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The surface ectoderm of the chick embryo exhibits
dynamic variation in its response to neurogenic signals
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ABSTRACT The epibranchial placodes are specialized areas of surface ectoderm that make a vital
contribution to the peripheral nervous system, producing sensory neurons of the cranial ganglia.
They have long been characterized as a series of patches of thickened ectoderm in the vicinity of
each pharyngeal cleft. We have previously demonstrated that Sox3 is not only expressed in these
structures but also marks a larger, earlier domain. Here we demonstrate that neurons are
produced from the Sox3-positive ectoderm that lies outside of the classically-defined epibranchial
placodes. Our data show that these regions contribute neurons to the cranial ganglia, but then
cease producing neurons as they lose Sox3expression. We further demonstrate that the ectoderm
in these regions is responsive to extracellular or intracellular stimuli that initiate aspects of
neuronal differentiation. This response to neurogenic stimuli is lacking in regions of ectoderm
distant from the normal sites of neurogenesis and the response to constitutively active Bmp
receptor in particular, disappears coincident with loss of Sox3 expression. Finally, we show that
a dominant repressor form of Sox3 blocks the ability of the ectoderm to undergo neurogenesis.
Thus, Sox3 appears to be essential for the neurogenic capacity of surface ectoderm exhibited by
the epibranchial placodes.
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Introduction

In vertebrates, the regions of origin of the nervous system can
be divided into three components. The central nervous system
(brain and spinal cord) arises from the neural plate, while the
peripheral nervous system arises from the neural crest and the
neurogenic placodes. Despite the different origins of these com-
ponents, they share many features in common (Streit, 2004,
Schlosser, 2005). They are usually comprised of thickened co-
lumnar, pseudostratified epithelium that can be easily distin-
guished from the surrounding epidermal cells. Upon neurogenesis
these cells undergo transition from an epithelial to a migratory
state and express many genes in a similar sequential order.

Our current models of neuronal development primarily depend
upon our knowledge of the central nervous system. Neuronal

development in the central nervous system is a complex process
involving many steps and signaling events (Bally-Cuif and
Hammerschmidt, 2003). The earliest steps of this process appear
to involve epithelial cells of the early embryo acquiring the
capacity to become neural precursors. These ‘competent’ precur-
sors subsequently adopt a neural fate in response to neural
inducing signals leading to the formation of the neural plate.
Neurogenesis takes place only later and is spatially and tempo-
rally regulated by complex regional and cell-type specification
events.

The neurons of the distal ganglia of cranial nerves VII, IX and
X (geniculate, petrosal and nodose ganglia) arise from the
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epibranchial placodes in the vicinity of the pharyngeal clefts (Le
Douarin et al., 1986, Webb and Noden, 1993, Graham and
Begbie, 2000, Baker and Bronner-Fraser, 2001). Because of their
location and simplicity, these placodes provide an attractive
system to understand fundamental mechanisms underlying neu-
ral fate. They are classified into a ventrolateral series that produce
only sensory neurons; all the non-neuronal components of the
ganglia are of neural crest origin (Narayanan and Narayanan,
1980, D'Amico-Martel and Noden, 1983).

Despite their importance to the cranial nervous system, little is
known about formation and early development of the epibranchial
placodes. Although many molecular markers for placodal
neurogenesis have recently been identified (Baker and Bronner-
Fraser, 2001) some basic features of the placodes still remain
unclear. We have shown that Sox3, an HMG family transcription
factor, is expressed inthe classically defined epibranchial placodes,
which are located dorsocaudal to each pharyngeal cleft (Abu-
Elmagd et al., 2001, Ishii et al., 2001). However, Sox3 also marks
alarger domain in the early post-otic region, within which three of
the epibranchial placodes arise through loss of Sox3 expression
in the intervening ectoderm (Ishii et al., 2001).

We have set out to determine whether the dynamically chang-
ing domains of Sox3 expression reflect changes in the ability of
ectoderm to undergo neurogenesis. We first determined when
and where neurogenesis occurred in relation to Sox3 expression
using in situ hybridization and fate mapping. We then analysed
temporal and spatial variation in the response of ectoderm to
extracellular (activated BMP receptor) or intracellular (neurogenin
2) stimuli of neurogenesis. Finally, we determined whether Sox3
function was necessary for the competence to undergo
neurogenesis. These analyses reveal that the early domains of
Sox3 expression are indeed neurogenic and that Sox3 is neces-
sary for the cells of the placodes to undergo neurogenesis.

Results

The relationship between Sox3-expressing ectoderm and
expression of the neurogenic bHLH factors

We have previously shown that Sox3 is expressed in the
epibranchial placodes of developing chick embryos (Abu-Elmagd
etal., 2001, Ishii etal., 2001), also see Fig. 1E). However, our
studies also showed that these final patches of Sox3 expres-
sion were the remnants of fewer, much larger domains of
expression. This means that a large part of the early domains
of Sox3 expression include regions of ectoderm in which
neurogenesis has not been described. In order to gain further
insight into the relationship between Sox3 expression and
neurogenesis, we examined the appearance of the bHLH gene
transcripts Neurogenin 1 and NeuroD, during the period when
the domains of Sox3 expression were shrinking and segment-
ing. By stage 13, Sox3 was expressed in a broad domain (Fig.
1A), which contains all prospective regions of the final
epibranchial placodes except the pre-otic geniculate placode
(Ishii et al., 2001). By stage 14, Sox3 expression started to be
lost from the ectoderm fated to lie between the petrosal and
nodose placodes (Fig. 1B). The level of Sox3 expression in this
ectoderm declined gradually in a dorsal to ventral fashion (Fig.
1B-D), and consequently the petrosal and nodose placodes
appeared by stage 17 as two distinct patches of Sox3 expres-

sion (Fig. 1D). The nodose placode was further resolved into
two by stage 19 (Fig. 1E), again through the loss of Sox3
expression in the intervening region (Ishii etal., 2001). Ateach
stage the regions of Sox3 expression were coincident with the
thickened ‘placodal’ ectoderm (Supplementary Fig 1).

Neurogenin 1, the earliest known gene to be expressed
when a placodal cell starts neuronal differentiation (Abu-Elmagd
etal., 2001) has been suggested to act as a neuronal determi-
nation factor through regulating many downstream genes,
including NeuroD (Fode et al., 1998, Perez et al., 1999).
Neurogenin 1 and NeuroD started to be expressed by stage 13
and 14, respectively, in a small number of scattered cells in and
around the prospective region of the petrosal placode (Fig. 1F-
H, 1K -M). Double in situ hybridization for NeuroD and Sox3
demonstrated that the NeuroD-positive neuroblasts delami-
nate from within the Sox3-positive ectoderm (Fig. 1P-T). After
stage 16, the number of cells expressing Neurogenin 1 and
NeuroD increased and became restricted to the classically
defined petrosal and nodose placodes (Fig. 11, 1J, 1N and 10).
This restriction appeared to be concomitant with loss of Sox3
expression from the intervening ectoderm.

Regions of neurogenesis change with time

Our previous fate mapping study demonstrated that the
petrosal and nodose placodes arise from two separate areas of
the pharyngeal ectoderm at stage 13 (Ishii et al., 2001).
However, the expression of bHLH transcription factors de-
scribed above suggests that placodal neurogenesis is continu-
ous across this region even at stage 16 (Fig.1H and 1M). It is
likely therefore, that the region of early neurogenesis includes
ectoderm fated to cease neurogenesis and lie outside of the
final placodes. To confirm this, we analyzed the fate of the
ectodermal cellsin the region where Neurogenin 1 is expressed
but which lies outside of the prospective regions of the final
placodes (i.e. a region that only expresses Sox3 at early
stages).

We labeled a small region of ectoderm dorsocaudal to the
prospective region of the petrosal placode with Dil at stage 14-
or 14 but within the region of early neurogenesis as identified in
the experiments above (Fig. 2A compare with Sox3 expression
in Fig. 1B). These embryos were allowed to develop for 22 h
until stage 19 (Fig. 2B compare with Sox3 expressionin Fig 1E),
serially sectioned, photographed under a fluorescent micro-
scope, and immunostained with an antibody against neuron
specific class Il B-tubulin (TuJ1). The Dil labeled ectoderm
clearly contributed neurons to the cranial ganglia (to the petro-
sal ganglionin most cases) although no labeled cells were seen
in the final placodes (easily identifiable as the source of later
TuJ1-positive neuroblasts) (Fig. 2C and D). On the other hand,
cells labeled within prospective regions of the final placodes
(Fig. 2E) formed an organized stream extending from the
surface ectoderm toward the cranial ganglion (Fig. 2E-H).
Thus, the ectoderm lying between the final placodes only
appears to undergo neurogenesis at early stages. In order to
confirm the transient nature of this neuronal contribution, we
labeled surface ectoderm of stage 147/14 embryos with Dil in
order to determine which regions contributed cells to the gan-
glia, as described above. We then labeled the same regions
with DIO 15 h after Dil labeling, and then reincubated the



embryos for 7 h. When such labeling was carried out within the
region of the final placodes, inward migration of both Dil- and
DiO-labeled neuroblasts was observed (Fig. 2N-Q) demon-
strating that this ectoderm contributed neurons to the ganglion
at later stages. However, when the region labeled was between
the final placodes, we found Dil-positive neurons within the
petrosal ganglion while all DiO-labeled cells remained in the
surface ectoderm (Fig. 21-M). Thus, this region of ectoderm is
neurogenic during the first 15 h of the labeling period but is no
longer neurogenic during the final 7 h.

We next constructed a fate map of the early post-otic pharyn-
geal ectoderm by labeling various regions of the pharyngeal
ectoderm with Dil. The summary fate map, derived from more
than 50 independent injections, is shown in Fig. 2R. The region
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of origin of the cranial ganglia (red+yellow) coincides with the
Sox3-positive domain (blue) and includes the ectoderm fated to
lie between petrosal and nodose placodes (yellow). These
results led us to conclude that the appearance of the final
placodes is preceded by the presence of a large continuous
placode, which contributes early neurons to the ganglia and is
marked by Sox3 expression.

Response of ectoderm to ectopic Neurogenin 2

The data above suggest that the early large domains of Sox3
expressing ectoderm undergo neurogenesis even though most
cells of the cranial ganglia arise from the later, more restricted
regions of Sox3 expression (the final placodes). We therefore
set out to test the ability of ectoderm within and outside of the

Fig. 1. Dynamic progression
of the expression of Sox3,
Ngn1 and NeuroD in the
post-otic pharyngeal ecto-
derm. Lateral view of differ-
ent stages of embryos hybrid-
ized with Sox3 (A-E), Ngn1 (F-
J) and NeuroD (K-O). Rostral,
" up, caudal, down; dorsal left;
ventral, right. Numbers in the
top right corner refer to the
developmental stages (Ham-
burger and Hamilton, 1957).
(A) Expression ofSox3 at stage
13 marks a large domain lo-
cated ventrocaudal to the otic
vesicle (ov). (B-E) Sox3 expres-
sion becomes restricted to the
classically-defined epibranchial
placodes (petrosal, first nodose
and second nodose) through
the gradual loss of the expres-
sion in the intervening ecto-
derm. Expression of Ngn1 (F-
J) and NeuroD (K-0). Expres-
sion of Ngn1 and NeuroD be-
comes detectable by stage 13
and 14, respectively (F,K). Its
region expands caudally along
the dorsal edge of Sox3-posi-
tive domain (G,H,L,M), before
becoming confined to the final
placodes (I,J,N,0). It should
be noted in comparing of Sox3
expression with neurogenin 1
and neuroD1 expression at
equivalent stages of develop-
ment, that much of the
Neurogenin 1 and NeuroD ex-
pression is in cell migrating
inwards and does not repre-
sent co-expression in the ec-
todermal cells expressing
Sox3. (P,Q) Double whole-
mount in situ hybridization for
Sox3 (blue) and NeuroD (red).

The boxed area in (P) is shown in (Q). NeuroD-positive cells are located around the dorsal edge of Sox3-positive ectoderm. (R-T) Transverse sections
through the levels shown in (Q). NeuroD-positive neuroblasts are produced within Sox3-positive ectoderm regardless of their rostrocaudal levels. gen,
geniculate placode; pet, petrosal placode, nod, nodose placode, en, pharyngeal endoderm. Scale bar, 100 um.
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Fig. 2. Shrinking and seg-
menting areas of
placodal neurogenesis.
(A-D) Neurogenesis out-
side of the prospective
regions of the final
placodes. Dotted lines in-
dicate Sox3-positive do-
mains, that were carefully
determined by comparing
with embryos at the same
stage stained by whole-
mountin situ hybridization.
(A) A small region of sur-
face ectoderm was la-
beled with Dil at stage 14-
/14. (B) After 22 h of incu-
bation the labeled ectoderm contributed outside of
the final placode. (C,D) Fluorescence images of
transverse frozen sections of the embryo in (B)
superimposed upon bright-field images after
immunostaining with TuJ1 antibody (brown). Dil-
labeled cells are seen in the stream of neuronal
cells toward the petrosal ganglion despite their
absence from the petrosal placodes (pet). (E-H) An
embryo in which the prospective region of the
petrosal placode was labeled with Dil. Labeled cells
produced a stream of neuronal cells extending from

the petrosal placode toward the petrosal ganglion. (I-M) Loss of neurogenic activity outside of the final placodes. (1) A small region of ectoderm, similar
to that in (A), was labeled with Dil. (J,K) After 15 h of incubation the same region of surface ectoderm was labeled with DiO, and the embryo was
reincubated for 7 h. (L,M) Dil- but no DiO-labeled neurons was seen in the cranial ganglia. (N-Q) Prospective region of the petrosal placode was labeled
with Dil and then DiO. Dil-positive and DiO-positive neurons are seen in the stream of neurons toward the petrosal ganglion. (R) Summary fate map
of the stage 14-/14 embryo. The diagram shows regions that contributed to the final placodes (red), regions that produced neurons but did not
contribute to the final placodes (yellow) and regions that produced no neurons (green). Each spot represents a group of cells labeled in a single embryo,
(n=>50). Note that the region of origin of cranial ganglia (red+yellow) approximately coincides with Sox3-positive ectoderm (blue). pet, petrosal

placode, nod1, first nodose placode; en, pharyngeal endoderm. Scale bar, 100 um.

Sox3-expressing regions to respond to neurogenic stimuli.
Since Sox3 is a nuclear transcription factor, we first tested the
‘transcriptional competence’ of the ectoderm, i.e. the ability of
neurogenic transcription factors to trigger aresponse. This was
achieved by electroporation of constructs encoding known
transcription factors expressed during epibranchial
neurogenesis.

Initially we targeted the epibranchial regions of embryos at
HH stage 14 of development, the early stages of neurogenesis,

as determined above, and analysed these embryos 16-18
hours later (Fig. 3). We found that NeuroD and NeuroM (using
constructs known to function in chick cells (Roztocil et al.,
1997, Roztocil et al., 1998)) did not elicit a response in the
ectoderm as measured by in situ hybridization for NeuroM,
NeuroD or Neurogenin 1 expression (data not shown). Strik-
ingly, Neurogenin2 did elicit a robust and reproducible re-
sponse (100%, n = 55/55, where n is the total number of
embryos electroporated). There is strong evidence that



Neurogenins directly activate expression of NeuroD (Huang et
al., 2000, Chae etal., 2004). We found that a similar response
was elicited in the ectoderm (Fig. 3, n=55/55 and Fig.4, n=36/
36). However, Neurogenin2 failed to trigger delamination and
inward migration (Fig. 3Eiii, 4Aiv, 4Avi) or expression of NeuroM
and later markers such as Hu or neurofilament (data not
shown). The non-transfected side of the embryo (Fig. 3Biii,
4Aiii), and embryos transfected with a GFP-encoding vector
alone (100%, Fig. 3A, n=0/63), did not exhibit an alteration in
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NeuroD expression. Although Neurogenin2 elicited strong
NeuroD expression in the branchial region of ectoderm, this
response was restricted to a ventral cranial region, both trunk
(n=9/9) and rostral head (n=11/11) being unresponsive (Fig.
3C, 4B). We therefore mapped the responsiveness of the
ectoderm in relation to the expression domains of Sox3. Em-
bryos were transfected at two stages, HH14 and HH18/19.
These data allowed us to produce maps of responsiveness at
these stages (Fig. 3F and Fig. 4C). In general, abroader domain

Fig 3. Effects of over-expression of
mNgn2-GFP on the ectoderm at HH stage
14. Rostral is up and dorsal is to the left.
Embryos were electroporated at HH stage
14 and analysed after 18 hours. mNgn2-
GFP and pEGFP were detected by green
fluorescence. Whole mount single in situ
hybridisation was used to detect ectopic
mNgn2-GFP in red and cNeuroD in blue.
Images of control sides of embryos inverted
for ease of comparison. (Ai) Green fluores-
cence showing transfection of pEGFPC1 in
the head and branchial ectoderm. (Aii) In
situ hybridisation on the same embryo show-
ing no effect on cNeuroD on the transfected
side of the embryo. (Aiii) Endogenous ex-
pression of cNeuroD on the non-transfected
control side of the embryo. (Bi) Green fluo-
rescence showing transfection of mNgn2-
GFP in the region of petrosal and nodose |
placodes. (Bii) In situ hybridisation on the
same embryo showing activation of
cNeuroD. (Biii) Endogenous expression of
cNeuroD on control side. Arrows indicate
regions of good transfection (Bi,ii) and the
equivalent region on the non-transfected
side of the embryo in (Biii). (Ci, Di) Green
fluorescence showing transfection of
mNgn2-GFP in the region of the geniculate,
petrosal and nodose | placodes and also
transfection in the head and trunk regions.
(Cii, Dii) In situ hybridisation on embryo in
(Ci, Di) respectively, showing activation of
cNeuroD (blue) in the vicinity of epibranchial
placodes, but no activation of cNeuroD in
the head or trunk region where mNgn2-GFP
was also transtfected (red). (Ciii, Diii) Higher
magnification of the boxed regions of em-
bryos in (Cii, Dii) indicating that the cells of
the trunk ectoderm posterior to nodose
placodes and in more rostral head regions,
are not responsive to over-expression of mNgn2-GFP. (Ei) In situ hybridisation on embryo showing the transfected plasmid detected in red followed
by detection of cNeuroD in blue (Eii). (Eiii, iv) Transverse section of embryo in (Eii) at the level of geniculate placodes (white dotted line), showing
ectopic expression of cNeuroD on the transfected side and non-transfected control side. cNeuroD is activated only in the surface ectoderm but
migration of cells from the ectoderm is not seen (Eiii). On the control side (Eiv) cNeuroD expression is observed in the cells migrating to form the
ganglion. (Fi, Fii) Response maps representing data from 55 transfected embryos. Different regions of chick ectoderm show a variation in the response
to ectopic mNgn2. Blue colour indicates the regions of ectoderm where a response (activation of cNeuroD) to over-expression of mNgn2-GFP was
obtained. The green domains represent regions that were transfected but were unresponsive. The red hatched domains represent the expression
pattern of cSox3 at respective stages. (Fii) Responsive and non-responsive regions of the ectoderm as analysed at HH stage 16, the final stage of
analysis when effects of mNgn2-GFP over-expression on cNeuroD were observed. (Fi) Response map of chick ectoderm at HH stage 14 when
transfection of mNgn2-GFP was carried out. This map is an estimate of the position of transfected cells at the time of transfection, extrapolated from
the regions assayed at the end of the experiment as shown in (Fii). It is evident from both the maps that the responsive regions of ectoderm are much
wider than the cSox3 expression domains. Asterisk, otic vesicle, t, trigeminal placode, g, geniculate placode, p, petrosal placode; nl, nodosel placode;
nt, neural tube. Scale bars represent approximately 100 um.
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of ectoderm was responsive at earlier stages. However, respon-
siveness was always restricted to regions rostral to the level of the
fifth-sixth somites. Dorsal regions were also less responsive,
such that at HH14 most of the branchial region responded except
the most dorsal part from about the level of the dorsal part of the
otic vesicle. By HH18/19, the non-responsive region had ex-
panded to include the ectoderm dorsal to, and level with, the otic
vesicle (Fig 4Ci, n=49, of which 36/36 in the region shown in blue
colour on the map were responsive and 13/13 outside this region
(green colour) were negative). Anterior to the branchial clefts,
responsiveness was much more restricted only to the ventral
most regions including just ventral to the eye and the prospective
nasal placode where Sox3 is normally expressed in epithelium
fated to form nasal sensory epithelium.

In these experiments we were interested in any correlation
between thefregions of responsiveness to Neurogenin 2 and the
domains of Sox3 expression. Although there was a significant
overlap between these domains, no clear correlation was ob-
served. Most notably, restriction of Sox3 expression to very small

Fig. 4. Effects of over-
expression of mNgn2-
GFP on the ectoderm
at HH stage 18/19. Ros-
tral is up and dorsal is to
the left. Embryos were
electroporated at HH
stage 18/19and analysed
after 18 hours. Ectopic
mNgn2-GFP was de-
tected by green fluorescence and expres-
sion of cNeuroD was detected in blue by
whole mount single in situ hybridisation.
Images of control sides of embryos inverted
for ease of comparison. (Ai) Green fluores- e
cence showing transfection of mNeurogenin2
in the branchial ectoderm and (Aii) activation ‘
of cNeuroD in the transfected region. (Aiii) “
expression of cNeuroD on the non-trans-

fected control side of the same embryo.

Av

Dashed white lines in (Aii and Aiii) indicate cNeuroD cNeuroD
the level at which the transverse sections X
were taken. (Aiv-vii) Transverse sections of _AV“

embryo at the level of geniculate and petro-
sal placodes, showing ectopic expression of
cNeuroD on the transfected side (Aiv, vi),
although migration of cells from the ecto-
derm s not seen. On the control side (Av, vii)
cNeuroD expression is observed in the cells
migrating to form the ganglion. (Bi) Green
fluorescence of embryo in (A) showing trans-
fection of mNgn2-GFP in the head region.
(Bii) Embryo in (Bi) processed through in situ
hybridisation showing no ectopic activation

$
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cNeuroD

placodal regions at HH stage 18/19 was not reflected in a loss of
responsivenessto Neurogenin 2 in the surrounding ectoderm’(Fig.
4). Hence, Sox3 expression does not seem to be required for the
competence of ectoderm to express NeuroD in response to
ectopic Neurogenin 2.

Response of ectoderm to activated BMP receptor

Since the response of ectoderm to Neurogenin2 overexpres-
sion was limited to activation of NeuroD, we set out to induce a
more comprehensive response. To this end, we built on an earlier
study in which it was shown that endoderm-derived BMP signals
can initiate neurogenesis in and around the normal regions of
epibranchial placodes“(Begbie et al., 1999). We made use of a
constitutively active receptor for BMP (caBMPR1b (Timmer et al.,
2002)). Transfection of ectoderm with this construct allowed us to
analyse the effects of activating a BMP pathway in the ectoderm.

As in the experiments using Neurogenin 2, embryos were
electroporated at HH stage 14 (n=39) and HH stage 18/19 (n=6).
However, since the caBMPR1b construct did not carry a GFP-tag,

cNeuroD

mNgn2 - GFP
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Ectodermal response to ectopic mNeurogenin2

. Responsive regions of the ectoderm

cNeuroD @2 Expression domains of cSox3

of cNeuroD in the transfected region. (Ci, ii) Response maps representing data from 36 transfected embryos. Blue colour indicates the regions of
ectoderm where a response (activation of cNeuroD) to over-expression of mNgn2-GFP was obtained. The green domains represent the non-
responsive regions of the ectoderm. The red hatched domains in (Ci) represent the expression pattern of cSox3 at respective stages. (Cii) Responsive
and non-responsive regions of the ectoderm as analysed at HH stage 22, the final stage of analysis when effects of mNgn2-GFP over-expression on
cNeuroD were observed. The expression of cSox3 is lost at this stage and therefore, the expression domains are not represented. (Ci) Response map
of chick ectoderm at HH stage 19 when transfection of mNgn2-GFP was carried out. This map is an estimate of the position of transfected cells at
the time of transfection, extrapolated from the regions assayed at the end of the experiment as shown in (Cii). It is evident from both the maps that
the responsive regions of ectoderm are much wider than the cSox3 expression domains. Asterisk, otic vesicle, t, trigeminal placode, g, geniculate
placode, p, petrosal placode; nl, nodose | placode. Scale bars represent approximately 100 um.



co-transfection of the pEGFP-C1 vector was carried out to identify
the transfected region.

As anticipated, overexpression of the caBMPR1b elicited ex-
pression of NeuroD, (Fig. 5) and these cells also delaminated
from the epithelium and migrated inwards (Fig. 5Div).

Again, responsiveness of the ectoderm was restricted to the
ventrocaudal ectoderm, with the broadest response in the bran-
chial region. However, the responsiveness to caBMPR did not
match the map we produced for the Neurogenin2 response (Fig.
5E). In particular, responsiveness was lost at later stages (HH 18/
19) (Fig. 5Eii). This pattern of responsiveness coincided more
closely with the dynamic domains of Sox3 expression, consistent
with a role for Sox3 in this competence to initiate neurogenesis
when BMP signaling was activated. These data are consistent
with the recent report of Holzschuh et al. (2005), who showed in
zebrafish that bmp soaked beads could induce ectopic
neurogenesis, but that this was restricted to the branchial ecto-
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derm (Holzschuh et al., 2005).

Dominant-negative Sox3 inhibits neurogenesis

Although the analyses above suggested a correlation between
Sox3 expression and response of the ectoderm to Bmp signalling,
more direct evidence for a role for Sox3 in this response was
needed. In order to investigate directly the requirement of Sox3
expression for neurogenesis in the surface ectoderm, we carried
out experiments designed to block Sox3 function. Byland et al.
(2004) have demonstrated that Sox3 acts as a transcriptional
activator in its role in CNS neurogenesis. We made use of their
Sox3-engrailed repressor construct to interfere with Sox3 func-
tion in the epibranchial ectoderm (Fig 6). In these experiments we
targeted the endogenous domains of Sox3 expression for
electroporation by depositing the DNA into the epibranchial clefts,
again co-transfecting with pEGFP-CL1. This treatment resulted in a
striking inhibition of neurogenesis on the treated sides of the

Fig. 5. Effects of caBMPR1b over-
expression on the ectoderm at HH
stage 14 and HH stage 18/19. Em-
bryos were electroporated at HH stage
14 (A,B,D) or HH stage 18/19 (C) and
analysed after 18 hours. Rostral is up
and dorsal is to the left. HH stage of
transfection in top right corner. Ectopic
activation of cNeuroD in response to
caBMPR1b over-expression was de-
tected in blue by whole mount singlein
situ hybridisation. Images of control
sides of embryos inverted for ease of
comparison. (Ai, Bi, Di) Green fluores-
cence of GFP showing transfection in
the epibranchial region of embryo. (Aii,
Bii, Dii) Activation of cNeuroD observed
in the transfected regions of the em-
bryos in (Ai, Bi, Di), respectively. (Aiii,
Biii, Diii) Non-transfected control side
of the embryos in (Ai, Bi, Di), respec-
tively, showing normal endogenous
expression of cNeuroD. (Div) Trans-
verse section of embryo in (Di) at the
level of geniculate placodes (Dashed
white line in Dii, Diii), showing ectopic
expression of cNeuroD on the trans-
fected side. Cells expressing ectopic
cNeuroD migratedinwards. (Dv) Trans-
verse section of embryo at the level of
geniculate placode, showing normal
endogenous expression of cNeuroD
on the non-transfected control side of
the embryo. (Ei, Eii) Response maps
representing data collated from 39
transfected embryos. Blue colour indli-
cates the regions of ectoderm where a

cNeuroD cNeuroD

iv Dv
2% ;
"_- v i 1

s ™
cNeuroD cNeuroD

Eii

response (activation of cNeuroD) to over-expression of pMiWIll-caBMPR1b was obtained. The green domains represent the non-responsive regions
of the ectoderm. The red hatched domains represent the expression pattern of cSox3 at respective stages. (Eii) Responsive and non-responsive
regions of the ectoderm as analysed at HH stage 16, the final stage of analysis when effects of pMiWIll-caBMPR1b over-expression on cNeuroD were
observed. (Ei) Response map of chick ectoderm at HH stage 14 when transfection of pMiWIlll-caBMPR1b was carried out. This map is an estimate
of the position of transfected cells at the time of transfection, extrapolated from the regions assayed at the end of the experiment as shown in (Eii).
Arrows indicate regions of transfection. (Ci,ii) No change in expression of cNeuroD was seen upon co-transfection of pEGFPC1 and pMiWIlII-
caBMPR1b at HH stage 18/19. (Ciii) Non-transfected control side of the embryo in (Ci) showing normal endogenous expression of cNeuroD. Asterisk,
otic vesicle; t, trigeminal placode; g, geniculate placode; p, petrosal placode, nl, nodose | placode. Scale bars represent approximately 100 um.
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Fig. 6. Effects of over-expression of
¢Sox3-HMG-EnR on the epibranchial
placodes at HH stage 13. Embryos were
electroporated at HH stage 13 and
analysed at HH stage 15. Ectopic expres-
sion of ¢Sox3-HMG-EnR was detected
by green fluorescence of co-transfected
PEGFPC1 and the endogenous expres-
sion of cNeuroD was detected in blue by
single in situ hybridisation. Images of
control sides of embryos inverted for ease of comparison. &
(Ai) Green fluorescence showing co-transfection of ’

PEGFPC1 and cSox3-HMG-EnR (Rostral is up and dorsal
is to the left.). (Aii) Embryo in (Ai) showing loss of
expression of cNeuroD on the transfected side (dotted
lines in (Aii) and (Aiii)). (Aiii) cNeuroD expression on the
non-transfected control side of the embryo. (Aiv-vii)
Transverse sections of the embryo in (Al-iii) at the level of
geniculate (Aiv), petrosal (Av) and nodose | (Avi, vii)
placodes showing loss of cNeuroD on the transfected
side of the embryo. Expression of cNeuroD and cell
migration are not affected on the non-transfected control
side of the embryo (right hand side). (B,C) Embryo co-
transfected with cSox3-HMG-EnR and pEGFPC1. Trans-
verse sections at the level of geniculate (Bi), petrosal (Bii)
and nodose | (Biii) placodes, showing loss of cell migra- ‘

tion on the transfected side of the embryo. (Ci-iii) Em- | =
bryo transfected with pEGFPC1 alone. Transverse sec- : :
tions at the level of geniculate (Ci), petrosal (Cii) and
nodose | (Ciii) placodes, showing normal cell migration
on the transfected side of the embryo. nt, neural tube;
not, notochord, g, geniculate; p, petrosal; nl, nodose I, ph,
pharynx. Scale bars represent approximately 100 um.

pEGFPCI +

cSox3-

Aiv

Avi
nl

embryos (Fig 6). Not only was there a pronounced decrease in the
size of the domain expressing NeuroD and the level of that
expression, but there was also very little evidence of the trans-
fected cell migrating inwards (Fig. 6B).

These data are consistent with our recent analysis in zebrafish
where knock down of sox3 by morpholino injection resulted in loss
of neurogenesis as marked by expression of either neurogenin or
neuroD (unpublished observations).

Discussion

Sox3 defines dynamically changing areas of neurogenesis
Our results provide evidence that the epibranchial placodes are
dynamically shrinking and segmenting structures. Using Neurogenin
1 and NeuroD as markers for placodal neurogenesis, we have
shown the transition of neurogenic regions from an initial longitu-
dinal strip to the final separate patches. The shrinkage of the
neurogenic regions was further confirmed by fate mapping study,
which identified a region of ectoderm that contributes neurons to
cranial ganglia but is fated to lie outside of the final placodes.
Although very few cells normally undergo neurogenesis from the
regions outside of the classically defined placodes, the activation
of NeuroD by ectopic Neurogenin 2 or caBmpR shows that many
cells in these regions are actually capable of undergoing this

nt =

cNeuroD

~ ,nt

cNeuroD

cNeuroD cSox3-HM(

response. However, we cannot be certain whether these cells
could generate a full neurogenic response. Together these data
suggest the presence of a large continuous domain of neurogenic
ectoderm that precedes the appearance of the smaller and seg-
mentally-organized final placodes.

Placodes were originally identified as discrete regions of thick-
ened ectoderm (von Kupffer, 1891). Therefore, neurogenic pla-
codes represent these structures within which sensory neurons or
sensory epitheliadevelop. In some recent studies, the epibranchial
placodes are characterized as regions of ectoderm where markers
for neurogenesis are expressed (Begbie et al., 1999, Schlosser
and Northcutt, 2000, Andermann et al., 2002). However, this
criterion appears to be misleading because the region of ectoderm
expressing bHLH genes is much smaller than the Sox3-positive
thickened ectoderm capable of responding to neurogenic signals.
The domain in which neurogenesis actually occurs is likely to be a
reflection of the domain capable of neurogenesis and its proximity
to the branchial endoderm where Bmp signals arise. Thus, we
propose that the epibranchial placode is a pool of uncommitted
precursor cells capable of undergoing neuronal differentiation not
only the cells that actually undergo neurogenesis.

Variation in the neurogenic response of the ectoderm
A fundamental and yet poorly understood question of develop-



mental biology is the basis for competence of cells to undergo
neurogenesis in response to appropriate signals. This question
has proven extremely difficult to address with respect to the CNS
duetothe very early stage atwhich these decisions occur. We have
shown that there is spatial and temporal variation in the response
of the surface ectoderm to neurogenic stimuli. The ability of
ectoderm to undergo neurogenesis in response to activation of
BMPR at the cell surface coincides closely to regions of ectoderm
thatexpress Sox3 and it seems that Sox3 function may play a direct
role in that competence. However, we have found that ectoderm
outside of the Sox3-expressing region has the ability to respond to
a more direct component of the subsequent neurogenic machin-
ery, the activation of NeuroD expression by Neurogenin 2. The fact
that even activation of NeuroD did not result in other aspects of
neurogenesis suggests that the ectoderm requires additional fac-
tors to be activated that would act in concert with NeuroD to elicit
a full neurogenic response. Unfortunately, we have not been able
to directly test if it is the expression of Sox3 alone that provides this
competence, since overexpression of Sox3 would also block the
progress of cells into neurogenesis. However, our recent study in
zebrafish showed that Sox3 was necessary for expression of both
neurogenin and phox2ain the placodes, supporting a role for Sox3
in the ability of ectodermal cells to adopt a neurogenic fate (Dee et
al., 2008). The maps we have produced and the assays of BMPR
and Neurogenin 2 responsiveness, now provide a direct way to
access the factors that provide the competence of ectoderm to
make neurons.

These regions of competence bear a remarkable similarity to
the map produced by Vendrell et al., 2000) describing the ability
of ectoderm to form an otic placode in response to ectopically
expressed fgf3 (Vendrell et al., 2000). These authors describe
competence to be restricted to the dorsal ectoderm adjacent to
the hindbrain and the spinal cord as far caudal as the sixth somite,
and to be restricted to the cranial ectoderm posterior to the
developing eye. This responsive region is very similar to our
observation that responsiveness to Neurogenin 2 is restricted to
the ventral ectoderm as far caudal as the level of the fifth-sixth
somite. Since ours and Vendrell's data identify ventral and dorsal
domain respectively with the same caudal limit, this is consistent
with a model in which the ectoderm is composed of domains of
gene expression which determine the response the ectoderm to
various signals. Indeed, Shimada et al., 2003) have found that the
competence of ectoderm to express delta-crystallin in response
to L-maf is restricted to a domain around the eye, particularly
ventral to the eye where we have found that the tissue is also
responsive in our study (Shimada et al., 2003). Co transfection of
Sox2 expanded this responsiveness suggesting that it was Sox2
expression that provided an essential cofactor for this function of
L-Maf and that restricted expression of endogenous Sox2 ex-
plained the difference in competence. This restriction of compe-
tence for different structures near the eye or more caudally is
consistent with our earlier observation that the morphology of
ectodermal thickenings produced when Sox3 is over-expressed
ismore lens-like in rostral ectoderm and epibranchial placode-like
in more caudal ectoderm (Abu-Elmagd et al., 2001). What genes
might underlie the competence of ventral ectoderm to respond to
neurogenic signals? Six4 is expressed in ventral cranial ectoderm
in such away as to be a potential cofactor for activation of NeuroD
by Neurogenin 2. Six4 remains broadly expressed in the branchial
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arches at later stages (Esteve and Bovolenta, 1999), when we
have shown the ectoderm to remain responsive to Neurogenin 2
but not to the caBMPR. Expression of Pax2 however, becomes
restricted in a manner similar to Sox3. Since, Pax6 has been
shown to be required for Neurogenin 2 expression in the CNS
(Scardigli et al., 2003), Pax2 might be necessary for Neurogenin
2 expressioninresponse to BMP in the epibranchial placodes and
hence might be a prerequisite for Bmp induced neurogenesis
(Baker and Bronner-Fraser, 2000). If both Sox3 and Pax2 are
required, might these acttogether? This is certainly a reasonable
hypothesis since Pax6 and SoxB1 genes have been shown to act
in concert upon lens specific genes in the cells of the lens placode
(Kamachi et al., 2001).

Alternatively, the lack of response to BMP signaling or ectopic
Neurogenin 2 could reflect the presence of repressive signals.
Recent studies onthe expression of genes marking the preplacodal
domain which precedes the formation of all placodes, implicated
Whnt signaling in such arole (Litsiou et al., 2005). Not only do the
expression domain of Wnt8c and particularly Wnt 6 (Schubert et
al., 2002) match quite closely to the Neurogenin 2 insensitive
regions of ectoderm, but ectopic activation of Wnt signaling was
shown to inhibit expression of all preplacodal markers analysed
(Litsiou et al., 2005). The role of these various factors in the
activation of NeuroD expression by Neurogenin 2 remain to be
tested.

Multipleinductive events leading to placodal neuronal differ-
entiation

Our results suggest that the epibranchial placodes retain a
potential to undergo epidermal differentiation even after the onset
of neurogenesis. In this sense, the placodes contrast with the
neural plate, which is irreversibly committed to the nervous
system prior to the onset of neurogenesis (Kishi et al., 2000).
Such a flexibility of the epibranchial placodes might relate to the
fact that they eventually disappear after undergoing active
neurogenesis. The placodes cease their neurogenesis by day 5
of development (D’Amico-Martel and Noden, 1983) as soon as
the pharyngeal clefts disappear. It is therefore possible that the
endoderm is required for maintenance of the placodes and
continuance of their neurogenesis. Indeed, the pharyngeal pouch
endoderm or BMP-7 is capable of inducing placodal neurogenesis
from the surface ectoderm in vitro (Begbie et al., 1999).

However, initial formation of the epibranchial placodes ap-
pears to be independent of pharyngeal pouches because Sox3-
positive ectoderm in the early post-otic region is more extensive
than the region of pharyngeal pouch contact. Recent experiments
in zebrafish, similarly show that endoderm is required for later
neurogenesis (Holzschuh et al., 2005), but not for initial placode
formation (Nechiporuk et al., 2005). In culture experiments in
vitro, only cranial ectoderm was responsive to the endodermal
signal (Begbie et al., 1999). In contrast, an earlier study demon-
strated that ectoderm from the trunk can be induced to form
neurons when transplanted to the epibranchial region in vivo
(Vogel and Davies, 1993). These data suggest that signals from
tissues other then the endoderm induce epibranchial placodes
and confer the ectoderm with a competence to respond to the
endodermal signal, which probably maintains the placodes and
facilitates their neurogenesis. Recent studies from our laboratory
and others using zebrafish, implicate the Fgf signaling in these
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earlier events (Nechiporuk et al., 2007, Nikaido et al., 2007, Sun
et al., 2007) with the mesoderm as the most likely source
(Nechiporuk etal., 2007). A similar role for Fgf signaling has been
proposed for induction of the otic placode (Phillips et al., 2001,
Maroon etal., 2002, Liu et al., 2003, Wright and Mansour, 2003).
Fgfs induce otic specific gene expression only in the preplacodal
region (reviewed in Streit 2004) that lies adjacent to the CNS
(Martin and Groves, 2006). Although it is not yet certain if the
prospective epibranchial domain lies within the preplacodal re-
gion in chick, our data suggest that it is also induced from within
this region in zebrafish (Sun et al., 2007). Since the epibranchial
region develops atthe same rostrocaudal level as the otic placode
and is largely dependent upon Fgf signaling, it seems likely that
both classes of placodes are a response to very similar signals.

In summary, we have demonstrated that the epibranchial
placodes are dynamically shrinking and segmenting regions of
ectoderm capable of undergoing neurogenesis. We have pre-
sented evidence that the expression of Sox3 in these structures
is a component of their competence to undergo neurogenesis in
response to BMP signaling. The ability of neurogenins to induce
the expression of NeuroD does not appear to depend upon Sox3
but is restricted to a domain of ectoderm suggesting other factors
such as the Six genes might play a role in this response. In order
to elucidate the early inductive events, as well as to determine
precise roles of the pharyngeal pouch endoderm, it will be
particularly importantto understand mechanisms underlying com-
mitment of ectodermal cells to a neural fate. Sox3 provides a
valuable tool to investigate this process.

Materials and Methods

Embryos

White Leghorn chicken eggs were incubated at 38°C. Embryos were
staged according to Hamburger and Hamilton (1951) (Hamburger and
Hamilton, 1951).

Whole-mount in situ hybridization

cDNAs for Sox3 (Uwanogho etal., 1995), Neurogenin 1 and Neurogenin
2 (gift from Dr. David Anderson) and NeuroD (gift from Dr. Marc Ballivet)
were used to make antisense riboprobes. Neurogenin 2 was used to make
sense probes to detect the over-expressed plasmid. Whole-mount in situ
hybridization was performed as described previously (Cheung et al.,
2000). For double whole-mount in situ hybridization, the method de-
scribed by Abu-Elmagd et al. (2001) was used. The fluorescein-labeled
Neurogenin 2 probe and digoxigenin-labeled NeuroD probe were hybrid-
ized simultaneously. Expression of Neurogenin 2 was detected first by
using Fast Red TR/Naphthol AS-MX (Sigma), followed by the detection of
NeuroD using NBT/BCIP.

Fate mapping

Dil (1,1-dioctadecyl-3,3,3',3'-tetramethylindo-carbocyanineperchloride;
Molecular Probes, Eugene, OR; 0.3% in dimethylformamide) was applied
on the surface ectoderm of stage 147or 14 (21 or 22 somites stage)
embryos using a fine glass microcapillary. Photographs were taken
immediately with a CCD camera (DC-330, DAGE-MIT Inc., Michigan City,
IN) under a fluorescent microscope. Positions and sizes of the labeled
ectoderm were carefully determined in relation to somites, pharyngeal
pouches and otic vesicle. The embryos were incubated for 22 h, but some
were labeled with DiO (3,3'-dioctadecyloxacarbocyanineperchlorate;
Molecular Probes) at 15 h then reincubated for 7 h. The embryos were
fixed with 4% paraformaldehyde/phosphate buffered saline for 1-2 h,
embedded in OCT compound and serially cryosectioned. After being

photographed under a fluorescent microscope, sections containing la-
beled cells were immunostained with monoclonal antibody against neu-
ron specific class Il B-tubulin (TuJ1, Babco, Berkeley, CA, 1:500) to
visualize streams of neurons extending from the placodal ectoderm
towards the cranial ganglia. Biotinylated anti-mouse IgG (1:200, Vector
laboratories, Burlingame, CA) and ABC-kit (Vector laboratories) were
used to detect the immunoreactivity.

Electroporation

Clones for NeurogeninZ2 fused with pEGFPN1, caBMPR (Timmer, et.
al. 2002), cSox3-HMG-EnR (Bylund et. al., 2003) were used for over-
expression. mNeurogenin2-pEGFPN1 and pMiWIlll-caBMPR1b +
PEGFPC1 were transfected at HH stage 14 and HH stage 18/19 and
analysed at HH stage 16 and HH stage 21/22 respectively. cSox3-HMG-
EnR was co-transfected with pEGFPC1 at HH stage 13 and embryos
were analysed at HH stage 15.

Histological analysis

Embryos were fixed in Bouin’s fluid, dehydrated in a graded ethanol
series, embedded in wax and sectioned longitudinally at 7 um. The
sections were mounted on vectabond (Vector laboratories)-coated slides
and stained with Mayer’s hematoxylin (Sigma) and eosin.
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