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Abstract

Foxi2 and Foxi3 are members of the Foxi class of Forkhead transcription factors. The Foxi
transcription factor family has been shown to play roles in the development of the inner ear and
pharyngeal arch derivatives in zebrafish. We describe the expression of Foxi2 and Foxi3 in
chicken embryos during the first three days of embryonic development. Foxi3 is initially
expressed broadly in the pre-placodal ectoderm surrounding the neural plate, which will give rise
to all craniofacial sensory organs. It then becomes restricted to a region immediately anterior to
the first pair of somites that will give rise to the otic and epibranchial placodes, before becoming
down-regulated from this region and restricted to the ectoderm and endoderm of the pharyngeal
arches. In contrast, Foxi2 is initially expressed broadly in cranial ectoderm with the striking
exception of the otic placode, and ultimately becomes restricted to pharyngeal arch ectoderm.
These expression patterns provide an insight into the roles of these transcriptional regulators
during the development of the inner ear and pharyngeal arch derivatives.
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1. INTRODUCTION

The Forkhead box (Fox), family of winged helix domain-containing transcriptional
regulators is named after the Drosophila melanogaster fork head mutant (74#). More than a
hundred Fox genes have been identified in species ranging from yeast to humans (Kaestner
et al., 2000). The Forkhead gene family is divided into 16 sub-families on the basis of
sequence similarity (Fetterman et al., 2008; Hannenhalli and Klaus, 2009). Fox genes have
important biological functions in multiple species, from control of the cell cycle to
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differentiation of epithelia, placental development and formation of the inner ear (reviewed
in Kaufmann and Knochel, 1996; Hedrick, 2009; Hannenhalli and Klaus, 2009; Hwang et
al., 2009). The expression of different Foxi class genes has been analyzed in several species.
Mouse Foxil is expressed in the developing endolymphatic duct of the inner ear (Ohyama
and Groves, 2004), and mutation of Foxil in mice leads to a failure of fluid homeostasis in
the inner ear and accompanying enlargement of the inner ear labyrinth similar to that seen in
Pendred syndrome (Hulander et al., 2003). In zebrafish and amphibians, Foxil is expressed
in early pre-placodal ectoderm and later in the pharyngeal arch region, and mutation or
knockdown of Foxil in zebrafish causes inner ear and jaw defects (Solomon et al., 2003).
Mouse Foxi2 is expressed initially in presumptive otic ectoderm adjacent to the
rhombomeres 3 to 5, but is rapidly excluded from the otic region as inner ear differentiation
proceeds and is later restricted to the pharyngeal arch region (Ohyama and Groves, 2004). A
similarly restricted expression of Foxi2 in the chick otic-epibranchial precursor domain
(OEPD) has been reported previously (Freter et al., 2008). Increasing or decreasing the size
of the otic placode by manipulation of the Notch or Wnt signaling pathways leads to a
concomitant decrease or expansion of the Foxi2 domain abutting the otic region (Ohyama et
al., 2006; Jayasena et al., 2008). In zebrafish, Foxi2 is not expressed in the otic region and
only appears in the pharyngeal arch region at later stages (Solomon et al., 2003). Mouse
Foxi3 is expressed in pre-placodal ectoderm in a pattern reminiscent of zebrafish Foxil and
is also later restricted to the pharyngeal pouches (Ohyama and Groves, 2004). The
comparative expression of patterns of all three Foxi genes in mouse, chick and zebrafish is
described in Table 1.

The chicken is an attractive developmental system due to the ease with which the embryo
can be manipulated and genes introduced by electroporation. Here we provide a detailed
expression of Foxi2 and Foxi3 in chicken embryos during the development of craniofacial
placodes and the pharyngeal arches.

2. RESULTS and DISCUSSION

2.1. Foxi3 expression in the pre-placodal domain

We analyzed the expression of Foxi3 by whole mount in situ hybridization in chick
embryos. Foxi3 expression was first observed at the primitive streak stage (Hamburger and
Hamilton stage 3). At this stage, Foxi3 expression surrounds the neural plate. Transverse
sections through hybridized embryos show that the expression is limited exclusively to the
epiblast and no expression is seen in the underlying hypoblast (Figure 1A and 1B). No Foxi3
expression is seen in the future neural plate except for a faint region anterior to the primitive
streak (Figure 1A and 1B), which becomes stronger by HH stage 4 (Figure 1C). However,
even at this stage, no expression is seen within the primitive streak region itself (Figure 1C).
By HH stage 5-6, a number of genes such as members of the Six and Eya families are
expressed in a region surrounding the neural plate, which will give rise to all craniofacial
placodes. This region has been termed the pre-placodal domain (Streit, 2008; Baker and
Bronner-Fraser, 2001; Schlosser, 2010). Foxi3 expression in the pre-placodal region
becomes restricted to the lateral ectoderm on either side of the neural plate at HH stage 5
and 6, and is markedly reduced in the anterior ectoderm (Figure 1D-F). Foxi3 expression in
the neural plate gradually disappears and is absent by HH stage 8 (Figure 2A). By the time
the neural folds are fully formed and the first somites have appeared (HH stages 7), Foxi3
expression is completely lost from the anterior-most pre-placodal domain and is restricted to
a region between the positions of the fusing neural folds down to the level of the first somite
(Figure 1F). By HH stage 8-9 Foxi3 is restricted to the presumptive otic and epibranchial
placode level and is not seen anywhere else in the embryo (Figure 2A and 2B). By stage 10,
Foxi3 expression gradually disappears from the otic region and is confined to the pharyngeal
arches (Figure 2D-E).
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2.2. Foxi3 expression in the pharyngeal arch region

Pharyngeal arches are a vertebrate innovation. Each arch is comprised of outer ectoderm,
inner endoderm and a mesenchymal core, together with contribution from neural crest.
Between the arches the ectoderm and endoderm are in close apposition, forming the
pharyngeal slits and pouches respectively. Development of pharyngeal arches is a complex
process and different germ layers in each arch undergo a finely-orchestrated series of
inductive interactions to generate the appropriate arch derivatives (Graham and Smith,
2001).

As described above, Foxi3 expression is down-regulated from the otic region at around HH
stage 10. At this time, a second patch of Foxi3 expression appears lateral and posterior to the
otic region (Figure 2D). Between HH stage 11-12 strong Foxi3 expression is seen in both
the ectoderm and endoderm of the future pharyngeal arches (Figure 3A-D). A third, more
posterior patch of Foxi3 expression is seen extending ventrally at HH stage 15. All three
domains of expression extend well into the ventral regions of ectoderm corresponding to the
pharyngeal arches (Figure 3E-G). After HH stage 15, Foxi3 starts to be down-regulated from
the majority of the arch region in an anterior-posterior direction and becomes restricted to
the pharyngeal pouch and cleft region between each arch. Faint Foxi3 expression is also
seen in the future maxilla (Figure 3H) and strong expression is seen in a small portion of the
dorsal optic cup.

2.3. Foxi2 expression in the developing otic and pharyngeal arch regions

Unlike Foxi3, Foxi2 is not expressed in the early gastrulating chicken embryo. The earliest
expression of Foxi2 can be seen at HH stage 9, where it occurs anterior to the future otic
placode (Figure 4A), extending into the ectoderm at the future midbrain/trigeminal level.
Shortly thereafter, a second domain of Foxi2 expression appears lateral to the otic placode
and extends posteriorly into the ectoderm lateral to the first few pairs of somites (Figure
4B). Between stages 12-15, Foxi2 is expressed strongly in much of the cranial ectoderm
including ectoderm overlying the neural tube, with the striking exception of the otic placode
and vesicle, from which it is clearly excluded (Figure 4C-E). After stage 15, Foxi2 is down-
regulated from most cranial ectoderm with the exception of the pharyngeal arch region. Like
Foxi3, Foxi2 becomes restricted to the pharyngeal slits, although unlike Foxi3, Foxi2 is
never expressed in pharyngeal endoderm.

3. EXPERIMENTAL PROCEDURES

3.1. Chicken Embryos

Fertilized chicken eggs were purchased from Ideal Poultry Breeding Farms (Cameron, TX),
and stored at 13°C. Eggs were placed in a humidified incubator at 37.8°C to develop.
Embryos were staged according to Hamburger and Hamilton (1992) or by counting the
number of pairs of somites.

3.2. Whole mount in situ hybridization

Species-specific cDNA probes for the 3’ untranslated regions of chicken Foxi2 and Foxi3
were obtained from the UMIST Chick EST Repository (clone IDs chEST912M14 and
chEST50h20). Chick embryos were fixed in 4% paraformaldehyde in PBS, pH7.2 overnight
at 4°C or for two hours at room temperature. Embryos were then washed in PBS and stored
in methanol at -20°C for no more than 5 days. Embryos were rehydrated in a series from
methanol to phosphate-buffered saline (PBS, pH 7.4) containing 0.1% Tween-20 (PBST).
Embryos were treated with 10p.g/ml proteinase K for 25-30 min (15-17 min for embryos
less than HH stage 8), washed gently and re-fixed in 4% paraformaldehyde/0.1%
glutaraldehyde. After further washing in PBST, the embryos were pre-hybridized at 65°C in
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50% formamide containing 1.3xSSC (buffered to pH 4.5 with citric acid), 50pg/ml yeast
tRNA, 100 pg/ml heparin, 0.2% Tween-20, 0.5% CHAPS and 5 mM EDTA. After 1 hour,
probe was added to the embryos to a final concentration of 1 pg/ml and incubated overnight.
The embryos were washed three times with hybridization buffer for 1 h each at 65°C and
then washed three times for 1 hour each at room temperature in MABT buffer (100 mM
maleic acid pH 7.5, 150 mM NacCl, 0.1% Tween-20). The embryos were then incubated for
1 hour in MABT containing 20% sheep serum and 2% Roche Blocking Reagent. Sheep anti-
digoxygenin antibody coupled to alkaline phosphatase (Roche) was added at a concentration
of 1:2000 and the embryos incubated overnight. After washing, color development was
carried out in alkaline phosphatase buffer (100mM Trip pH9.5, 50mM MgCl,, 100mM
NaCl, 0.1% Tween-20) with NBT (338p.g/ml) and BCIP (175ug/ml). After color
development, stained embryos were re-fixed, washed for 10 minutes in methanol, 30
minutes in PBS + 0.1% Tween-20, embedded in 7.5% gelatin (300 Bloom) and 15% sucrose
in PBS, and sectioned at 18um.
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HH Embryonic stage according to the series of Hamburger and Hamilton (1992)
ss number of pairs of somites
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Figure 1.

Expression pattern of Foxi3 in early chick development between stages HH3-HH7. All
whole-mount embryo images are visualized dorsally. The HH prefix in each large panel
refer to the embryonic stage according to Hamburger and Hamilton (1992). Embryos were
processed for whole mount in situ hybridization and then sectioned transversely at 18m.
The level of each section is indicated by dashed lines. (A and B): Foxi3 expression is first
detected around the future neural plate in the epiblast but not the hypoblast region. (C and
D): The rostral expression of Foxi3 gradually fades and becomes concentrated in the future
trigeminal-otic-epibranchial region. Expression in a restricted region of the neural plate can
be seen expanding out from the node towards the lateral sides of the embryo. No expression
is seen in the primitive streak or node itself. (E and F): At the head-fold stage, rostral Foxi3
expression is more faint and more caudal expression concentrates further in the future
trigeminal-otic-epibranchial region. Neural plate expression also fades and low expression is
seen only at the level of the midbrain hindbrain boundary. Very faint expression can be seen
in the neural fold region (E2 and F2).
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Figure2.

The expression pattern of chick Foxi3 from stage 8ss to 12ss. Embryos were processed for
whole mount in situ hybridization and then sectioned transversely at 18.m. All whole-
mount embryo images are visualized dorsally. Numbers in each large panel refer to the
embryonic age measured by the number of somites (ss). The level of each section is
indicated by dashed lines. (A and B): Foxi3 expression is restricted to the future trigeminal
region. Faint expression is seen in the surrounding presumptive otic/epibranchial region.
This is the time when a second, more posterior patch of Foxi3 expression begins to appear.
(C-E): Expression in the otic region is completely lost from the anterior otic placode region
and restricted to the posterior placode. From this point, intense Foxi3 expression is seen in a
second, more posterior region which becomes restricted to the second pharyngeal arch.
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Figure 3.

Foxi3 expression in the pharyngeal arches. Embryos were processed for whole mount in situ
hybridization and then sectioned transversely or coronally at 18.um. Numbers in each large
panel refer to the embryonic stage in number of somites (A-D) or the Hamburger and
Hamilton stage (E-1). The level of each section is indicated by dashed lines. (A): Dorsal
view of a 14ss embryo. (B) Transverse section of a 14ss embryo showing Foxi3 expression
in the ectoderm and endoderm of the future second pharyngeal arch. No expression is seen
in the otic cup. (C): Ventral view of an 18ss embryo. (D) Transverse section of an 18ss
embryo showing Foxi3 expression in the ectoderm and endoderm corresponding to the
future second pharyngeal arch. (E): Lateral view of an HH15 embryo, showing a third, more
posterior region of Foxi3 expression in the arch region. (F and G): Coronal section of an
HH15 embryo. Numbers indicate each pharyngeal arch. (H): Lateral view of HH17 embryo
showing expression in all pharyngeal arches. Note that Foxi3 expression is down-regulated
from the arches in a rostral-caudal direction. (I): Transverse section of an HH17 embryo
showing Foxi3 expression in the second pharyngeal cleft. pe: pharyngeal endoderm.
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Figure4.

Foxi2 expression in cranial ectoderm at different developmental stages. Numbers in each
large panel refer to the embryonic stage in number of somites or by by Hamburger and
Hamilton stage designated by HH. Embryos were processed for whole mount in situ
hybridization and then sectioned transversely at 18.um. The level of each section is indicated
by dashed lines. (A) Expression at 7ss when Foxi2 expression is first seen anterior to the otic
placode and extending into the presumptive trigeminal region. (B) Expression at 8ss when
second patch of Foxi2 expression is seen lateral to the otic placode and extending caudally
to the first few pairs of somites. (C) Expression at 13ss. Foxi2 extends more anteriorly and
posteriorly in cranial ectoderm with the striking exception of the thickened otic region. (D)
Expression at 16ss, where the exclusion of Foxi2 from the otic placode is even more
pronounced. (E) Expression at 21ss where Foxi2 expression extends more anteriorly and is
still expressed strongly in the cranial ectoderm with the exception of the otic cup. (F)
Expression at HH16 (equivalent to 26-28 pairs of somites). Expression is down regulated
from the most of the cranial ectoderm. Expression is now restricted to the pharyngeal arches.
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Gene | Species Expression domain References
Foxil | Mouse Otic vesicle, endolymphatic duct and sac, embryonic and adult kidney Overdier et al., 1997 Hulander et al.,
1998, 2003
Chicken Not reported yet
Zebrafish | Pre-placodal ectoderm, early otic placode and branchial arches Kwon HJ et al., 2010; Solomon et al.,
2003b
Foxi2 | Mouse Cranial (non-otic) ectoderm, pharyngeal arches Ohyama and Groves, 2004
Chicken Cranial (non-otic) ectoderm, pharyngeal arches This study; Freter et al., 2008
Zebrafish | Chordamesoderm during early somitogenesis and the retina and branchial Solomon et al., 2003b
arches at later stages
Foxi3 | Mouse Pre-placodal ectoderm, otic placode, pharyngeal arches, dorsal optic cup, Ohyama and Groves, 2004
neural plate
Chicken Pre-placodal ectoderm, otic placode, pharyngeal arches, dorsal optic cup, This study
neural plate
Zebrafish | Epidermal mucous cells throughout embryogenesis and early larval stages Solomon et al., 2003b
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