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The int-2 gene was first described as a common proviral
integration site in tumors induced by mouse mammary tumor
virus (MMTV). During embryonic development int-2 is pro-
duced and released by cells in the thombencephalon and diffuses
to the ectoderm to induce formation of the otocyst from the otic
placode. Int-2 also influences the development of the vestibulo-
cochlear ganglion that is derived from the otic placode. During
embryogenesis the otic and nodose placodes, primordia of the
inner ear and the nodose ganglia, respectively, are located adja-
cent to each other in the embryonic ectoderm. The nodose
ganglia provide sensory innervation to all of the viscera. Using
Northern analysis we determined that a high level of inz-2 is
transcribed in stage 14 chick embryos. This is the time when cells
begin to migrate from the nodose placodes to form the nodose
ganglia. Using human and mouse sequences to design primers
around the translation start site of the transcript, a partial clone
containing the translation start site of chick int-2 was obtained by
polymerase chain reaction amplification from chick genomic
DNA and cloned. An antisense oligodeoxynucleotide was de-
signed to the region of the translation start site, and in vitro and
in vivo techniques were used to demonstrate that inhibition of
int-2 translation using this antisense oligonucleotide causes de-
layed and abnormal development of the nodose placodes. For in

vitro studies, explants of stage 12 chick embryos containing
neural tube, adjacent surface ectoderm, and pharyngeal
endoderm were cultured with in#-2 antisense oligonucleotide. For
the in vivo studies, pieces of resin impregnated with ins-2 anti-
sense oligonucleotide were implanted into the neural tube of
stage 12 chick embryos at the level of the otic and nodose
placodes. We found that the development of the nodose placodes
exposed to int-2 antisense oligodeoxynucleotide was delayed and
abnormal. These differences were not seen in embryos or ex-
plants treated with similar concentrations of sense or nonspecific
oligomers. Western analysis and immunohistochemistry showed
that an inf-2-immunoreactive protein was reduced in the pharyn-
geal region and nodose ganglia of the embryos exposed to inz-2
antisense oligodeoxynucleotide, whereas it was not affected in
embryos treated with sense oligomer. We conclude that int-2
may be necessary for normal development of the nodose ganglia.
(Pediatr Res 38: 485-492, 1995)

Abbreviations
FGF, fibroblast growth factor
PCR, polymerase chain reaction
TST, Tris-saline-Triton

The int-2 gene was originally discovered through its tran-
scriptional activation by mouse mammary tumor virus and is
classified as a proto-oncogene (1, 2). Sequence analysis
showed inz-2 to be a member of the FGF family (3). The FGF
family currently has seven members that share 30—60% amino
acid sequence similarity over a 120-amino acid central core
region (4). Many members of this family are important in
development. Int-2 is rarely expressed in adult tissues but
displays complex expression patterns during embryogenesis
(2, 5). In mouse embryos, int-2 transcripts have been detected
in the rhombencephalon. Int-2 is also expressed in parietal
endoderm, early migrating mesoderm, a portion of the pharyn-
geal pouches, and neuroepithelium of the hindbrain during
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gastrulation and neurulation (6, 7). It is thought that inz-2 may
influence cell transformation from ectoderm to mesoderm (8).
In the chick embryo, inz-2 is localized in the rhombencephalon
at stage 14 and later disappears from the rhombencephalon and
is expressed in the otocyst. Using human inz-2 antibody and
antisense oligodeoxynucleotide, Represa et al. (9) inhibited
formation of the otic vesicle which is the primordium of the
inner ear. These studies were carried out in vitro. Part of the
effect of int-2 protein suppression was due to a decrease in
the cell proliferation rate of the otic placode during the forma-
tion of the otocyst (9).

During the early development of vertebrates, a series of
ectodermal thickenings cover the head and pharyngeal region
(10, 11). They are called epipharyngeal placodes. Along with
the neural crest, they will give rise to peripheral sensory
ganglia. It has been speculated that int-2 expression is neces-
sary for the development of most of the epipharyngeal pla-
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codes. A mutant mouse with inz-2 knockout has been reported
in which homozygotes had defective development of the inner
ear and facioacoustic ganglia, both of which are derived from
the otic placode (12). Mice lacking inz-2 die suddenly soon
after birth of an unknown cause. Nodose ganglia, which pro-
vide sensory innervation to the heart, are derived from the
nodose placodes, the ectodermal placodes located just caudal
to the otic placodes during embryogenesis. Cell migration from
the nodose placodes to form the nodose ganglia occurs around
stage 14 in the chick embryo (13). The formation of the otocyst
and migration of precursors of the nodose ganglia occur within
a period of a few hours.

We have been interested in factors common to the develop-
ment of the otic and nodose placodes and their derivatives
because of a surgical model of long QT with deafness created
in this laboratory by ablation of the otic and nodose placodes
(14, 15). The long QT with deafness syndrome was first
clinically described by Jervell and Lange-Nielsen (15, 16). It
has been estimated that 1% of deaf people have a form of long
QT. Other patients have been identified with inherited pro-
longed QT interval in the ECG without the associated congen-
ital deafness (17). Long QT can be associated with syncope
that can cause loss of consciousness and death. The embryo-
logic association of the otic and nodose placodes provides one
potential mechanism for the pathogenesis of long QT interval
on the ECG in conjunction with congenital deafness.

To determine whether int-2 affects the development of the
nodose ganglia, we used int-2 antisense oligodeoxynucleotide
in vitro and in vivo to block the translation of int-2 protein.
Since neither the avian DNA sequence nor protein or antibody
is currently available, we cloned a portion of the chick int-2
gene. Cloning of a PCR fragment containing the translation
start site of int-2 message confirmed that this region is very similar
in mouse and chick. We determined that a decrease in expression
of int-2-like protein is associated with abnormal development of
the nodose ganglia. This finding is significant in that it provides a
common molecular basis for abnormal development of the ear and
innervation of the heart, and could provide an etiology for long
QT with congenital deafness syndrome.

METHODS

Animals. Fertilized Arbor Acre chicken eggs (Seaboard Farms,
Athens, GA) were obtained fresh and stored at 18—20°C until
incubation. Eggs were incubated in forced-draft incubators main-
tained at 70% humidity and 37°C, and were opened on a hori-
zontal disk sander after 42—-45 h incubation. The embryos were
stained with neutral red-impregnated agar and staged according to
the Hamburger-Hamilton staging procedure.

Northern analysis. Whole embryos were collected at differ-
ent stages of development and frozen in guanidium hydrochlo-
ride. Total RNA was extracted by homogenization in RNAzol.
The polyadenylated RNA was purified by oligo(dT) chroma-
tography. The mRNA (2.5 ug) was then separated on a form-
aldehyde-agarose denaturing gel and transferred to Hybond-N.
Fixation of RNA was accomplished by exposure to UV light
for 2-3 min. Mouse int-2 DNA oligolabeled with P>* was used
as a probe (gift of Dr. Mansour). The filter was hybridized in
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20% formamide at 52°C and washed to a final stringency of
1 X SSC at 55°C. The filter was exposed to Kodak Omat-AR
x-ray film at 70°C for 24 h. An 18S riboprobe (Ambion) was
used as an internal standard to establish the amount of RNA in
each sample. The hybridized bands were quantified by densi-
tometry of the autoradiogram.

Cloning of a PCR fragment of chick int-2. The 5’ region of
the int-2 chicken gene containing the translation start site was
amplified using PCR technique. The site to be amplified was
chosen using a conserved region of human and mouse inz-2
sequences that is located in the first exon. The forward primer
is located upstream of AUG translation start codon. The re-
verse primer is located at 3’ end of the first exon (see Fig. 3).

The primers were:
Forward: 5 ATGCCGGGATGGGCCTGATC 3’

Reverse: 5" AGGCGCTGTTCTCAAGGCTG 3’

Chick genomic DNA was used as a template. The PCR was
performed as follows: initial denaturation at 95°C for 5 min,
followed by 35 cycles of 94°C for 1 min, 58°C for 1 min, and
72°C for 45 s. A 220-bp PCR product that hybridized positively
with the mouse int-2 probe was subcloned into pBluescript SK
(Promega, Madison, WS), by blunt-end ligation. The sequence of
the clone was determined using the Sequenase sequencing kit, and
the reaction products were separated on an IBI Sequencing Gel
Apparatus. The sequence was read manually and entered into
PC/Gene software for sequence comparisons.

Oligonucleotides. The int-2 antisense oligodeoxynucleotide
was designed to complement the 15 nucleotides beginning at
the AUG translation start site of the chick int-2 message. A
corresponding chick int-2 sense oligodeoxynucleotide was
used as one control, and a second control consisted of the
nucleotides in the antisense oligo rearranged in random order:

Int-2as (antisense): 5'-CCAGATTAGGCCCAT-3’
Int-2s (sense): 5'-ATGGGCCTAATCTGG-3'
Int-2r (random): 5'-CACTGCCATTCGAAG-3’

The oligodeoxynucleotides were synthesized by the Molecular
Biology Core Facility at the University of Georgia (Athens,
GA), and were phosphorothjoate-modified to enhance their
half-life. GenBank™ was searched with each oligode-
oxynucleotide to determine the probability that the oligode-
oxynucleotide would cross-hybridize with messages other than
the one targeted. No other potential messages were identified.

Culture of Explanted Tissue. Explants were prepared from
stage 12 chick embryos that were microdissected in sterile
conditions using incisions through the planes indicated in
Figure 1. The explants were incubated in culture medium
M-199 with added inz-2 antisense oligodeoxynucleotide (20
mM) for 120 min. Each explant was then transferred to an agar
gel-coated surface (0.2% in M-199) in the bottom of a 16-mm
well and incubated in M-199 with Earle’s salts at 37°C in 5%
CO,, for 18-20 h. Ten percent FCS was added to the medium -
and the pH was maintained at 7.2.
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Figure 1. 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, submerged in 0.2% agar and incubated in M-199
with Earle’s salts at 37°C in 5% CO, for 1820 h. 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 Resins impregnated with oligonucieotide were implanted into the rhomben-
cephalon at the level of the otic and nodose placodes of stage 12 chick
embryos.

Treatment of embryos in vivo. Resin beads (AG-501 X8,
Bio-Rad, Richmond, CA) were cut into rectangular pieces
(20-50-pum width, 20-50-um depth, 600-um length). These
pieces were incubated in in¢-2 antisense oligodeoxynucleotide
(80 mM) at 4°C overnight, and were then implanted into the
rhombencephalon of stage 12 chick embryos at the level of the
otic and nodose placodes (Fig. 1). The embryos were harvested
one, two and three days after implantation of the impregnated
resin.

Histologic analysis. The explants and embryos were fixed in
Carnoy’s fixative, dehydrated in a series of alcohols and em-
bedded in paraffin. Sections were cut at 8 wm and stained with
thionin. The sections were evaluated for the degree of devel-
opment of the nodose ganglia and otocysts. The volume of
each nodose ganglion was determined as follows: the area of
the ganglion in each section was measured using Jandel Sci-
entific (San Rafael, CA) Sigma scan software; each area was
multiplied by the section thickness (8 wm); and the volumes of
the ganglion for all the sections were totaled. Statistical anal-
ysis of the total volumes was done by one-way analysis of
variance using GraphPAD InStat Software (version 1.12a).
Post hoc tests were done by the Bonferroni method using the
same software. A difference was considered significant if the
p value was less than 0.05.

Western analysis. Lysates were prepared by homogenizing
the pharyngeal region of embryos in homogenizing buffer that
consisted of 0.5 M NaCl, 20 mM Tris, 3 mM EDTA, and 0.1
mM phenylmethylsulfonyl fluoride. The samples were centri-
fuged (18,000 rpm) for 2 h at 4°C. Total protein in the lysate
was quantified using the BCA protein assay (Pierce, Rockford,
IL) with BSA as a standard. For each sample, 75 ug of protein
were resolved on a 12% polyacrylamide gel. The proteins
were transferred to a BA-S nitrocellulose membrane. Human
int-2 antibody (diluted 1:1000, Cambridge Research Biochemi-
cals, UK) was used as the primary antibody. peroxidase-
conjugated rabbit IgG (diluted 1:1000; Organon Teknika Co.,
West Orange, NJ) was used as the secondary antibody. Visu-
alization was accomplished by reaction of Tris-buffered saline/
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4-chloronaphthol/H,0,. Molecular weights were calculated by
direct comparison with prestained broad molecular weight
markers (Bio-Rad).

Immunostaining. For whole-mount immunostaining, the em-
bryos 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 for 4 min on ice. The embryos
were treated with 1% periodic acid/distilled water for 30 min to
inhibit endogenous peroxidase. After washing in TST, they were
incubated with primary antibody (mouse 68-kD neurofilament
MAD; Sigma) in TST containing 5% milk for 2 days at 4°C. The
embryos were then incubated in secondary antibody (horseradish
peroxidase-conjugated rabbit anti-mouse IgG) for 2 days after
washing 3 h in TST. Visualization was accomplished by DAB
reaction for horseradish peroxidase.

For immunohistochemistry, embryos were fixed in 4%
paraformaldehyde overnight, dehydrated in a series of alco-
hols, and embedded in paraffin. Sections were cut at 12 um and
mounted on serine-coated slides. The sections were deparaf-
finized in xylene and hydrated in a graded alcohol series.
Human in-2 antibody was used as the primary antibody and
peroxidase-conjugated rabbit IgG was used as secondary anti-
body. Both antibodies were diluted 1:1000. Fetal bovine serum
was used to block nonspecific binding. The sections were
reacted with a DAB/imidazole/H,0, solution and counter-
stained in hematoxylin. :

RESULTS

Northern blot analysis was carried out using different stages
of chick embryos to determine when the highest levels of inf-2
message were present. We used cross-species hybridization
with mouse int-2 cDNA as the probe, under moderately strin-
gent hybridization conditions (20% formamide, 52°C with
washes to a final stringency of 1 X SSC at 52°C). Two
predominant species of int-2 RNA were observed with esti-
mated sizes of 3.0 and 1.9 kb which correspond to the message
sizes described for mouse and Xenopus. The expression of
int-2 varied from stage 10 to stage 36. The ratio of densities of
int-2/18S showed an increasing level of the int-2 message from
stage 10 to stage 14. The highest level of expression was at
stage 14 (Fig. 2). This stage corresponds to the time of otocyst
closure and migration of cells from the nodose placodes to
form the nodose ganglia (12). After stage 14 the level of
expression decreased. Thus the temporal pattern of inz-2 ex-
pression is such that it is at a high level preceding and during
the events to be examined in this study.

To design an antisense oligonucleotide that would bind with
an appropriate region of the ins-2 message for inactivation, the
5’ region of the chick message was cloned using PCR. The
primers were designed to identify a region with a high degree
of conservation between the human and mouse inz-2 sequences
which is located in the first exon region. Using chick genomic
DNA as a template, a PCR fragment of expected size (Fig. 3;
220 bp) was amplified. The same size band was also amplified
when using chick stage 14 cDNA as a template. A Southern
blot using mouse int-2 cDNA as probe showed the fragment
hybridized strongly with ins-2 DNA. This fragment was sub-
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Figure 2. Northern blot analysis of ins-2 expression at different stages of
chick embryo development. A, Mouse int-2 DNA (open reading frame) as a
probe identified two transcripts of 3.0- and 1.9-kb estimated size. An 18S RNA
was used as an internal control. B, Ratio of densities of int-2/18S as measured
by densitometer is indicated on the y axis. The result shows that inz-2
expression is highest in stage 14 chick embryos.

cloned into pBluescript. Sequencing of the fragment showed it
was 95% similar to mouse inz-2. The ins-2 antisense oligonu-
cleotide used in these experiments was a 15-mer complemen-
tary to the region of AUG translation start site (Fig. 3).
Explants were made using similar conditions to those re-
ported by Represa ef al. (9). The explants were incubated
before plating in 20 mM phosphothioate-protected oligomers.
In these explants, incubated without any oligomers or with the
control oligomers, the nodose placodes became thickened and
the cells delaminated from the surface ectoderm and migrated
to form the nodose ganglia (Fig 4A). In 5 of 6 explants, cell
migration from the nodose placodes did not occur after expo-
sure to int-2 antisense (Fig. 4B, Table 1). In 6 of 7 explants
exposed to int-2 sense oligonucleotides, cell migration from
the nodose placodes occurred (Fig. 4C, Table 1). Treatment of
5 explants with random-ordered oligonucleotide resulted in
normal formation of the nodose ganglia (Fig. 4D, Table 1).
Since the temporal and spatial windows of observation of
effects of int-2 antisense exposure are quite limited in explants,
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A
Translation start codon
Mouse int-2 GCGATGCCGGGATGGGCCTECATCTGGCTTCTGCTGCTCAGCT TGCTGGARCCCAGCTGGCCAARCTACGGGGCCCGGGAC
Human int-2 ACivevrenns LYEERREET Govrvvsnnnannd Covnnnnn Cuivernnennne CG.AG....Cuuuu. G
Mouse int-2 TTTACGAGCACCTCGGCGGGGCGCCACGGCGCCGE A ‘TCTAC
Human fat-2 .. GT....G..uiiuicunnnnnnnnnns Civven Covrvrocenen Toereannnnns Covvrvanrrroanances
end of the first exon |
Mouse int-2 TGCGCTACCAAGTACCACCTCCAGCTGCACCCAAGCGGCCGCGTGARCGGCAGCCTTGAGAACAGCGCCTATAGTGA
Human int-2 ..... CoBevinnniiantraneanananas Gieverornrorenenoneroans L R
Reverse primer §----—-=——-=—-==zcuu
B (o}
Mouse int-2 ATGGGCCTGATCTGGCTTCTGCTGCTCAGCTTGCTGGARCCCAG MGLIWLLLLSLLEPS
FEELLEDTECEE PR e e LIS T T T A I A O O |
Chick int=2 ATGGGCCTGATCTGGCTTCIGCTGCTCAGCTTCCTGGAACCCAG MGLIWLLLLSLLEPS
Mouse int-2 CTGGCCAACGGGGCCCGGE o TAC TGCGGGCE WPTGPGTRLRRDAGG
FUCLEEP LT et e e s bt LI L T A A A Y A
Chick int-2 CTGGCCAACGGGGCCCGGGACGCGACTACGACGCGATGCGGECG WPTGPGTRLRRDAGG
Mouse fnt-2 GCCGTGGTGGCGTTTACGAGCACCTCGGCGGGGCGCCACGGCGC RGGVYEHLGGAPRRR
FRURELEA RS e e ¢+ 1 LI I I I O I I | | 1
Chick int=-2 GCCGTGGTGGCGTTTACGAGCACCTICGGCCGCGCG~--CGGCGT RGGVYEHLGRA~-RRA
Mouse int-2 CGCAAGCTCTACTGCGCTACCRAGTACCACCTCCAGCTGCACCC KLYCATKYHLQLHPS
PELRLEURES TR TR e rerrnenerenng (AENNY | A I O R | [
Chick Int=2 GCGAAGCTCTACTGCGCTACCAAGTACCACCTCCAG---CACCC KLYCATKYHLQ-HPS
Mouse int-2 AAGCGGCCGCGTGAACGGCAGCCTTGAGAACAGCGCCTATA GRVNGSLQNSAY
FERREEEEERR R E ey e gy [ T O I IO OO IR §
Chick int-2 AAGCGGCCGCGTGAACGGCAGCCTTGAGAACAGCGCCTATA GRVNGSLOQNSAY

Figure 3. Cloning of a PCR fragment of chick in#-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 ins-2 with the corresponding region of
mouse int-2. C, Alignment of the deduced amino acid sequences of chick and
mouse int-2.
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Figure 4. Development of the nodose placodes in explants. A, B, C, and D
represent four groups of explants. Five sections in each type of explant from
left to right represent section at otocyst to section at nodose ganglion. Cells
migrated from the nodose placodes fo form the nodose ganglia in normal
explants after 18—20 h of culture (4). Cell migration was delayed and not
obvious in the explants exposed to inz-2 antisense oligonucleotide (B). Explants
exposed to int-2 sense and random oligonucleotides (C and D) were used as
controls. Cells migrated from nodose placodes to form nodose ganglia in these
explants. The nodose placodes are indicated by the arrowhead. Bar = 250 pm.

Table 1. Number of embryos with nodose defects

Nodose defects/number of embryos analyzed

Antisense Sense Random
In vitro 5/6 2/7 0/5
In vivo 14/20 0/18 0/13

the effect of int-2 antisense on the formation of the nodose
ganglion was also determined in vivo. A slice of resin bead
impregnated with int-2 antisense, sense or random-ordered
oligodeoxynucleotide was implanted into the rhombencepha-
lon at the level of the nodose placode in stage 12 embryos. The
embryos were harvested one, 2 or 3 days after implantation of
the bead. In the control groups, the formation of the nodose
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ganglia was normal. The development of the nodose ganglion
was delayed in 14 of the 20 embryos exposed to int-2 anti-
sense. In the embryos one day after implantation of the resin
bead soaked in antisense oligodeoxynucleotide, cell migration
from the nodose placodes was not obvious. In embryos two
days after exposure to the antisense, some cells had migrated to
form the ganglia. These ganglia were only 70% of the size of
ganglia in the two control groups (Table 2A). At 3 days after
exposure to the antisense the ganglia were still only 82% of the
size of the ganglia in the control groups (Table 2B). Most
notable though was the complete absence of any nerve trunks
connecting the ganglia to the neural tube. By contrast the
ganglia in both control groups had substantial vagus nerves
connecting them to the neural tube (compare Fig. 5a, b, ¢, with
d, e, ). To eliminate the possibility of defasciculation of the
central process of the vagus nerve, whole-mount immunostain-
ing of neurofilament was done. The nodose ganglia were not
connected to the neural tube in embryos exposed to int-2
antisense oligonucleotide (color plate, Fig. 6). A communica-
tion could be seen between the petrosal ganglion (glossophar-
yngeal distal ganglion) and the nodose ganglion. The glosso-
pharyngeal ganglion also lacked a central process.

Given the phenotypic consequences of inz-2 antisense-
treatment, it was important to determine the level of expression
of inz-2 protein. Since a chick antibody for int-2 is currently not
available, we used the antibody for human int-2. Western blot
analysis of stage 18 chick embryos showed a 27.5-kD band.
This is the same molecular mass as reported for the ini-2
protein in mammals. The protein recognized by this antibody
was dramatically reduced in embryos exposed to inz-2 anti-
sense compared with embryos exposed to int-2 sense oligode-
oxynucleotide, with the same amount of total protein (Fig. 7).

Since the human int-2 antibody appeared to identify inz-2
protein on Western analysis, we attempted peroxidase/anti-
peroxidase immnunohistochemistry using human int-2 anti-
body on sections of stage 14 and18 embryos. At stage 12, faint
int-2 immunoreactivity could be seen in the caudal thomben-
cephalon and otic placode, as reported previously by Wilkin-
son et al. (8). At this stage no reactivity could be detected in the
nodose placode (data not shown). At stage 18, the in-2 im-
munoreactivity could be seen in the pharyngeal endoderm,
pharyngeal ectoderm, dorsal neural tube and nodose ganglia. It
was no longer visible in the hindbrain. Stage 18 embryos
exposed to int-2 antisense at stage 12, had decreased amounts
of the reaction product in the pharyngeal endoderm and ecto-
derm as well as the nodose ganglia, compared with normal

Table 2. Nodose ganglion size with treatment

Int-2 antisense  Int-2 sense  Int-2 random
A. Size 48 h after treatment (mm X 107%)
Mean 7.17* 10.19 10.72
SD 1.13 1.21 1.17
SEM 0.43 0.46 0.44
B. Size 72 h after treatment (mm X 107%)
Mean 1.65* 2.01 2.03
SD 0.14 0.15 0.14
SEM 0.05 0.06 0.05

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

Figure 5. Development of the nodose ganglia in embryos exposed to int-2
antisense oligonucleotide in vivo. The formation of the nodose ganglia was -
delayed and the ganglia failed to connect with the neural tube by a nerve trunks
(vagus nerve) in embryos exposed to inz-2 antisense oligonucleotide (a and d).
The development of the nodose ganglia was normal in embryos exposed to
int-2 sense (b and e) and random oligonucleotides (¢ and f). a, b, and ¢ are
embryos two days after surgery. d, e, and f are embryos 3 days after surgery.
The nodose ganglia are indicated by the arrowhead. Bar = 80 pm.

embryos and embryos exposed to int-2 sense oligodeoxynucle-
otide (color plate, Fig. 8).

DISCUSSION

Represa et al. (9) suggested that all of the postotic placodes
might require int-2 for normal development. Mansour et al.
(12) supported and extended this hypothesis by showing that
development of the inner ear and facioacoustic ganglia in the
int-2 mutant mouse is abnormal. Our results indicate a poten-
tial role for int-2 in development of the nodose ganglion which
is derived from the epipharyngeal placode immediately caudal
to the otic placode. The major period of neuron generation of
the nodose ganglia occurs before d 5 of incubation, and loss of
approximately half of the neurons in the ganglion occurs
between d 5 and 12 (18). We observed the morphologic
characteristics of the nodose ganglia on incubation d 3, 4, and
5 after the embryos were exposed to in#-2 antisense oligode-
oxynucleotide on d 2 of incubation. In this period, the nodose
ganglia should undergo their major increase in size and cell
number; however, we found that in embryos exposed at a
single point in early development to inz-2 antisense oligonu-
cleotide, the nodose ganglia formed later and were significantly
smaller than those in normal embryos at the same stages of
development.

The migration of the cells from the nodose placode to form
the nodose ganglion was not observed in explants exposed to
int-2 antisense, whereas antisense treatment in vivo resulted in
a delay in the development of the nodose ganglion with a
concomitant reduction in its size. This is a prototypical exam-
ple showing that the observation of developmental phenomena
in vivo constitute an important extension of those in vitro
because of the limitations imposed by explantation experi-
ments, which at the least include time and factor dilution. Inz-2
is most likely serving as a diffusible factor and must traverse
the distance between the rhombencephalon and otic/nodose
placodes. Thus, in explants with three cut surfaces like the ones
in these experiments, it is possible that many factors are
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Figure 6. Immunostaining of neurofilament in whole-mount embryos. a, Embryo (stage 18) without exposure to oligonucleotide. The nerve trunks of the cranial
sensory ganglia are brown. The nodose ganglion is located just posterior to the petrosal ganglion and is connected to the neural tube by the vagus nerve. b Embryo
exposed to int-2 antisense oligonucleotide. The vagus nerve does not connect the nodose ganglion to the neural tube. A connection can be seen between the
nodose and petrosal ganglion; however, the petrosal ganglion also lacks a central connection. ¢, Embryo exposed to in#-2 sense oligonucleotide. The vagus nerve
has formed normally. Nodose ganglia are indicated by arrowheads.

Figure 7. Western blot showing human int-2 antibody identifies a protein of 27.5 kD in chick. Lane 1, stage 18 normal embryos. Lane 2, stage 18
embryos exposed to int-2 antisense oligonucleotide. Lane 3, stage 18 embryos exposed to inz-2 sense oligonucleotide. Equal amounts of protein were loaded
in each lane.

Figure 8. Peroxidase/anti-peroxidase immunostaining using antibody to human inz-2 in the pharyngeal region of chick embryos. Immunoreactivity can be seen
in the nodose ganglia of stage 18 normal embryos (a). The int-2 immunoreactivity of the nodose ganglia is reduced in the embryos exposed to int-2 antisense
oligonucleotide (b). Embryos exposed to int-2 sense oligonucleotide were used as control (c), and these show inf-2 immunoactivity in the nodose ganglia

comparable to that in normal embryos. The nodose ganglia are indicated by the arrows. Bar = 120 pm.

diluted. Since comparable in vivo data were not available in
previous experiments showing abnormal development of the
otocyst in chick explants, it is unclear whether this should be
taken as a definitive result (our unpublished observations) (9).

This situation is emphasized further by the discrepancy
between chicks exposed to inz-2 antisense oligonucleotides and
antibody which show abnormal formation of the otocyst in
explants, and in intact mice embryos lacking int-2 expression
which show dramatic differences in development of the ear,
even though closure of the otocyst is normal (12). The discrep-
ancy could be due to the limitations imposed by in vitro
culture, in the case of the chick, as exemplified by the differ-
ence in our results in explants versus intact animals. An
alternative explanation for the difference could be the result of

a slight timing difference in the window of competency for
induction of otocyst formation by inz-2, or induction of otocyst
closure by a different, but related, factor in the mouse versus
chick. Since int-2 is a member of the FGF family, it would not
be surprising if other members of the family perform overlap-
ping inductions in different species of animals.

Represa et al. (9) showed that FGF-2 can mimic the induc-
tive signal in the absence of the rhombencephalon to induce the
formation of the otocyst. Proteins in the FGF family share a
common structure, and their amino acids are highly conserved.
Many heterologous FGFs, including inz-2, show mesoderm-
inducing activity (20, 21). All members of the family, apart
from FGF-1 and FGF-2, contain a signal peptide at their amino
terminus, which directs passage through the secretory pathway
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(22). The biologic activities of FGF-1 and FGF-2 are mediated
through high affinity cell surface receptors that have an asso-
ciated tyrosine kinase activity (23). Four members of the FGF
receptor family have been cloned and found to be encoded by
a family of related genes. Different members of the FGF family
bind different FGF receptors with different affinities (23, 24). It
is unclear if int-2 acts by binding and activating FGF receptors.

Mansour et al. (12) proposed that the the experiments by
Represa et al. (9), who used antisense sequence and antibodies
for human and mouse int-2, were not valid because of nonex-
istence or sequence divergence of the int-2 gene in chick. By
cloning this portion of the chick inf-2 gene, we have shown that
the sequence of the chick gene in the region of the antisense
oligonucleotides used in our experiments and those of Represa
et al. (9) should be effective. We do not know how much the
gene has diverged beyond the boundaries of our clone, but
even large differences should not be significant in the context
of these antisense experiments. '

While both otic and nodose placodes are undergoing impor-
tant changes at about the same time, the morphogenetic events
are quite distinct. The otic placode forms an otocyst while cells
of the nodose placode delaminate to form the nodose ganglion.
Although it is possible that two distinct morphogenetic pro-
cesses are initiated by the same inducing protein, it is not
likely. Both otocyst closure and subsequent development of the
otocyst, and nodose ganglia formation, require proliferation of
placodal cells, and it is more likely that inz-2 protein is
involved in this. Even though initial formation of the otocyst is
normal, inner ear and cochlear ganglion development is se-
verely affected in the inz-2 mutant mouse. Thus the reemerging
common themes of the present experiments with those of
Represa er al. (9) and Mansour et al. (12) are timing and
proliferation. In this regard, Represa et al. (9) noted the
absence of mitotic activity in the presence of int-2 antisense
oligonucleotide, and int-2 protein has been shown to promote
DNA synthesis in quiescent cultures of mammary epithelial
cells (19). The int-2 protein is most likely a signal produced by
cells in the rhombencephalon that is released and diffuses to the
otic and nodose placodes (6, 18). The delayed development of
the nodose ganglia in an environment with reduced int-2
protein indicates that inz-2 may function to potentiate or stim-
ulate the generation of cells from the nodose placode. This is
consistent with the in#-2 mutant mouse where the facioacoustic
ganglion primordium was much smaller than control ganglion.

At a slightly later stage of development, expression of inz-2
disappears from the thombencephalon and inz-2 transcripts are
localized in a thickened region of the otic vesicle that is
destined to form the sensory tissue of the vestibular organ (8).
Our data suggest that the protein is also expressed by cells
generated from the nodose placode. Western analysis and
immunohistochemical data show a reduction of inz-2 expres-
sion in the nodose ganglia 48 h after exposure of the rhomben-
cephalon to inz-2 antisense oligonucleotide, suggesting that the
initial expression of int-2 in the rhombencephalon is required
for int-2 expression by the nodose placode derivatives. Wilkin-
son et al. (8) suggest that this later expression of int-2 may be
a factor involved in sensory cell differentiation and/or inner-
vation. The absence of visible nerve trunks connecting the
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nodose ganglia to the medulla 3 d after treatment supports the
idea that the expression of inz-2 by the nodose ganglion cells is
important for normal development of the central processes of
the nodose ganglion cells or recognition of the ganglion by the
motor axons of the vagus nerve. It is possible that the processes
emanating from, and directed to the nodose ganglion are
defasciculated, and therefore were not detected in our sections,
but this still indicates a role for in#-2 in normal development of
the nerve trunks of the nodose ganglia. The delayed appearance
and decrease in size of the nodose ganglia initially, followed
several days later by absence or defasciculation 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. (8), for the development of the inner ear.

Our interest in factors common to the generation of the
nodose ganglia and inner ear arises from a surgical model of
the long QT syndrome which occurs with or without deafness
(14, 25). A surgical model of the long QT is created by ablation
of the nodose placodes before formation of the nodose ganglia
(14, 15). If the lesion is extended slightly to encroach on the
otic placodes, these embryos also frequently have congenital
deafness, as measured by electrocochleography (26). The pro-
longed QT interval is associated with decreased vagal sensory
inpervation of the heart (15, 26). Thus, proteins affecting the
development of both of these placodes are genetic candidates
to underlie this condition.

An imbalance in the sympathetic innervation to the heart is
thought to cause long QT syndrome (27). The innervation of
the chick heart is from at least three sets of nerves (28).
Postganglionic cardiac sympathetic nerves are found in the first
thoracic sympathetic ganglia of the paravertebral sympathetic
trunks. The parasympathetic postganglionic cardiac nerves are
located on the surface of the heart. Sensory innervation to the
heart arises predominately from the nodose ganglia. Kessler et
al. showed that the density of autonomic and sensory innerva-
tion in an end organ is modulated by reciprocal interactions
that involve competition for growth factors among the nerve
terminals in that end organ. They removed sensory, parasym-
pathetic, or sympathetic innervation from the iris and showed
hypertrophic growth of all the remaining innervation. The expla-
nation for this result was that removal of any one set of nerves
reduced the level of competition in the end organ for growth
factors, and resulted in added growth of the remaining nerves (29,
30). A similar phenomenon has been shown to occur in the
developing heart (31). This provides the basis for one hypothesis
for the embryogenesis of the long QT syndrome, which is that an
imbalance of sympathetic innervation to the heart arises when the
nodose ganglia do not form normally.

We attempted to maintain some of our antisense-treated
embryos alive to a stage when the EKG and electrocochleo-
grams could be measured; however, no embryos in the inz-2
antisense group survived to 12 d after the surgery, even though
some from the control groups did survive to d 12. The reason
for this degree of mortality is not known, but parallels that seen
int-2 deficient mice. The delayed development of the nodose
ganglia and otocysts in embryos exposed to int-2 antisense
oligonucleotides may provide a molecular basis to explain one
etiology of the long QT syndrome.
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