

A.

Normal

Development

of

the

Otocyst

and

the

Nodose

Ganglion in Chick Embryo
I focused on the development of the nodose ganglion from the
nodose placode in my study. Since the otic placode is located adjacent
to the nodose placode and the development of the otocyst from the
otic placode occurs simutaneously with the development of nodose
ganglion.

I

decided

that

it

was

necessary

to

observe

the

morphological changes of the otocyst at the same time. First, using
normal embryos, I observed

the transformation of the otic placode

from a flat primordium in the ectoderm to an spherical otocyst
subjacent to the ectoderm. The transformation took place through a
process of invagination. The otic placodes are ectodermal thickenings
in the ectoderm lateral to the rhombencephalic neural tube, located
at the level of rhombomeres 5 and . 6 in stages 9 and 10 chick
embryos. A cross section at these stages showed that the otic placode
was slightly invaginated and was V-shaped with widely separated
arms and its vertex pointed toward the rhombencephalon (Figure
2a).

Transverse

sections

of a

stage

12 embryo

showed

the

invagination of the otic placode more deeply. The medial half of the
otic epithelium was nearly in apposition to the dorsal portion of the
lateral wall of the neural tube although a narrow space still
separated the two epithelia (Figure 2b).

From stage 13 onward, the

continued invagination made the distance between the lateral and
medial edges of the otic placode decrease (Figure 2c) until it closed

Figure 1. Diagram showing the experimental design in vitro (A) and

in vivo (B). A: Explants were prepared from stage 12 chick embryos
by cutting across the embryo at the sites indicated by the dashed
line, submerging the extirpated tissue in 0.2% agar and incubating it
in M-199 with Earle's salts at 37°C in 5% CO2 for 18-20 hours. During
the time in culture, the otic placodes invaginate to form the otocyst,
and cell migration from the nodose placodes forms the nodose
ganglia. B: Rectangular pieces of AG-501 X8 Resin impregnated with
oligonucleotide were implanted into the rhombencephalon at the
level of the otic and nodose placodes of stage 12 chick embryos.
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Figure 2. Development of the otocyst in cross sections of stage 10-16
normal embryo. The otic

primordia are indicated by the arrows.

The diagrams are reconstructed of sections and the shaded area
represents the otic primordium. (a) Stage 10 embryo. The otic
placode is slightly invaginated. (b) Stage 12 embryo. The otic
placode is more invaginated

and is V-shaped. (c) Stage 14 embryo.

The otic placode forms the otic vesicle but. is not comoletely closed.
(d) Stage 16 embryo. The otic vesicle is completely closed.
Bar=250µm.

39

40
completely to form the otic vesicle

in stage 16 or stage 17 (Figure

2d). The thickness of the otic epithelium tended to increase from
stage 9 to stage 12, and remained more or less constant after that.
The development of the nodose · placode from a ectodermal
primordium to a ganglion occured differently from that of the otic
placode. The nodose placodes are also ectodermal thickenings on the
dorsolateral embryonic surface, caudal but adjacent to the otic
placode. A transverse section of a stage 10 embryo showed that the
nodose placode was more lateral than the otic placode. There was
partial

overlap of the nodose and otic placodes. The end of the otic

placode and the beginning of the nodose placode could be seen in the
same section (Figure 3a). The thickness of the nodose placode
increased from stage 9 to stage 14, and decreased after cell migration
from the nodose placode to . the underlying mesoderm. Along with the
folding of the body and gut formation, the nodose placode moved to
the ventral side of the embryo and toward the junction between
ectoderm and pharyngeal endoderm (Figure 3b). The cells migrated
from the nodose placode into the underlying mesoderm around stage
14 (Figure 3c) and they formed the ganglion which could be seen
clearly by stage 16 (Figure 3d). The size of the ganglion increased
and a well-developed nerve trunk was directed toward the neural
tube at stage 18 (Figure 3e).

B.

The

Development

of the

Otic

and

Nodose

Placodes

Explants
The in vitro experiment was carried out by culturing stage ·12
chick embryo explants which were excised from the region of the otic

in

Figure 3. Development of the nodose ganglion in cross sections of
stage 10-18 normal embryos. The nodose placodes and ganglia are
indicated by the arrows. The diagrams are reconstructions of the
sections and shaded area represents the nodose placodes and
ganglia. (a): Stage 10 embryo. The nodose placode is seen as an
ectodermal thickening which is located adjacent to the otic placode.
(b): Stage 12 embryo. The nodose placode is increased in thickness
as compared to the nodose placode in the stage 10 embryo. (c): Stage
14 embryo. The nodose placode moves ventrally. Cells begin to
migrate from the nodose placode into the mesoderm at this stage.
(d): Stage 16 embryo. More cells have migrated from the nodose
placode. (e): stagel8 embryo. The nodose ganglia have formed
completely. The star indicates the proximal ganglion. Bar=250µm.
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and nodose placodes. The explants consisted of neural tube &
notochord, adjacent surface ectoderm and pharyngeal endoderm with
intervening mesoderm. The technique followed that of Represa et al
(1991) except that agarose gels were used instead of rat tail collagen
gels. The explants were grown in culture medium M-199. After 1820 hours of culture, the explants were a total of

56 hours of

incubation, which was equivalent to a stage 16-17 embryo. In
actuality,

the development of the explants was slower and their

developmental
"incubation"

characteristics

were

slightly

younger

than

their

age. The otic placodes grown in explant cultures

invaginated to form the otic vesicles. The otic vesicle closed
completely in the explants after 18-20 hours of culture (Figure 4a).
The nodose placodes became thickened and moved toward the
junction of ectoderm and pharyngeal endoderm and cells migrated to
form the ganglia in explants after 18-20 hours culture (Figure 5a,
7a).

C.

The

Delayed

Formation
in

Oligonucleotide

of

Otocysts

Explants
and

Int-2

and

Exposed

to

Nodose
In t-2

Ganglia

Was

Antisense

Antibody

The explants were exposed to int-2 antisense oligonucleotide and
the morphological changes of the otocysts closure and nodose ganglia
formation were observed. The antisense oligomer consists of 15
nucleotides and was complementary to the mouse int-2

mRNA

beginning at the AUG translation initiation codon. The antisense
oligomer was phosphorothioate-modified to prevent degradation. The
explants were exposed to antisense oligonucleotide for 2 hours and
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then were cultured continuously in agarose gel medium for 18 hours.
The development of the otic and nodose placodes was observed in
the sections of the explants. In a total of S of 6' explants, exposure to

int-2 antisense oligonucleotide inhibited formation of the otic vesicle.
The degree of invagination of the otic placode in these explants
showed almost no change as compared to a stage 12 normal embryo
(Figure 4b ). In S of 6 explants, cell migration from the nodose
placode did not occur after· exposure to int-2 antisense, and the
thickness of the nodose placode decreased (Figure Sb). Int-2 sense
oligonucleotide and random oligonucleotide were used as controls. In
6 of 7 explants exposed to int-2 sense oligonucleotide, the formation
of the otocyst was complete (Figure 4c, Table 1), and in S of 7
explants cell migration from the nodose placode occurred (Figure Sc,
Table

1 ).

Treatment

of

S

explants

with

a

random-ordered

oligonucleotide resulted in normal formation of the otocysts and
nodose ganglia (Figures 4d and Sd,

Table 1).

To eliminate the possibility that nodose ganglia might appear in
some sections, the formation of the nodose ganglia was examined on
serial sections from the otocyst to the nodose ganglion of the explants
and multiple sections of them are shown in Figure 6. In the explants
exposed to int-2 antisense oligonucleotide, the invagination of the
otic placode to form the otocyst was at a standstill and this could be
seen in the first two sections. Cell migration from the nodose
placodes to form the nodose ganglia was not observed in any of the
more caudal sections. In contrast, the otocysts in the explarits
exposed to sense and random oligomers and in normal explants could
be seen in the first two sections (Figure 6). The formation of the

Figure 4. Development of the otic placode in explants exposed to int2 oligonucleotides.The otic placodes and vesicles are indicated by

the arrows. The diagrams are reconstructions of the sections and the
shaded area represents the otocysts. (a) Normal explant without
exposure to oligonucleotide. The otocysts developed completely. (b)
Explant exposed to int-2 antisense oligonucleotide. The otic placode
developed

little after 18-20 hours in culture. (c) Explant exposed to

int-2 sense oligonucleotide. The otic placode invaginated to form the
otic vesicle. (d) Explant exposed to random oligonucleotide. The otic
placode invaginated to form a complete otic vesicle. Bar=250µm.
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Figure 5. Development of the nodose placode in explants exposed to

int-2 oligonucleotides.

The

nodose

placode

and

ganglion

are

indicated by the arrows. The diagrams are reconstructions of the
sections and the shaded area represents the nodose ganglia. (a)
Normal explant without exposure to oligonucleotide. The nodose
ganglia developed from the nodose placodes. (b) Explant exposed to

int-2 antisense oligonucleotide. The nodose placode did not increase
in thickness and cell migration from the nodose placode was not
obvious. (c) Explant exposed to int-2 sense oligonucleotide. Cells
migrated from the nodose placode into the mesoderm. (d) Explant
exposed to the random oligonucleotide. Cells migrate from the
nodose placode to form the nodose ganglion; Bar=250µm.
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Table 1. Number of embryos with otic defects and nodose defects
A. Otic defects/number of embryos analyzed
Antisense

Sense

Random '

in vitro

5/6

in

0/5

in vivo

11/20

0/18

0/13

B. Nodose defects/number of embryos analyzed

Antisense

Sense

Random

in vitro

5/6

zn

0/5

in vivo

14/20

0/18

0/13
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nodose ganglia appeared in more caudal sections in these control
groups (Figure 6).
The explants were also examined after 18-20 hours exposure to

int-2 antibody. Since antibody against chick int-2 is not available,
sheep antibody against human int-2 was used in the experiment. The
antibody was

added in the explant medium in

three different

dilutions (1 :500, 1:200, 1: 100). At the lower concentration (dilution
of 1:500 in medium), there was no obvious change in the degree of
invagination of the otic placode as compared to the explants cultured
without antibody. The cells migrated from the nodose placodes.
When the concentration of int-2 antibody was increased, the degree
of invagination of the otic placode decreased and cell migration from
_the nodose placode decreased. At a dilution of 1:200, the otic vesicle
formed a semicircle, half of it opened out (Figure 7b). Fewer cells
migrated from nodose placode (Figure 8b). At a dilution of 1:100, the
invagination of the otic placode remained almost the same degree of
openness as in a stage 12 embryo (Figure 7c). The thickness of the
nodose placode also decreased and

no cell migration was seen

(Figure 8c).

D.

The

Development

Delayed

and

Antisense

of

Abnormal

Otocysts
in

and

Embryos

:riodose

Ganglia

Exposed

to

Was

Int- 2

Oligonucleotide

Since the temporal and spatial windows of observation of the
effects of int-2 antisense exposure are quite limited in explants, the
effect of int-2 antisense on the formation of the otocysts and nodose
ganglia

was

also

determined

in

vivo. A slice of resin bead

Figure 6. Serial sections of the explants showing the development of
otic and nodose placodes. (a) Normal explant without exposure to
oligonucleotide. The otic placodes developed to form the otocysts in
early sections and cells migrated from the nodose placodes

to form

the nodose ganglia in later sections. (b) Explant exposed to int-2
antisense oligonucleotide. The incomplete development of the otic
placodes can be seen in early sections and absence of the nodose
ganglia in later sections. (c) and (d) Explants exposed to int-2 sense
oligonucleotide and random oligonucleotide respectively. The otic
placodes invaginated to form the otocysts in early sections and the
nodose ganglia developed from the nodose pl~codes in later sections.
Bar=250µm.
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Figure 7. Development of the otocysts in explants exposed to int-2
antibody. The otic placodes and vesicles are indicated by the arrows.
The diagrams are reconstructions of the sections and shaded area
represents

the otocyst.

(a) Explant without exposure to int-2

antibody. The otic placode developed into the otic vesicle in explants
after 18-20 hours culture. (b) Explant exposed to int-2 antibody (at
a dilution of 1:200). The otic placode formed a semicircular
invagination which was still open. (c) Explant exposed to int-2
antibody (at a dilution of 1:100). The otic placode invaginated little
and did not form the otic vesicle. Bar=250µm.
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Figure 8. Development of the nodose ganglia in explants exposed to

int-2 antibody. (a) Explant without exposure to int-2 antibody. Cells
migrated from the nodose placode to form the nodose ganglion in
the explant after 18-20 hours in culture. (b) Explant exposed to int2 antibody (at a dilution of 1:200). Some cells migrated from the
nodose placode but no nodose ganglion formed. (c) Explant exposed
to int-2 antibody (at a dilution of 1:100). Cell migration from nodose
placode was not obvious. The nodose placodes are indicated by the
arrows. Bar=250µm.
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impregnated with int-2 antisense oligonucleotide or int-2 sense or
random oligonucleotides was implanted into the rhombencephalic
neural tube at the level of the otic and nodose placodes in stage 12
embryos. The embryos were harvested one, two and three days after
implantation

and were observed for changes in the otocysts and

nodose ganglia. In control groups, all of the otocysts closed
completely in 18 embryos (Figure 9, Table 1). Sixty percent (11/20)
of the embryos exposed to int-2 antisense oligonucleotide failed to
form closed otocysts from the otic placodes (Figure 9, Tablet). The
development of the nodose ganglia was delayed and abnormal in
embryos exposed to int-2 antisense oligonucleotide. · In all embryos
one day after implantation of the resin bead soaked in antisense
oligonucleotide, cell migration from the nodose placodes was not
obvious (Figure 10). In the_ embryos two days after exposure to the
antisense, cells migrated from the nodose placodes to form the
nodose ganglia. But

measurement of the volume of the ganglia

showed these ganglia were only 70% of the size of the ganglia in
control groups. At three days after exposure to the antisense the
ganglia were still only 82% of the size of the ganglia in the control
groups (Table 2). Most notable though was the absence of nerve
trunks connecting the ganglia to the neural tube (Figure 11). By
contrast the ganglia in both control groups had substantial vagus
nerves connecting them to the neural tube (Figure 11). In order to
eliminate the possibility that

the nerve trunks of the nodose ganglia

appeared in some sections and were missed in others, serial sections
of the ganglia are shown in Figure 12 and Figure 13. The nerve
trunks of the nodose ·ganglia could not be found in any of the sections

Figure 9. Development of the otocysts in embryos exposed to int-2
antisense oligonucleotide in vivo. The otocysts are indicated by the
arrows. The otocysts failed to close in embryos at 1, 2 and 3 days
after exposure to antisense (a, b, c). The otocysts form normally in
embryos at 1, 2 and 3 days after exposure to int-2 sense (d, e, f) and
random (g, h, i) oligonucleotide. Bar=350µm.
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Figure 10. Development of the nodose ganglia in embryos one day
after exposure to int-2

antisense

oligonucleotide.

(a)

Embryo

exposed to int-2 antisense oligonucleotide. Few cells migrated from
the nodose placode and the nodose ganglion did not form. (b) and (c)
Embryos exposed to int-2 sense and random oligonucleotides. Cells
migrated from the nodose placodes to form the nodose ganglia. The
nodose

placodes

Bar=200µm.

and

ganglia

are

indicated

by

the

arrows.
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Figure 11. Development of the nodose ganglia in embryos two (a, b,
c) and three (d, e, f) days after exposure to int-2

antisense

oligonucleotide. The nodose ganglia did not form a nerve trunk
connected to the neural tube in embryos exposed to int-2 antisense
(a and d). The nodose gangHa developed normally and a nerve trunk
formed toward the neural tube in embryos exposed to int-2 sense (b
and e) and random (c and f) oligonucleotide. The nodose ganglia are
indicated by the arrows. Bar=200µm.
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Table 2. Size of the nodose ganglion after treatment of int-2 sense,

antisense and random oligonucleotides
A. Size of the nodose ganglion 48 hours after treatment (mm3 x 104 )'

Int-2 antisense

Int-2 sense

Random

Mean

7.17*

10.19

10.72

S.D.

1.13

1.21

1.17

S.E.M.

0.43

0.46

0.44

*p< 0.01 versus int-2 sense group and <0.001 versus random group

B. Size of the nodose ganglion 72 hours after treatment (mm3 x 10-3)
Int-2 antisense

Int-2 sense

Random

Mean

1.65*

2.01

2.03

S.D.

0.14

0.15

0.14

S.E.M.

0.05

0.06

0.05

*p< 0.01 versus int-2 sense group and <0.001 versus random group

Figure 12. Serial sections of the embryos two days after treatment
with the oligonucleotides. (A) Embryo exposed to int-2 antisense. No
sections showed the nerve trunk of the nodose ganglion. (B) and (C)
Embryos exposed to int-2 sense and random oligonucleotides. The
nerve trunks of the nodose ganglia formed in both situations.
Bar=400µm.
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Figure 13. Serial sections of the embryos three days after treatment
with the oligonucleotides. (A) Embryo exposed to int-2 antisense. No
sections showed the nerve trunk of the nodose ganglion. (B) Embryo
exposed to int-2 sense oligonucleotide. The nerve trunk of the
nodose ganglion formed and was directed toward the neural tube.
Bar=400µm.
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in embryos exposed to int-2 antisense oligonucleotide. In contrast,
the nerve trunks appeared in several sections in control embryos
exposed to sense and random oligonucleotide.

E.

Whole-Mount

Abnormal

Immunostaining

Development

Exposed to Int-2

of

the

Antisense

of

Neurofilaments

Nodose

Ganglia

in

Shows

Embryos

Oligonucleotide

Histological sections of the embryos exposed to int-2 antisense
oligonucleotide showed absence of nerve trunks of the nodose
ganglia. In order to eliminate the possibility that the absence of the
nerve trunk was due to the twisting of the embryos after surgery,
which might cause the nerve trunks to appear to be missing in
sections

of

the

neurofilaments
monoclonal

embryos,

was

antibody

whole-mount

done.
was

The
used

as

mouse
the

immunostaining

of

68kD-neurofilament

primary

antibody.

The

embryos showed brown staining of the cranial ganglia and dorsal
root ganglia. The nodose ganglia were connected via nerve trunks

to

the neural tube in normal embryos and embryos exposed to int-2
sense oligonucleotide (Figure 14). In embryos exposed to int-2
antisense oligonucleotide, the nodose ganglia exhibited no nerve
trunks connecting to the neural tube, instead the nerve processes
were fused to the neighboring ganglia (IX). The nerve trunk of
ganglion IX was also not properly developed in the embryos exposed
to int-2 antisense oligonucleotide (Figure 14).

F.

The

Expression

of

Int-2

Embryos Exposed to Int-2

Protein

Antisense

Was

Decreased

Oligonucleotide

in

Figure

14.

Immunostaining

of

neurofilament

on

whole-mount

embryos. The nodose ganglia are indicated by the arrows. (a) Embryo
(stage 18) without exposure to oligonucleotide. The nerve trunks of
cranial sensory ganglia are stained brown. The

nodose ganglia are

located just posterior to the petrosal ganglia and exhibited nerve
trunks directed toward the neural tube. (b) Embryo exposed to int-2 ·
antisense oligonucleotide. The nodose ganglia did not form nerve
trunks directed toward the neural tube. The petrosal ganglia also did
not form nerve trunks directed toward the neural tube. These two
ganglia grew toward each other and fused. (c) Embryo exposed to int-2
sense oligonucleotide. The nodose ganglia form nerve trunks directed
toward the neural tube. ot: otocyst, IX: IXth ganglion, X: Xth ganglion.
The nodose ganglion is indicated by the arrow. Bar=l000µm.
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Given the phenotypic consequences of int-2 antisense treatment,
it was important to determine the level of expression of int-2 protein
and

whether treatment

oligonucleotide in

the

of the embryos
pharyngeal region

expression of int-2 in this region.

with

int-2

antisense

actually reduced

the

Western blot analysis of the

pharyngeal region of stage 18 chick embryos showed a 27.5 kDa
band identified by human antibody for int-2 (Figure 15). This
molecular weight corresponds to the molecular species found in the
secretory pathway of COS-1 cells transfected with AUG clones of int2 (Acland et al., 1990). The antibody also recognized several non-

specific antigens. The use of Super Blocker (PIERCE) to reduce
nonspecific staining , did not affect the 27.5 kD band. In embryos
exposed to int-2 antisense oligonucleotide, the 27.5 kDa band was
reduced

(Figure

15).

The

embryos

exposed

to

int-2

sense

oligonucleotide were used as controls. In these embryos, the 27.5 kDa
product showed no change as compared to normal stage 18 embryos
(Figure 15). Since there is no apparent internal standard that can be
used in this experiment, equal amount of proteins were loaded for
each sample. Densitometric analysis of this band showed that the
embryos exposed to int-2 antisense exhibited a 50% reduction of the
27.5 kDa product as compared to the control groups (Figure 15).

G.

Spatial Expression Pattern of Int-2

Protein

Since the human int-2 antibody appeared to identify int-2 protein
on

Western

analysis,

I

attempted

peroxidase/anti-peroxidase

immunohistochemistry using human int-2 antibody on sections ·of
stage 12 and 18 embryos and embryos exposed to int-2 sense or

Figure 15. The production of int-2 protein analyzed by Western blot.
A: Human int-2 antibody identifies a band of 27.Skd estimated
molecular weight. Lane 1, normal stage 18 embryos. Lane 2, stage
18 embryos exposed to int-2 antisense oligonucleotide. Lane 3, stage
18 embryos exposed to int-2 sense oligonucleotide. B: Relative
density of the 27.Skd bands in A as measured by densitometry. The
production of int-2 was obviously decreased in embryos exposed to

int-2 antisense.
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antisense oligonucleotide. The regular method of the immunostaining
using HRP-conjugated secondary antibody showed a high background
of the staining. Increasing the washing time and using Tween
reduced the background tremendously,

but the specific staining

was also decreased. At stage 12, faint int-2 immunoreactivity could
be seen in the rhombencephalon as well as in the otic placode. Some
immunoreactivity was found in the region between rhombencephalic
neural tube and otic placode (Figure 16). At this stage no obvious
reactivity could be detected in the nodose placode. At stage 18, the

int-2 immunoreactivity could be seen in the pharyngeal endoderm,
the pharyngeal pouch ectoderm, and the nodose ganglia. Staining was
no longer visible in the hindbrain (Figure 17a). Stage 18 embryos
exposed to int-2 antisense at stage 12, displayed a decreased amount
of the reaction product in the nodose ganglia as well as in the
pharyngeal

endoderm

and

ectoderm,

as

compared

to

normal

embryos and embryos exposed to int-2 sense oligonucleotide (Figure
17).

H. The Temporal Expression Pattern of Int-2
To address the developmental role of in t-2

in chick

embryogenesis, it is essential to know its temporal expression
pattern. During the development of the mouse, int-2 is expressed at
gastrulation and neurulation. There is no information about int-2
expression pattern in chick embryogenesis. In this study, I used
Northern blot analysis to determine the level of int-2

expression

during chick development. Since the int-2 gene had not been cloned
in chick when I performed this experiment, the mouse int-2 open

Figure 16. Immunostaining of int-2 in the rhombencephalic region
of a stage12 chick embryo. (a) Immunoreactivity could be seen in
the rhombencephalic neural tube, otic placode and the region
between them.

(b) Immunoreactivity was not observed in the

nodose placode. (c) Negative control. Immunoreactivity is indicated
by the arrows. Bar=200µm.
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Figure 17. Immunostaining of i nt-2 in the pharyngeal region of
stage18 chick embryos. (a) Immunoreactivity could be seen in the
nodose

ganglia

of normal

stage18

embryos.

(b)

The

int-2

immunoreactivity of the nodose ganglia is reduced in embryos
exposed to int-2 antisense oligonucleotide. (c) Embryos exposed to

int-2 sense oligonucleotide were used as control and these showed
int-2 immunoreactivity in the nodose ganglia comparable to that in
normal embryos. Bar=250µm.
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reading frame cDNA was used as a probe to detect chick int-2 mRNA,
under

moderately

stringent

hybridization

conditions

(20%

formamide, 52°C with washes to a final stringency of lXSSC at 520C).
Two

predominant

species

of int-2

RNA

were observed with

estimated size of 3.0 and 1.9kb which corresponds to the message
sizes described for mouse and Xenopus. The expression of int-2
varied from stage 10 to stage 36. An 18S riboprobe was used as an
internal standard to establish the amount of RNA in each sample. The
hybridization bands of 18S in each sample showed little difference
between samples, indicating equivalent amounts of

RNA loaded for

each sample. The ratio of densities of int-2/18S showed an increasing
level of int-2 message from stage 10 to stage 14. The highest level of
expression was at stage 14 (Figure 18). This stage corresponds to the
time of otocyst closure and migration of cells from the nodose
placodes to form the nodose ganglia (d'Amico-Martel and Noden,
1983). After stage 14 the level of expression decreased and there
was almost no int-2 message was detected by stage 36.

I.

Cell

Affected

Proliferation
in

Rate

Embryos

of the
Exposed

Nodose
to

Ganglia

Int-2

Was

Not

Antisense

Oligonucleotide.
Histological examination showed abnormal development of the
nodose ganglia in embryos exposed to int-2 antisense oligonucleotide.
Volume measurements of these ganglia

indicated that

the nodose

ganglia in embryos exposed to int-2 antisense were smaller than
those

in embryos exposed to sense or random oligonucleotides. The

delayed development of the nodose ganglia might be due to delayed

Figure 18. Northern blot analysis of int-2 expression at different
stages of chick development. A: Using mouse int-2 cDNA as a probe,
two transcripts of 3.0 and 1.9kb estimated size were observed. An
18S RNA was used as an internal control. B: Ratio of the densities of
int-2/18S as measured by densitometry is indicated on the Y-axis.
The result shows that int-2 expression was highest in stage 14 chick
embryos.
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cell migration from the nodose placodes or due to a reduced cell
proliferation rate in nodose ganglia. Cell migration from the nodose
placodes to form the nodose ganglia has already been shown to be
delayed in embryos one day after exposure to int-2

antisense

oligonucleotide (Figure 10). To observe the cell proliferation in the
nodose ganglia, BrdU (l0µg) was introduced to the embryos. BrdU is
a thymidine analogue which is incorporated .into DNA during DNA
replication prior to

cell division.

Immunostaining

using BrdU

antibody shows brown stained cells which have incorporated BrdU to
their DNA. Thionin was used as a counterstain to show the total cell
number. Dividing the number of BrdU positive cells by the total cell
number gives a ratio that is indicative of the status of cell
proliferation of the nodose ganglia. Since
from the nodose placodes did not

the cells that migrated

form a clear ganglion in embryos

one day after exposure to int-2 sense or antisense oligonucleotides,
the cell number of the ganglia at this stage could not be counted
correctly (Figure 19). Thus cell number counting and ratio calculation
was not performed for embryos one day after exposure to int-2
sense or antisense oligonucleotides. Embryos two or three days after
exposure to oligonucleotides showed clear nodose ganglia which were
purple blue in colo~r with BrdU positive cells which were darkbrown in colour (Figure 19g). : For embryos two days after exposure
to oligonucleotide, the counting and ratio calculation were done in ten
samples for each antisense or sense group. The mean ratio for
'

embryos expo~ed to int-2 antisense oligonucleotide was smaller than
that for embryos exposed to int-2 sense ologonucleotide (Table ·-3,
Figure 20). Analysis of variance and t-test showed no significant

Figure 19. BrdU immunostaining of proliferative cells of the nodose
ganglia. (a) , (b) and (c) are embryos exposed to int-2 antisense
oligonucleotide. (d), (e) and (f) are embryos exposed to int-2 sense
olgonucleotide. (a and d), (b and e) and (c and f) are embryos one,
two

and

three

days

after

treatment

with

oligonucleotides

respectively. The brown staining cells represent the cells undergoing
proliferation. (g) is a high magnification photograph of the nodose
ganglion showing the positive BrdU staining cells (dark brown) and
non-BrdU staining cells (blue). Bar=200µm.
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Table. 3 Percentage (%) of the BrdU-staining cells in the nodose
ganglia. The % of positive cells was determined for 10 nodose ganglia
in embryos two days after exposure to int-2 antisense (As-2d) and
sense(S-2d) oligonucleotides, and for 8 nodose ganglia in embryos
three days after exposure to int-2 antisense (As-3d) and sense (S3d) oligonucleotides.
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Table.3 Percentage (%) of the BrdU Staining Cells in the Nodose Ganglia
7

8

9

14.3 11.7 13.3

14.4

14.1

13.1

13.4

13.5

13.7 13.6 14.6

13.5

14.0

14.2

14.1

14.1

7

8

mean

1

2

3

4

As-2d

14.5

13.5

12.9

S-2d

15.2

14.3

13.4

1

2

5

3

4

6

5

6

· 10

As-3d

11.9

13.2

12.6

12.5

12.9

11.3

13.0

12.4

12.5

S-3d

12.4

13.0

13.2

13.1

11.9

13.0

13.1

12.7

12.8

.

mean

Figure 20. Comparison of the percentage of BrdU staining cells in ·the
nodose

ganglion

of

embryos

exposed

to

in t-2

anti sense

oligonucleotide and embryos exposed to int-2 sense oligonucleotide.
1:

embryos

two

days

after

exposure

to

int-2

an ti sense

oligonucleotide; 2: embryos two days after exposure to int-2 sense
oligonucleotide; 3: embryo three days after exposure to int-2
antisense oligonucleotide; 4: embryos three days after exposure to
sense oligonucleotide.
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difference between these two groups (p=0.107). For embryos three
days after exposure to oligonucleotide, the mean ratio of the eight
samples in the antisense group was less than that of the eight
samples in the sense group (table 3

, figure 20). Again analysis of

variance and t-test showed no significant differences (p=0.169).

J. lmmunostaining of Neurofilaments in the Nodose Ganglia
To determine if int-2 can act as a differentiation factor for
neurons in the nodose ganglia,
performed

to

determine

if

oligonucleotide influences

neurofilament immunostaining was
treatment

with

int-2

neurofilament formation

Sections of the embryos exposed to int-2 antisense

in

antisense
embryos.

oligonucleotide

were stained using the 68kD neurofilament monoclonal antibody as
primary antibody. The 68~D neurofilament is expressed in early
embryogenesis

and

can

be

used

as

an indicator of neuronal

differentiation. Brown positive staining was seen in the nodose
ganglia as well as in the peripheral zone of the neural tube in these
embryos, but there was no neurofilament positive nerve trunk
connecting the nodose ganglia with the neural tube in embryos
exposed to int-2 antisense oligonucleotide. The trunks were clearly
present in the ganglia of normal embryos or embryos exposed to int2 sense oligonucleotide (Figure 21). This result suggests that int-2
does not influence neuronal differentiation or proliferation of the
nodose ganglia themselves, but the growth of the nerve trunk from
the nodose ganglia to the neural tube might be influenced by int-2.'

K. Cloning of a Fragment of Chick Int-2 DNA

Figure 21. Immunostaining of neurofilaments in nodose ganglia in
sectioned specimens. The nodose ganglia are indicated by the
arrows. (a) Embryo without exposure to oligonucleotide. The nodose
ganglia and their nerve trunks stained brown. (b) Embryo exposed
to int-2

antisense olgonucleotide. .The nodose ganglia exhibited

brown staining but have no

central processes. (c) Embryo exposed

to int-2 sense oligonucleotide. The nodose ganglia and nerve trunks
were stained. Bar=400µm.
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Figure 22. PCR amplification products and Southern blot probed with
mouse

int-2

cDNA.

(A)

PCR

amplification

products

were

electrophoresed on a 1.0% agarose gel. A 220bp fragment is
indicated by the arrow. The template DNA came from mouse int-2
cDNA (lane 1), chick genomic DNA (lane 2) and stage 14 chick
embryo cDNA (lane 3, 4). (B) The gel was blotted onto a nylon
membrane

and

hybridized

with

mouse

int-2

cDNA at high

stringency. The fragments from chick show strong hybridization
with mouse int-2 DNA.
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Figure 23. The inserts and their Southern blot probed with mouse

int-2 cDNA. (A) The PCR fragment was subcloned into pBluscript
vector and transfected into DHl lS competent cells. The plasmid DNA
was isolated and cut with EcoRI and BamHI to get the insert (lane 2,
3, 4, 5 and 6). The insert in lane 4 was smaller than the PCR
fragment. Other inserts were of the same size as the original PCR
fragment. (B) Southern blot analysis of inserts probed with mouse

int-2 cDNA. The insert in lane 4

did not hybridized while the others

hybridized with mouse int-2 DNA at high stringency.
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Figure 24. Cloning of a PCR fragment of chick int-2. A. Two PCR
primers were designed using the first exon of mouse int-2 which
has high percentage similarity to human int-2 in this region. B.
Alignment of the nucleotide sequences of the PCR fragment of chick

int-2 with the corresponding region_ of mouse int-2. C. Alignment of
the deduced amino acid sequences of chick and mouse int-2.

75
A
Translation start codon
Mouse int-2
Human int-2

GCGATGCCGGG=GCCTGATCTGGCTTCTGCTGCTCAGCTTGCTGGAACCCAGCTGGCCAACTACGGGGCCCGGGAC
•••••••• AC ••••••••• A•••••••• G•••••••••••• C ••••••• G••••••••••• CG .AG •••• C •••••• G.

Mouse int-2
Human int-2

GCGACTACGACGCGATGCGGGCGGCCGTGGTGGCGTTTACGAGCACCTCGGCGGGGCGCCACGGCGCCGCAAGCTCTAC

Mouse int-2
Human int-2

--------➔

Forward primer

••• GT •••• G•••••••••••••••••••• C ••••• C ••••••••••• T ••••••••••• C ••••••••••••••••••
,
end of the first exon!,
TGCGCTACCAAGTACCACCTCCAGCTGCACCCAAGCGGCCGCGTGAACGGCAGCCTTGAGAACAGCGCCTATAGTGA
••••• C •• G ••••••••••••••••••••••• G ••••••••••••••••••••••• G ••••••••••••••••••••

Reverse primer ~-------------------

B

C

Mouse int-2 ATGGGCCTGATCTGGCTTCTGCTGCTCAGCTTGCTGGAACCCAG
I I I I I I I I I I I I I I I 111111111111111.I I I I I I I I I I I I I I
Chick int-2 ATGGGCCTGATCTGGCTTCTGCTGCTCAGCTTCCTGGAACCCAG

MG L I WL L L L 5 L L E P 5

Mouse int-2 CTGGCCAACGGGGCCCGGGACGCGACTACGACGCGATGCGGGCG

WP T G P G T R L R R D A G G
I I I I I I I I I I I I I I I
WP T G P G T R L R R D A G G

111111111111111111 I I I I I I I I I I I I I I I I I I I I I I I I I I
Chick int-2 CTGGCCAACGGGGCCCGGGACGCGACTACGACGCGATGCGGGCG

Mouse int-2 GCCGTGGTGGCGTTTACGAGCACCTCGGCGGGGCGCCACGGCGC
II fIIII IIIIIIIIIIIIIIIII IIIII I II I
IIIIII
Chick int-2 GCCGTGGTGGCGTTTACGAGCACCTCGGCCGCGCG---CGGCGC
Mouse int-2 CGCAAGCTCTACTGCGCTACCAAGTACCACCTCCAGCTGCACCC

1111111111111111 I I I I I I I I I I I I I 1111
11111
Chick int-2 GCGAAGCTCTACTGCGCTACCAAGTACCACCTCCAG---CACCC

Mouse int-2 AAGCGGCCGCGTGAACGGCAGCCTTGAGAACAGCGCCTATA
I I I I I I I I I I I I I I I I I I I I I I I I I I IJI I I I I I I I I I I I I
Chick int-2 AAGCGGCCGCGTGAACGGCAGCCTTGAGAACAGCGCCTATA

I I I I I I I I I I I I I I I

MG L I WL L L L 5 L L E P 5

R GGV YE H L GGA P R R R
I I I I I I I I I
I
I I
R GGV Y E HL GRA - R R A
K L YC A T KY HL Q L HP S
I I I I I I I I I I I_
I I I

KL YC AT K YHL
GRVNG5 L

Q

Q -

N5 AY

I I I I I I I I I I I I

GRVNG5 L

Q

N5 AY

HP 5
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To identify chick int-2 homologues, I designed PCR primers for
use in the reverse transcription-polymerase chain reaction (RT-PCR).
The primers corresponded to the region of the message highly
conserved

between mouse and human int-2 DNA. Using

stage 14

chick embryo cDNA as well as genomic DNA as templates, a PCR
fragment of the expected size (220bp) was amplified (Figure 22A).
Southern blot analysis of the PCR product was performed using
mouse int-2 cDNA as the probe at high stringency. The 220bp band
hybridized with mouse int-2 DNA (Figure 22B). This result suggested
that the PCR product had a high percentage similarity with the
mouse int-2 DNA and might be the chick int-2

homologue. To

determine the sequence, this 220bp fragment was purified by the
LMP gel purification method and cloned into the Smal site of the
pBluescript SK plasmid (Figure 23). Using sequencing primers on
both sides of the multiple cloning site of pBluescript SK, double
strand DNA sequencing was performed. The nucleic acid sequence
was determined and aligned with the mouse and human int-2
sequence by the PCGene Sequence Analysis program. The data
indicated that this 220bp fragment from chick was 95% identical to
the first exon of mouse int-2 DNA (Figure 24).

This result confirmed

that this 220bp ·fragment is a chick inicz-- homologue.
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DISCUSSION

A. Int-2

Influences

the

Development

of the

Nodose

Placode

to Form Nodose Ganglion
The epibranchial placodes are a series of ectodermal thickenings
m the head and pharyngeal region of all developing vertebrates
(Verwoerd and Van Oostrom, 1979; Webb and Noden, 1993). These
placodes are a source of neurons for the distal parts of the IXth · and
Xth cranial ganglia (petrosal and nodose ganglia, respectively) and
neurons

of the vesti.bulo-acoustic (VIII) ganglion (Halley, 1955;

Batten, 1968). The mechanism of development of the ganglia from
these placodes is not known. Study of the segmentation of the
vertebrate hindbrain suggests that there might be a correlation
between the development of particular cranial nerve nuclei and
individual rhombomeres (Tello, 1923; Lumsden and Keynes, 1898). A
number of genes such as Krox20, Hox homeobox genes, CRABP-1 and
FGF-3

have segmentally-restricted expression patterns and play an

essential role in the development of the cranial nerve system in the
vertebrate hindbrain (Swiatek and Gridley, 1993; Marshall et al.,
1992;

Mckay et al., 1994;

Represa et al., 1991). How the proteins

encoded by these genes carry out their function related to the
formation of the ganglia is not understood. It has been suggested that

int-2 may act as an inductive signal released from the neural tube to
act on the adjacent ectoderm placode and influence development of
the placodes.
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In this study, I altered the formation of nodose ganglia from
nodose placode precursor both in vitro and in vivo by exposing the
embryos to int-2 antisense oligonucleotide. The development of the
nodose ganglia was retarded and abnormal. In normal embryos,
thickening of the nodose placode increased before stage 12. Cells
migrated from the placode at stage 14 and formed the nodose
ganglion at around stage 16. The major period of neuron generation
in the nodose ganglion occurs prior to day 5 of incubation, and loss of
approximately half of the neurons in the ganglion occurs between
day 5 and 12 (Harrison et al., 1994). Stage 12 explants were cultured
for 18-20 hours, during the period when cell migration from the
nodose placode to form the nodose ganglion occurs. In the explants
exposed to int-2 antibody

and

antisense

oligonucleotide,

the

thickening of the nodose placode decreased and cell migration from
the

nodose

placode

did

not

occur.

In

vivo,

I observed

the

morphological characteristics of the nodose ganglia in stage 12
embryos exposed to int-2 antisense oligonucleotide one, two and
three days after exposure. During this period, the nodose ganglia
should

undergo

their major increase in size and cell number.

However, I found that in embryos exposed to int-2

antisense

oligonucleotide, the nodose ganglia formed later and were smaller
than those in normal embryos at the same stages of development. In
contrast, the development of nodose ganglia in embryos exposed to

int-2 sense oligonucleotide and random oligonucleotide was identical
to that in normal embryos. The embryos exposed to int-2 antisense
oligonucleotide also exhibited morphological changes in the nodose
ganglia. The delayed and abnormal development of the nodose
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ganglion suggests that i nt-2 may have a role in

controlling the

development of nodose ganglia from the nodose placodes. Represa et
al

(1991)

suggested

that the

development of all

epipharyngeal

placodes requires int-2 as an inductive signal released from the
adjacent

rhombencephalic neuron tube. The petrosal ganglia are

located posterior to the otocyst and anterior to the nodose ganglia,
and whole-mount staining of neurofilaments in this study shows that
the development of the petrosal ganglia was

also abnormal in

embryos exposed to int-2 antisense oligonucleotide. Since I focused
on the nodose and otic development in this study, histological studies
of the other epipharyngeal placodes are not complete. The finding of
abnormal development of the nodose ganglia in embryos exposed to

int-2

antisense

oligonucleotide

supports

the

idea

proposed

by

Represa et al (1991).

B.
Otic

Int-2

Is

Involved

in

the

Development

of Otocysts

from

Placodes
The otic placode, which is the primodium of the inner ear, is

located adjacent to the nodose placode. Shape changes in the otic
placode, i.e. invagination of the otic placode and closure of the otic
vesicle, occur between stages 9 and 16. During invagination of the
otic placode, the otic anlage contact the rhombencephalon. It is
suggested that this contact is related to the formation of the otocyst
(Alvarez and Navescues, 1990). The process of formation of the
otocyst may require an inductive signal from the hindbrain (Van de
Water and Ruben, 1976; Van de Water et al., 1980; Noden and Van.
De

water,

1986;

Van

de

Water

and

Represa,1991).

In

si:u
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hybridization of int-2 in mouse embryos showed int-2 expression m
rhombomeres 5 and 6, which are at the level of the otic placode
(Wilkinson et al., 1~89). Using int-2

antisense

oligonucleotide,

Represa et al (1991) inhibited the development of the otic placode in
explants of chick embryos. The in vitro experiment in this study was
carried out similarly to that by Represa, and the results were
identical. The development of the otic placode in explants exposed to

int-2 antib?dy and antisense oligonucleotide was delayed. Further
study of the development of the otocyst in vivo showed that
the

half of

embryos exposed to int-2 antisense oligonucleotide exhibited

incomplete closure of the otic vesicles during the

3 days after

exposure to int-2 antisense. A mouse with a null mutation of int-2
has been reported (Mansour et al., 1993). T~e mutant mouse has no
defect in formation of the otocyst. This result is quite different from
our findings and those of Represa. The mutant mouse otocyst was
examined at embryonic day 9.5. It is not clear whether otocyst
I

development is altered or delayed prior to day 9.5. It is possible that
the development of the otocyst in the mutant mouse is slower than
that in normal embryos before day 9.5. In the present study, the
embryos

were

exposed

to

i nt-2

antisense at stage

12, with

morphological examinations performed over the next three days. The
development of the otocysts were delayed in these embryos. At later
stages, in which I attempted to observe the development of the
otocysts and nodose ganglia, all the embryos died. So I was unable to
determine

whether

the

otocysts

in embryos

exposed

to

int-2

antisense would remain open or would close at later times. One
possible explanation for slow development of the otic placode is
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toxicity of the oligonucleotide. But embryos exposed to identical
concentrations of sense and random oligonucleotides had no delay in
otocyst closure. Combining the observation of Represa's group and
those in this study, it appears that int-2

influences the development

of the otocyst.

C. The Mechanism of Int-2
Nodose

Action in the Development of the

Ganglia

How does int-2 act to induce the formation of the nodose ganglia
from nodose placodes? Does it act merely as an inducer to trigger cell
migration from the nodose placodes to form the nodose ganglia, or
does it also act as a growth factor to increase the proliferation of
these cells in the ganglia or even influence neuronal differentiation
within the nodose ganglia? The delayed cell migration from the
nodose placodes to form the nodose ganglia in embryos exposed to

int-2 antisense oligonucleotide indicates that int-2 may play a role in
this

process.
To determine if int-2 also influences cell proliferation within the

nodose ganglia, cell division in the nodose ganglia in embryos
exposed to int-2 antisense oligonucleotide was examined using BrdU
labeling in vivo, followed by staining and counting the BrdU-positive
cells. The ratio of the positive cells to total cell number represents
the cell proliferation status of the nodose ganglion cells. Although the
mean ratio of the 10 samples of embryos two days after exposure to

int-2

antisense oligonucleotide and 8 samples three days after

exposure to int-2 antisense oligonucleotide was less than that of
J

embryos exposed to sense oligonucleotide, the analysis of variance
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showed no significant difference between these two groups. These
results indicated that the proliferation rate of cells in the nodose
ganglia was· normal 2-3 days after exposure to int-2

antisense

oligonucleotide. However this is 48-72 hours after oligonucleotide
exposure and may be well beyond the effective period of the
antisense. The cells could not be examined at 24 hours after exposure
because they were not identifiable so easily,: especially in the
antisense treatment group. Thus int-2 may influence delamination or
proliferation of the cells between stages 14-18, but I was not able to
distinguish between these processes in this series of experiments.
The lower mean ratio of the dividing cells in nodose ganglia of the
embryos exposed to int-2

antisense oligonucleotide suggests that

there might be a trend that int-2 also acts as a growth factor to
influence the cell proliferation of the nodose ganglia.
Comparing the volume of the nodose ganglia, there is a significant
difference between the two groups. The volume of the nodose
ganglion in embryos exposed to int-2 antisense oligonucleotide is
only

70-80%

of

that

m

embryos

oligonucleotide. The degree of

exposed

to

in t-2

sense

the decrease in cell proliferation rate
'

is not as big as that of the decrease in volume of the nodose ganglia
in embryos exposed to int-2 antisense oligonucleotide. The reason
might be that int-2 plays a major role in inducing of cell migration
from the nodose placodes to form the nodose ganglia, but has a minor
role in influencing cell proliferation after formation of the nodose
ganglia.

The

treatment

of

embryos

with

in t-2

an ti sense

oligonucleotide could reduce the expression of int-2 in the neural
tube and result in less int-2 being released to the nodose placode.
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With increasing the exposure time, either the degradation of the
antisense oligomer, or some endogenous factor appeared to cause
recovery of the proliferation rate of the nodose ganglia. In dorsal
root ganglia, the sensory neurons require · target derived trophic
support for

their survival,

requirement,

because

the

but as

they mature they lose this

neurons express BDNF (Brain-derived

neurotrophic factor) that might act as an autocrine survival factor in
the later developing

neurons

(Acheson et al.,

1995). Int-2 is

expressed in neural tube during gastrulation and neurulation. It ·may
be released to the epipharyngeal placodes and acts as an inducer to
influence the development of these placodes. In later stages, the
expression of int-2 in the neural tube was decreased, and factors
similar to BDNF may be produced in the nodose ganglia to act as
autocrine factors to maintain growth of the ganglia. The decrease in
volume of the nodose ganglia in embryos exposed to int-2 antisense
oligonucleotide may be due to the decreased delamination of cells
from the nodose placode. It is also possible that there is a decrease in
proliferation rate of the nodose ganglia at stages 14-18 after the
embryos

were exposed

to

int-2

antisense that resulted in the

decreases in the volume of the nodose ganglia in these embryos.
To determine if int-2 acts as a differentiation factor to influence
neuronal differentiation of the nodose ganglia, neurofilament staining
of the nodose ganglia was examined in cross sections of the embryos.
The nodose ganglia exhibited stained neurofilaments in• embryos
exposed to int-2 antisense oligonucleotide. This result indicates that
int-2

may not determine neuronal differentiation in the nodose

ganglia. Since the present study did not compare the timing of
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neuronal differentiation in the nodose ganglia between embryos
·,...

.

exposed to int-2 antisense oligonucleotide and control embryos, the
posibility can not be eliminated that reduced int-2 expression can
delay

the

neuronal

differentiation

in

the

nodose

ganglia.

A

neurogenic differentiation factor called NeuroD has been identified
recently (Lee et al., 1995). It is expressed transiently in a subset of
neurons

in

the

central

and

peripheral

nervous

system,

which

determine the neurogenic differentiation of the derivatives of the
neural crest, various placodes and the neural tube. Possibly· the
neuronal differentiation of the nodose ganglia is influenced by the
NeuroD as well.
In the in vivo study, the nodose ganglia in embryos exposed to
the int-2 antisense oligonucleotide showed
trunks

connecting

the

ganglia

to

the

an

neural

absence of nerve
tube.

Both

the

examination of cross sections of the embryos and whole-mount
staining

of neurofilaments

confirmed

this

phenomenon.

In

the

immunostaining of neurofilaments on cross sections, there are also no
stained nerve trunks from the nodose ganglia in embryos exposed to

int-2 antisense oligonucleotide but the staining of the neurofilaments
in cell bodies of the neurons does exist. Why does int-2 not act as a
differentiation factor of the neurons of the nodose ganglia but has a
role in· inducing the growth of the nerve trunks from these neurons
toward the neural tube? lnt-2 signal may be produced and released
from the neural tube, it has a route from the neural tube toward the
nodose placode. Via this route it may act as a signal to activate
expression of other genes in the neurons of the nodose ganglia and
attract the developing processes from the nodose ganglion to the
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neural tube. Embryonic dorsal root and sensory ganglia arise from
cells migrating from neural crest or ectodermal placode to a position
lateral to the neural tube (Tennyson, 1965; D'Amico-Martel

and

Noden, 1983). The ganglionic neuroblasts undergo striking alterations
in size and shape as well as in numbers. The early neuroblasts are
irregular star-shaped cells with short expansions on their surface
and are free migratory cells. The cells will transform to spindle
bipolar-shaped neurons with two prolongations from the cell body,
one process toward the periphery and one process toward neural
tube. The cytoplasm increases during transformation. A massive
neurofibrillar complex develops in the cytoplasm (Tennyson, 1965).
The inhibited growth of nerve processes from the nodose ganglia
toward the neural tube after exposure to int-2 antisense in this
study might be explained by the fact that the development of
neurofibrils and neurotubules in the ganglionic neuroblast and the
formation

of bipolar neurons requires the expression of int-2.

Inhibition

of int-2

expression

neurofibrils and neurotubules,
nerve trunks

may

reduce

the

production

thus preventing formation

of

of the

toward the neural tube.

There is evidence to suggest that members of the FGF family have
important roles in early regional specification. Many heterologous
FGFs, including int-2, show mesoderm-inducing activity (Slark et al.,
1987; Reterno et al., 1989). Basic FGF (bFGF) can mimic the inductive
signal

in

the

absence

of the rhombencephalon

to

induce

the

formation of the otocyst (Represa et al., 1991). Proteins in the FGF
family share a common structure and their amino acids are highly
conserved. However, there is a major difference between a&bFGF and
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i nt-2. a&bFGF lack signal sequences for entering a secretory
·,,

pathway,

while int-2 contains

a signal sequence at the amino

terminus (Dickson et al., 1989). The biological activities of the the FGF
family are mediated through high-affinity cell surface receptors that
have an associated tyrosine kinase activity (Coughlin et al., 1988).
Different members of the FGF family bind different FGF receptors
with different affinities (Vainifa et al., 1992). If int-2 acts as a signal
released from the neural tube that diffuses

to

the ectodermal

placode, its activity may also be mediated through the cell surface
receptors.

Further

investigation

is

necessary

to

address

this

possibility.

D. Two-Step Model For Int-2 Actions
The nodose and otic placodes are undergoing important changes
at about the same time, but the morphogenetic events in each are
quite distinct. The otic placode forms an otocyst while cells of the
nodose placode delaminate to form the nodose ganglion. Cells further
delaminate from the otocyst to form the vestibuloacoustic ganglion,
but this event does not happen until well after otocyst closure. Is it
possible that two distinct morphogenetic processes are initiated by
the same inducing protein? Represa et al (1991) noted decreased
mitotic activity in otic placode in the presence of int-2 an tisense
oligonucleotide and int-2 protein has been shown to promote DNA
synthesis in cultures of mammary epithelial cells (Dixon et al., 1989).
At a slightly later stage of development, expression of in t-2
disappears

from

the rhombencephalon

and

int-2

transcripts are

located in a thickened region of the otic vesicle that is, destined to
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form the sensory tissue of the vestibular organ (Wilkinson, et al.,
1989). lmmunostaining of int-2 at stage 12 in this study showed
immunoreactivity both in the

neural tube and in the otic placode.

There was no obvious immunoreactivity in the nodose placode at this
stage. The int-2 gene encodes two kinds of proteins which are
initiated either at the AUG translation start codon or the CUG
translation start codon (Acland et al., 1990). The AUG initiated int-2
protein contains a signal peptide at its amino terminus which directs
its passage through a secretory pathway while the CUG initiated
protein is located in the nucleus (Dickson et al., 1984; Acland et al.,
1990). It might be suspected that the

initial expression of int-2 in

the rhombencephalon may be a product of the AUG-initiated protein
which will enter the secretory pathway to affect the ectodermal
placodes and induce invagination of the otic placode and cell
delamination from the nodose placode. In contrast, the expression of

int-2 in the otic placode may be initiated at the CUG translation start
codon and the protein may go to the nucleus to influence cell mitosis.
Increase in cell number should accelerate the invagination of the otic
placode ·to form the otocyst. Whether int-2 has autocrine activity in
nodose placode or nodose ganglia require further investigation. The
immunohistochemistry of stage 12 embryos did not show obvious

int-2 activity in the nodose placode in this study. The possibility
remains that the expression of int-2 appears in nodose ganglia at
slightly later stages. Immunostaining for int-2 protein at stage 18 did
not show immunoreactivity in the nodose ganglia, but it is difficult to
determine if this immunoreactivity represents int-2 paracrine or
autocrine protein. The in situ hybridization in mouse and chick
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embryos shows that there is expression of int-2

in ectodermal

placodes (Niswander and Martin, 1992; Mahmood et al., 1995). The
delayed appearance and decrease in size of the nodose ganglia
initially, followed several days later by the absence of the vagus
nerve connecting the ganglion with the brainstem supports the idea
of a _two-step model for int-2 induction, proposed by Wilkinson et al
(1989) for the development of the inner ear.

E.

The

Chick

Mouse and

Homologue

of Int-2

ls

Highly Conserved with

Human Int-2 in the First Exon

The antisense oligonucleotide used in this study was designed
using the mouse int-2 gene. The 15 nucleotides of the antisense were
complementary to the region of the AUG initiation site of the mouse

int-2 gene. This design gives rise to the question of whether the int-2
antisense oligonucleotide from mouse is also complementary to the
chick int-2 gene. It was reported that when a mouse int-2 probe
from exon 3 was hybridized at low stringency to chick DNA, no signal
was obtained (Casey et al., 1986). Mansour et al (1993) also
suggested

'

that the i nt-2

1

gene

significantly from mouse int-2.

of chick might

have diverged

In order to determine the degree of

homology of the int-2 gene in chick, I used PCR amplification

to

clone a fragment of chick int-2 gene. The PCR primers were designed
from the conserved region located in the first exon of the gene, of the
human and mouse int-2 gene. The template DNA came from chick
genomic DNA. The PCR amplification generated a fragment which had
a size predicted from the mouse and human int-2 gene. Southern
blotting showed this fragment hybridized strongly with mouse int-2
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DNA.

Sequencing of the fragment showed a 95% similarity with the

mouse int-2 gene. This result indicates that the first exon of int-2 is
highly

conserved

in

mouse,

human

and

chick.

The

antisense

oligonucleotide used in this study is exactly complementary to the
chick int-2 gene. Very recently, the int-2 cDNA has been cloned from
chick (Mahmood et al., 1995). The fragment cloned in this study is
different from the same region of that reported. One possibility for
this differe11ce is that there maybe more than one transcript of int-2
in chick. This interpretation is supported by the' result of Northern
blot analysis in which more than one transcript was observed.
Alignment of my fragment to the reported one shows 60% similarity.
The int-2

antisense oligonucleotide used in this study has

12

nucleotides which are complementary to the reported int-2 message.

F.

Is

Long

QT

Syndrome

Related

to

Defects

in

the Int- 2

Gene?
The original motive of this study was to attempt to reveal a
molecular basis of Long QT Syndrome occurring with or without
deafness. The Long QT syndrome is characterized by ECG signs of
prolongation

of

ventricular

repolarization,

the

occurrence

of

ventricular arrhythmias. The mortality is high among untreated
patients (Schwartz, 1985). It has been estimated that 1% of deaf
people have a form of long QT (Jervell and Lange-Nielsen, 1957).
Other patients have been identified with inherited prolonged QT
interval in the electrocardiogram without the associated congenital
deafness (Romano et al., 1963 ). In embryo genesis, the otic placode
develops into the inner ear and the vestibulocochlear ganglia, while
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the nodose placode gives rise to the nodose ganglia which provides a
major portion of the sensory innervation to the heart. These placodes
are situated adjacent to each other in the ectoderm of the early
embryo. The embryological association of the otic and nodose
placodes provides possibilities for explaining the pathogenesis of long
QT interval on the electrocardiogram in conjunction with congenital
deafness. A surgical model of the Long QT syndrome is created by
ablation of the nodose placode prior to formation of the nodose
ganglia (Christiansen et al., 1989; Mulroy et al., 1990). If the lesion is
extended slightly to encroach on the otic placodes, these embryos
also

occasionally

have

congenital

deafness,

as

measured

by

electrocochleography (Mulroy, 1990). The prolonged QT interval is
associated with decreased vagal sensory innervation of the heart
(Mulroy and Harrison, 1991; Mulroy et al., 1990). Thus, proteins
affecting the development of both placodes are potential genetic
candidates to underlie this condition.
I attempted to maintain antisense-treated embryos to a stage
when the ECG and electrocochleograms could be measured; however,
no embryos in the int-2 antisense group survived to 12 days after
surgery even though some of the control group did survive to day
12. The reason for this degree of mortality is not known, but
parallels

that seen in

the transgenic

mice carrying a targeted

insertion of a neor gene in the int-2 coding region. These mutant
mice had defective tails and inner ears with defected facio-acoustic
ganglia, and they did not survive past 10 days postnatally ( ansour
et al., 1993 ).
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The delayed development of the nodose ganglia and ofocysts in
embryos exposed to int-2 antisense oligonucleotide may provide a
I

'

molecular basis to explain one etiology of the long QT syndrome.
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SUMMARY

In this study, I hypothesized that int-2 influences the development
of the nodose ganglion and the otocyst. The nodose ganglion is
derived from the nodose placode while the otocyst is derived from
the

otic

placode.

These

placodes

are

located

adjacent to

the

rhombomere~ 5 and 6 which are sites of int-2 expression. It has been
proposed that int-2 acts as an inductive signal to influence- the
development of such adjacent structures. To test this hypothesis, I
used int-2 antisense oligonucleotide to inhibit the development of
the nodose ganglia and the otocysts in chick embryos both in vitro
and in vivo. I cloned a fragment of chick int-2 DNA. An antisense
oligonucleotide

complementary

to

int-2

mRNA

was

designed.

Northern blot analysis showed that int-2 was expressed at a high
levels at stages 12 and 14 which is the time of formation of the
otocysts and nodose ganglia. Stage 12 chick embryos were exposed to

int-2 antisense oligonucleotide and the development of the nodose
ganglia and the otocysts was examined. I found that the development
of the nodose ganglia was delayed and abnormal in embryos exposed
to int-2 antisense

oligonucleotide.

The nodose

ganglia in

these

embryos were smaller than those in control embryos at the same
stages. The nodose ganglia did not form the nerve trunks directed
toward the neural tube in embryos exposed to int-2

antisense

oligonucleotide. Furthermore the otocysts did not close completely in
embryos exposed to int-2 antisense oligonucleotide. To understand
the role of int-2

in the development of the nodose ganglia, I
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observed the delamination of cells from the nodose placodes to form
the nodose ganglia, cell proliferation of the nodose ganglia and the
differentiation of neurons within the nodose ganglia in embryos
exposed to int-2 antisense oligonucleotide.
Conclusions:
1) The int-2

produced in the rhombencephalic neural tube may act

as an inductive signal to influence the development of the peripheral
structures such as the nodose and otic placodes to form the nodose
ganglia and otocysts.
2) Int-2 may induce cell delamination from the nodose placodes to
the the nodose ganglia.
3) Int-2 may not act as a growth factor to regulate cell proliferation
of the nodose ganglia.
4) Int-2 likely does not act as a neuronal differentiation factor to
determine the differentiation of neuron within the nodose ganglia. It
may influence the formation of nerve trunks from the nodose ganglia
toward the neural tube.
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