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Changes in gene expression and cell shape characterise
stages of epibranchial placode-derived neuron
maturation in the chick
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Abstract

Sensory neurons in the head are largely generated from neurogenic placodes. Previous studies have revealed
early events in placode development; however, the process of maturation has not been studied. In this study, it
has been shown that placodal neurogenesis follows a sequential progression with distinct stages defined by
expression of specific markers. These markers highlight domains of maturation within the stream of migratory
neuroblasts that extend between the placode and the neural tube. Commitment to neurogenesis occurs in the
apical placode, with the newborn neuroblasts delaminating basally and entering a transition zone. The
neuroblasts migrate through the transition zone, differentiating further and becoming post-mitotic as they
approach the ganglionic anlage. It has further been demonstrated that this progression from the transition
zone to the ganglionic anlage is accompanied by a switch from multipolar to bipolar cell morphology. This
sequential progression parallels events observed elsewhere in the nervous system, but here the stages are
distinct and anatomically segregated. It is proposed that placodal neurogenesis provides a tractable system to
examine the transition between states in neurogenesis.
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Introduction

In the vertebrate head the majority of sensory neurons are
derived from specialised regions of ectoderm called neuro-
genic placodes (Blentic et al. 2011; Begbie, 2013). It has
traditionally been suggested that the mechanism of pla-
code-derived sensory neurogenesis is likely to mirror the
production of neural crest-derived sensory neurons in the
trunk. Indeed, in both cases there are parallels in cellular
behaviour such as delamination and migration, and shared
expression of some of the key genes. As the specific process
is studied in more depth in each population, however, it is
becoming apparent that there are significant differences,
especially in timing.

In the trunk, sensory neurons are derived exclusively from
neural crest cells (NCCs). NCCs delaminate from the dorsal
aspect of the neural tube (NT) by epithelial-to-mesenchymal
transition and remain as NCCs as they migrate along a
defined ventromedial pathway to the site of dorsal root
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ganglion (DRG) formation (George et al. 2010). With the
arrival of NCC at the site of DRG formation, a small number
of cells begin to differentiate as sensory neurons. These
neurons then act to nucleate the ganglion with the devel-
oping DRG consisting of a neuronal core enclosed within a
perimeter of proliferating progenitors. These progenitors
are derived from later waves of migrating NCCs and will go
on to differentiate as sensory neurons contributing to the
expanding core (George et al. 2010). Analysis of the genetic
control of sensory neurogenesis in NCCs shows that expres-
sion of the transcription factors Ngn1 and Ngn2 in NCCs is
required in their specification as sensory neurons (Parras
et al. 2002; Marmigere & Ernfors, 2007). Subsequently, the
neuronal precursors within the prospective ganglion differ-
entiate further, upregulating neuronal genes such as Brn3a
and Is/1, and sensory neuron-specific genes such as Foxs? in
the mouse and Hmx1 in the chick (Marmigere & Ernfors,
2007; Adameyko et al. 2009).

In the head, sensory neurons derive from two cell popula-
tions, with the majority derived from the neurogenic pla-
codes and to a lesser extent from the cranial NCCs
(D'Amico-Martel & Noden, 1983). The neurogenic placodes
are specialised regions of neurogenic epithelium found in
stereotypical locations across the cranial ectoderm (Ladher
et al. 2010). In the chick, the neurogenic placodes comprise
the two separate trigeminal placodes, ophthalmic and
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maxillomandibular, generating neurons of the respective
lobes of the trigeminal ganglion; the otic placode, produc-
ing neurons of the vestibuloacoustic ganglion; and the
three epibranchial placodes, which give rise to the genicu-
late, petrosal and nodose ganglia (Fig. 1A). Each of the neu-
rogenic placodes generates neurons in its own way, and
this study focuses on the epibranchial placodes (Begbie
et al. 2002; Alsina et al. 2004; McCabe et al. 2009; Blentic
et al. 2011). Previous research has shown that all placode-
derived neurons are specified within the placodal epithe-
lium, and are consequently already neuronal when they
delaminate from the epithelium and migrate towards the
site of ganglion formation (Abu-Elmagd et al. 2001; Begbie
et al. 2002; Lassiter et al. 2014). This is in contrast to the
NCC-derived sensory neurons that are formed at the site of
ganglion formation (George et al. 2010). In the case of the
epibranchial and trigeminal maxillomandibular placodes,
these cells are neuroblasts that can proliferate as they
migrate but are post-mitotic within the ganglion (Blentic
et al. 2011).

It was hypothesised that the advance in maturity of
placodal neuroblasts as they migrate further away from the
placode and closer to their target destination in the gan-
glion may be reflected by the molecular identity of the cells
and thus expression of typically neuron-associated genes.
To address this, the expression of a panel of well-character-
ised neuronal and neurogenic markers within the migratory
stream across three stages of placode-derived cranial sen-
sory ganglion (CSG) development has been examined
(Fig. 1B). A number of these markers have been used in
studies focused on early stages of epibranchial placodal
neurogenesis: Ngn1, NeuroD, NeuroM (Abu-Elmagd et al.
2001), and Deltal, Phox2a, Phox2b, IslT (Begbie et al. 2002).
The panel also included a variety of transcription factors

associated with neuronal differentiation: MyT1 (Matsushita
et al. 2002), COET (Garcia-Dominguez et al. 2003), Foxg1
(Hatini et al. 1999) and DRG11 (Rebelo et al. 2007). To cha-
racterise later stages of neuronal maturation, known mark-
ers of mature neurons and genes involved in cellular
processes such as neuronal migration and axon guidance
were selected: HuC/D (Blentic et al. 2011), NFM (Perrot et al.
2008), SCG10 (Groves et al. 1995), Axoninl (Ratie et al.
2014) and DCX (Capes-Davis et al. 2005). Here it is reported
that using these markers, the migratory stream can be sub-
divided into four domains of increasing maturity.

It was hypothesised that within the domains of matura-
tion there would also be a transition point in cell shape as
neuroblasts begin to establish adult neuron morphological
characteristics such as axonal processes (Neukirchen &
Bradke, 2011). To address this, GFP-labelling was used to
analyse neuroblast cell shape within the migratory stream.
Here it is reported that a switch from multipolar to bipo-
lar cell morphology within the final domain of gene
expression corresponding to the ganglionic anlage can be
defined. The results show that neuronal maturation dur-
ing epibranchial ganglion development shows a sequential
progression, with distinct stages showing a clear anatomi-
cal segregation.

Materials and methods

Embryos

Fertilised hen’s eggs from Winter Egg Farm (Hertfordshire, UK)
were incubated horizontally at 38 °C in a humidified incubator to
the relevant developmental stages (HH; Hamburger & Hamilton,
1992). Embryos were harvested and fixed in MEMFA (0.1 m MOPS, 2
mm EGTA, 1 mm MgSQOy, 3.7% formaldehyde) overnight at 4 °C.

HH16

HH18 HH20

ne,

NT

Fig. 1 The CSG form at stereotypic positions in the embryo. (A) Schematic side view of a day 3 chick embryo showing the positions of the CSG,
as well as the olfactory, lens and otic placodes. I-ll, branchial arches 1-3; G, geniculate; N, nodose; nc, notochord; NT, neural tube; OP, olfactory
placode; OV, otic vesicle; P, petrosal; Trm, trigeminal maxillomandibular; Top, trigeminal ophthalmic; VA, vestibuloacoustic. The NT is outlined by
the grey dashed line. (B) The distal CSG form by internal migration of neuroblasts derived from the placodal ectoderm. The shape of the migratory
stream undergoes characteristic changes as development progresses culminating in the aggregation of neuronal cell bodies to form the ganglion

proper. The asterisk indicates the placodal epithelium.
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In situ and immunohistochemistry

In situ hybridisation was carried out as described (Thompson et al.
2010). cDNA constructs for preparing riboprobes were Axonin1 (E
Stoeckli, Zurich); Cad7, COET, Isl1, Deltal, Foxg1 (A. Graham, KCL);
DRG11 (J. Cohen, KCL); HMX1 (P. Ernsfors, Stockholm); NeuroD
(B. Alsina, Barcelona); NeuroM (P. Scotting, Nottingham); NgnT
(M. Ballivet, Geneva); Phox2a, Phox2b (JF. Brunet, Paris). MyT1 was
an EST, chEST73802, from ARK-genomics (Boardman et al. 2002).
Polymerase chain reaction was used to clone DCX using forward
primer: TGGAAGCATGGATGAGCTGG and reverse primer: CAGTCCC
CAATCTCCACACG; and Tbr2 using forward primer: GCTTTTGCAA
AGGGCTTCAGA and reverse primer: CTGGATAGAGACTCCGCCCT;
both cloned from HH18 chick cDNA.

Immunohistochemistry was carried out as described (Thompson
et al. 2010).

Antibody Ig Animal Manufacturer Cat. no. Concentration

Primary antibodies
GFP G Rabbit Life
Technologies
G Mouse Life
Technologies
NFM G Mouse Life
Technologies
Abcam
(Cambridge,
UK)

A11122 1 :500

HuC/D A-21271 1 :500
RMO-270 1 : 5000

NFM G Rabbit ab9034  1:500

Secondary antibodies

Alexa-488 G Goat Life A11006 1 : 1000

rat Technologies
Alexa-488 G Goat Life A11008 1: 1000
rabbit Technologies
Alexa-555 G Donkey Life A31570 1 : 1000
mouse Technologies
Alexa-568 G Goat Life A11004 1 : 1000
mouse Technologies
Alexa-647 G Donkey Life A31573 1 :1000
rabbit Technologies

GFP placodal labelling (electroporation)

Embryos (HH11-13) were electroporated in ovo with four 10-V
pulses at 5 ms each, using a BTX® Electro Square Poratorrm ECM830.
DNA was injected into the albumen surrounding the branchial arch
region using a pulled glass capillary needle and electrodes
positioned either side of the embryo. Eggs were then resealed and
incubated for a further 26-28 h to HH17-18. A combination of cyto-
plasmic GFP and GPl-anchored GFP was used to ensure total cell
labelling (both at 2 ug uL~"). DNA was prepared for injection with
0.05% Fast Green dye and 0.01% carboxymethyl cellulose (provided
by Dr C. Patthey, Umea; Graham et al. 2007).

Imaging

Brightfield and epifluorescence imaging were carried out using an
Olympus BX51 compound light microscope connected to a Lumen
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200 Fluorescence Illumination System (Prior Scientific, Cambridge,
UK). Brightfield images were acquired using differential interfer-
ence contrast.

High-resolution imaging of transverse sections of electroporated
embryos was carried out using a Zeiss LSM710 confocal microscope
at x 20 and x 40 magnification.

Quantification

Measurements of marker expression were carried out on transverse
sections from three separate embryos at each of the three stages
analysed, for each gene. These measurements are presented as the
percentage of the total migratory distance at which expression
begins and ends, given as the mean + SEM%.

Analysis of migratory neuroblast morphology was carried out by
tracing three cells of each of the two morphological types from
Z-stacks generated from three separate GFP-electroporated
embryos.

Results

Measuring the migratory neuroblast stream from the
petrosal placode

To document the maturation of placode-born neurons,
expression patterns for a panel of neurogenic markers were
determined by in situ hybridisation or immunofluorescence
at stages HH16, HH18 and HH20 of chick embryo develop-
ment. Of the three epibranchial placodes, all of which gen-
erate neurons in a similar manner, the petrosal placode
(Fig. 1A) was chosen as the one most suitable for generat-
ing consistent data across samples. The petrosal placode
generates a defined stream of migratory neuroblasts origi-
nating from a clearly identifiable placodal thickening, and
the neuroblasts follow a reasonably straight trajectory and
do not have to navigate other neuronal structures such as
the developing vestibuloacoustic ganglion in the case of
geniculate placode-derived neuroblasts (Fig. 1B). The devel-
opmental stages analysed fall within the window of neuro-
genesis for the petrosal placode, which begins at HH14 and
ends at HH24 (Blentic et al. 2011), and as such represent
early placodal neurogenesis, the peak of neuroblast migra-
tion and early ganglion aggregation.

A systematic method of analysis was established that
allowed accurate determination of the position at which
marker expression begins and ends within the migratory
stream, measured in transverse sections through the pha-
ryngeal region of each stained embryo (Fig. 2). This dis-
tance was expressed as a percentage of the total distance
separating the apical edge of the placode and the pre-
dicted entry point of neuroblast projections into the NT.
The positions were determined by placing a grid of 20
concentric semi-circles onto an image of a transverse sec-
tion of a stained embryo at the level of the petrosal pla-
code. The central point of the grid was set on the middle
of the outer (apical) surface of the placodal ectoderm and
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the outermost circle set to intersect the NT at the pre-
dicted axonal entry point (Fig. 2A). Thus, each arc of the
grid represents 5% of the full length of the migratory
path, and the two arcs flanking its proximal and distal lim-
its can define the extent of gene expression. In each case,
three specimens were analysed and the data presented in
graphical form to represent the localisation of gene
expression within the migratory stream (Fig. 2B).

To localise the axon entry/exit point at the NT, expression
of Cad7, known to be expressed by a sub-population of
NCCs that surround the prospective exit point of the cranial
branchiomotor axons, was analysed (Niederlander & Lums-
den, 1996). Transverse sections through HH16, 18 and 20
embryos at the level of rhombomere 6 (r6) showed that the
entry/exit point was positioned just ventral to the point at
which the dorsal NT bends outward, forming a slight kink
(arrowhead, Fig. 2B). This was used as an anatomical land-
mark to position the grid, defining the end point of the
migratory stream.

Deltal, Ngni1, NeuroD, NeuroM and IslT are
expressed from the apical surface of the placode

Deltal
Previous studies have shown that the placode is a pseud-
ostratified epithelium (Graham et al. 2007). The expression

of Deltal expression was seen at the apical surface of the
placodal ectoderm: 0+0% of the migratory stream
(Fig. 3A; n =3 for each stage). The expression was restricted
to the placodal ectoderm with an internal limit seen at
11.67 £ 0.96% at both HH16 and HH18 (Fig. 3Ai,ii), and at
10 + 0% at HH20 (Fig. 3Aiii).

Ngn1

As seen for Deltal, Ngn1 expression was detected at the
apical surface of the placodal epithelium, beginning at
0+ 0% of the migratory stream at all stages analysed
(Fig. 3B). The internal limit of expression extended further
at each sequential stage (11.67 + 0.96% at HH16, 18.33 +
096% at HH18, and 20+ 0% at HH20), unlike Deltal
(Fig. 3B).

NeuroD and NeuroM

As previous studies have suggested that there is a temporal
difference between the onset of NeuroM expression and
that of NeuroD (Abu-Elmagd et al. 2001), both were exam-
ined.

NeuroD expression was detected at the apical surface of
the placode, falling within the first 5% of the migratory
stream at all stages analysed (3.33 +0.96% at HH16, 0 +
0% at HH18 and 1.67 +0.96% at HH20; Fig. 3C). The
internal limit of expression in the migratory stream was
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Fig. 2 Expression analysis schematic and analysis of expression of the neural tube (NT) entry/exit point marker Cad7. (A) Schematic representation
of a transverse section of a HH18 embryo at the level of the petrosal placode. Concentric arcs are centred on the apex of the placodal ectoderm
and are scaled so that the outermost arc intersects the basal surface of the NT at the predicted entry/exit point of sensory/motor axons (blue).
Staining extending ventrally within the placodal ectoderm was discounted for this analysis (red hatched region) as the focus was on the changes in
gene expression in the axis of migration. The extent of staining was defined by the arcs flanking the proximal and distal limits of the observed
labelled region (green). NC, notochord. (Bi-iii). /n situ hybridisation showing Cad7 expression in transverse sections at the level of the petrosal pla-
code at (i) HH16, (i) HH18 and (i) HH20. Cad7 is expressed in a population of NCCs surrounding the predicted entry point of sensory axons into
the NT (arrowheads) and extend towards the placode. (C) Graphical representation of Cad7 expression where the x-axis = distance from placode
to NT as a percentage. N =3 for each stage. Error bars = SEM. Scale bars: 100 um. The asterisk indicates the placodal epithelium.
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Fig. 3 Deltal, Ngn1, NeuroD, NeuroM and IsT are expressed from the apical border of the placodal ectoderm. (i-iii) In situ hybridisation showing
(A) Deltal, (B) Ngn1, (C) NeuroD, (D) NeuroM and (E) Is/T expression in transverse sections at the level of the petrosal ganglion at (i) HH16, (i)
HH18 and (iii) HH20. The asterisk indicates the placodal epithelium. The shape of the migratory stream changes at HH20, forming a characteristic
swelling at the site of the prospective ganglion [arrowheads in (iii)]. The expression of NeuroD and NeuroM clearly demarcates the internal limit of
the ganglionic anlage (white arrowheads in Ciii and Diii). (iv) Graphical representations of expression patterns where the x-axis = distance from pla-
code to neural tube (NT) as a percentage. N = 3 for each stage. Error bars = SEM. Scale bars: 100 pum.

56.67 + 0.96% at HH16 and HH18 (Fig. 3Ci,ii). Unlike many
of the other markers analysed in this study, NeuroD expres-
sion did not extend further dorsally at later stages and the
internal limit was found to be 50 + 1.67% at HH20 (white
arrowhead, Fig. 3Ciii).

The pattern of NeuroM expression in transverse sections
closely resembled that of NeuroD. NeuroM was expressed
from 0 + 0% of the migratory stream at HH16 and HH18,
and 1.67 + 0.96% at HH20 (Fig. 3D). The internal limit of
NeuroM expression was 48.33 +0.96% at HH16; 60 +
1.67% at HH18, and 51.67 + 2.54% at HH20, suggesting
that it extends furthest towards the NT at HH18 and is then
refined (white arrowhead, Fig. 3D).

Isl1
IslT expression was detected at the apical surface of the

placodal epithelium, 3.33 +£0.96% at HH16, 0+ 0% at

© 2015 Anatomical Society

HH18, and 5 + 0% at HH20 (Fig. 3E). The internal limit of
expression extended further towards the NT at each succes-
sive stage analysed (58.33 & 5.09% at HH16, 61.67 + 5.36%
at HH18, and 71.67 + 0.96% at HH20; Fig. 3E). The gangli-
onic anlage could be clearly seen as a swelling within the
migratory stream at HH20 (arrowhead in Fig. 3Eiii).
Comparison of the graphs showed that Deltal, Ngni,
NeuroD, NeuroM and IslT expression was detected from
the apical surface of the placodal epithelium, suggesting
that they are among the first genes to be switched on,
and that neuronal differentiation begins in the apical
placode (Fig. 3A-Eiv). There was, however, divergence
between the expression patterns at their internal limit.
Deltal and Ngni1 expression were restricted to the
pseudostratified  placodal  epithelium, with  both
being expressed apically but Ngn1 extending further
internally than Deltal (Fig. 3A,B). This suggests that
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Ngn1 expression is maintained in neuroblasts that trans-
locate basally within the epithelium. NeuroD, NeuroM
and Is/T expression extended into the migratory stream,
suggesting they are expressed in neuroblasts that have
exited the placodal ectoderm and begun to migrate
internally (Fig. 3C-E). Interestingly, NeuroD and NeuroM
expression showed an internal limit at the ganglionic
anlage, while Is/T expression extended beyond it towards
the NT (Fig. 3C-E).

Foxg1, Phox2a, Phox2b and NFM are excluded from

Phox2a and 2b
Like Foxg1, Phox2a and 2b expression were detected from
5+ 0% in the placodal epithelium (Fig. 4B). The internal
limit of Phox2a expression was seen at 48.33 + 0.96% of
the stream at HH16, and 66.67 + 0.96 at HH18 (Fig. 4Bi,ii).
This internal limit was then reduced to 63.33 + 3.47% at
HH20 with staining extending beyond the swelling of the
ganglionic anlage, but appearing to refine towards it
(arrowhead in Fig. 4B).

Unlike Phox2a, the internal limit of Phox2b expression
extended further dorsally at each successive stage analy-

sed (51.67 + 1.92% at HH16; 73.33 + 1.92% at HH18; and
85+ 1.67% at HH20; Fig. 4C). While expression was
strong within the ganglionic anlage at HH20, a signifi-
cant number of positive cells were observed closer to the
NT (Fig. 4C).

the apical region of the placodal epithelium

Foxg1

The expression of Foxgl was detected from 5+ 0% of
the placode-NT distance, at all stages analysed (Fig. 4A).
This corresponds to the basal region of the placodal
ectoderm, in contrast to the markers described in the NFM

apical region in the previous section. The internal limit NFM protein expression was analysed by immunofluores-
of Foxgl expression was found to extend further at cence. Transverse sections revealed an interesting feature
each sequential developmental stage analysed (43.33 + of NFM staining in the epibranchial placodes whereby
0.96% at HH16, 58.33 +£3.47% at HH18, and 66.67 + two types of staining were apparent: in regions distant
3.47% at HH20; Fig. 4A). from the placode, staining appeared as long filamentous
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Fig. 4 Foxgl, Phox2a, Phox2b and NFM expression begins more basally within the placodal ectoderm. (i-iii) /n situ hybridisation showing (A)
Foxg1, (B) Phox2a and (C) Phox2b, and immunostaining showing (D) NFM expression in transverse sections at the level of the petrosal ganglion at
(i) HH16, (i) HH18 and (iii) HH20. Arrowheads indicate ganglionic anlage. (iv) Graphical representations of expression patterns where the x-axis =
distance from placode to neural tube (NT) as a percentage. NFM staining appears fragmented in regions close to the placode (lighter purple, dot-
ted lines), while further from the placode, NFM staining appears filamentous, labelling cells and neuronal processes as they extend towards the NT
(purple, solid lines). N =3 for each stage. Error bars = SEM. Scale bars: 100 um. The asterisk indicates the placodal epithelium.
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structures extending towards the NT along the axis of
migration; while, in regions adjacent to the placode,
staining appeared more fragmented. Fragmented staining
consistently began within the first 10% of the migratory
stream, corresponding to the basal region of the placodal
ectoderm (6.67 +0.96% at HH16, 5% at HH18, and
6.67 +0.96% at HH20; Fig. 4D). Organised filamentous
staining appeared more internally within the migratory
stream (30 +2.88% at HH16, 20 + 1.67% at HH18, and
20 + 0% at HH20; Fig. 4D). The internal limit of NFM
staining extended further towards the NT at each succes-
sive stage, eventually reaching the entry point at the NT:
61.67 + 2.55% at HH16, 80 &+ 1.67% at HH18, and 100 +
0% at HH20 (Fig. 4Div).

Comparison of the graphs showed that Foxg1, Phox2a,
Phox2b and NFM expression was excluded from the apical-
most region of the placodal epithelium with staining
detected from approximately 5% of the total migratory

Epibranchial placode-derived neuron maturation, A. C. Smith et al. 95

distance at all stages (Fig. 4A-Div). Thus, these markers
reveal a next step in neurogenesis, labelling neuroblasts as
they move into the basal region of the placodal epithelium
and delaminate.

MyT1, Axonin1l, DRG11, COE1 and DCX are
upregulated in neuroblasts migrating away from the
placode

MyT1
Analysis of MyT1 expression showed that staining was
seen from 8.33+0.96% of the migratory stream at
HH16, 10 +0% at HH18, and 13.33+0.96% at HH20
(Fig. 5A). The internal limit of MyT1 expression was seen
at 45 £+ 1.67% at HH16, then at 70 + 1.67% at HH18 (Fig.
5Ai,ii). This limit was not found to be substantially more
internal at HH20, reaching a maximum of 71.67 + 3.85%
(Fig. 5Aiii).
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Fig. 5 MyT1, Axonin1, DRG11, COET and DCX expression is excluded from the placodal ectoderm. (i-iii) In situ hybridisation showing (A) MyTT,
(B) Axonin1, (C) DRG11, (D) COET and (E) DCX expression in transverse sections at the level of the petrosal ganglion at (i) HH16, (i) HH18 and (iii)
HH20. Black arrowheads indicate ganglionic anlage. Expression of DRG17 clearly demarcates the internal limit of the ganglionic anlage (white
arrowhead in Ciii). (iv) Graphical representations of expression patterns where the x-axis = distance from placode to neural tube (NT) as a percent-
age. N =3 for each stage. Error bars = SEM. Scale bars: 100 um. The asterisk indicates the placodal epithelium.
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Axoninl

The expression of Axonin1 (Contactin2, TAGT) was seen
from 16.67 + 0.96% of the total placode-NT distance at
HH16 (Fig. 5Bi) while, at later stages, staining was seen
closer to the placode, starting at 104+ 0% of this dis-
tance at HH18 and HH20 (Fig. 5Bii,iii). The internal limit
of Axoninl expression was seen progressively closer to
the NT with development: at HH16, staining extends to
61.67 + 5.36% of the total migratory path, and to 80 +
3.33% and 85+ 1.67% at HH18 and HH20, respectively
(Fig. 5B).

DRG11

DRG11 expression was detected directly adjacent to the
basal region of the placodal epithelium at all stages anal-
ysed: 11.67 +0.96% at HH16 (Fig. 5Bi), and 10+ 0% at
both HH18 and HH20 (Fig. 5Bii,iii). The internal limit of
the staining was found to be approximately 50% of the
placode-NT distance at all stages (48.33 & 1.92% at HH16,
53.33+0.96% at HH18, 50 + 1.67% at HH20; Fig. 5B).
This is similar to the patterns observed for NeuroD and
NeuroM (Fig. 3C,D). It was noticeable that the level of
DRG11 expression was lower and appeared to be in a
smaller number of cells than NeuroD and NeuroM, sug-
gesting that DRG11 may label a subset of the migrating
neuroblasts.

COE1

Analysis of COET (EBFT) expression showed that staining
was seen from 10 + 0% of the migratory stream at HH16
(Fig. 5Ci), and from 8.33 + 0.96% at both HH18 and HH20
at HH16, and 61 + 1.67% at HH18 and HH20 (Fig. 5C). Inter-
estingly, at HH20, the region of the migratory stream just
internal to the placode is broader than other members of
this group (white asterisk, Fig. 5iii).

DCX

The expression of DCX was detected from 11.67 + 0.96%
of the migratory stream at HH16, 8.33 = 0.96% at HH18,
and 15+ 0.67% at HH20 (Fig. 5D). The staining for DCX
was weak at HH16 and the internal limit was deter-
mined to be 40 + 1.67% (Fig. 5Di). In comparison, robust
DCX labelling was apparent from HH18, and extended
to 70 £ 0% of the distance (Fig. 5Dii). At HH20, the
internal limit was 61 + 1.92%, with expression appearing
to refine towards the ganglionic anlage (white arrow-
head, Fig. 5Diii).

Comparison of the graphs showed that MyT1, Axo-
nin1, DRG11, COE1 and DCX expression was excluded
from cells within the placodal epithelium, with staining
seen from about 10% of the total migratory distance
(Fig. 5A-Div). It is suggested that these genes are upreg-
ulated as neuroblasts migrate away from the placode.
The markers were expressed throughout the migratory

stream, but interestingly display variable internal limits
of expression.

HuC/D and SCG10 are upregulated at a distance from
the placode

HuC/D

Analysis of transverse sections of immunostained embryos
shows that HuC/D staining was only seen in cells that have
migrated a significant distance from the placode. Staining
was first detected at about 20% of the total migratory
stream at all stages (20 + 1.67% at HH16, 20 + 0% at HH18,
and 20 + 1.67% at HH20; Fig. 6A). The internal limit of
HuC/D-positive cells was 71.67 + 3.47% at HH16, 81.67 +
2.55% at HH18, and 81.67 + 0.96% at HH20 (Fig. 6A).

SCG10

SCG10 expression closely followed the pattern observed for
HuC/D expression. Like HUCD, staining for SCG10 began at
20 + 0% of the migratory stream at HH16 (Fig. 6Bi). This
onset was somewhat shifted towards the placode at later
stages, being 18.33 + 0.96% at HH18 and 16.67 + 1.92% at
HH20, but still remained well removed from the basal sur-
face of the placodal ectoderm (Fig. 6Bii,iii). The internal
limit of SCG10 expression within the migratory stream was
52.5+3.54% of the migratory stream at HH16, then
reaching 80 + 1.67% at HH18 and 81.67 & 2.55% at HH20
(Fig. 6B).

Comparison of the graphs for these markers showed that
Hud/D and SCGT0 expression was first detected at about
20% of the migratory stream (Fig. 6Aiv,Biv), suggesting that
these markers come on in neuroblasts that have reached
the ganglionic anlage.

HMX1 implicated in sensory neuron development in
the trunk is not expressed in the migratory stream

HMXT1 has been previously shown to play a role in specify-
ing sensory neurons in the trunk DRG (Adameyko et al.
2009). In the present study, it was found that HMX1 was
strongly expressed in the otic vesicle and developing eye at
all stages analysed (Fig. 6C), however it was not expressed
in epibranchial neurons at HH16 and HH18 (asterisk in Fig.
6Ci,ii). At HH20, additional regions of strong expression
were apparent in the posterior aspect of the second bran-
chial arch, and in a region extending along the rostro-cau-
dal axis ventral to the developing trigeminal ganglion and
dorsal to the first branchial arch (bracket, Fig. 6Ciii). The lat-
ter region of staining extends a little over the pharyngeal
pouch separating the first and second branchial arches and
transverse sections at this stage suggesting there may be
some weak expression in the geniculate placode (arrow-
head, Fig. 6Ciii), but not in the migrating neuroblasts.
HMX1 expression was not detected in the petrosal and
nodose placodes at any of the stages analysed.
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Fig. 6 (A, B) SCG70 and HUC/D are expressed only in cells having reached the site of ganglion aggregation. (i-iii) /n situ hybridisation showing (A)
SCG10, and immunostaining showing (B) HUC/D expression in transverse sections at the level of the petrosal ganglion at (i) HH16, (ii) HH18 and
(i) HH20. Arrowheads indicate ganglionic anlage. (iv) Graphical representations of expression patterns where the x-axis = distance from placode to
NT as a percentage. N =3 for each stage. Error bars = SEM. (C, D) Lateral view of in situ hybridisation showing (C) HMX1 and (D) Tbr2 in whole
embryos at (i) HH16, (i) HH18 and (i) HH20. HMX1, a sensory marker in DRG, is absent from the petrosal placode and neurons (C, asterisk). It is
expressed in the otic vesicle (OV) and developing eye (E) at all stages examined. At HH20, HMXT expression is seen in the posterior aspect of the
second branchial arch, and a region in the first branchial arch (bracket) that extends to the geniculate placode at HH20 (Ciii, arrowhead). Tbr2, a
marker of intermediate progenitors in the cortex, is not expressed in the petrosal placode or neurons (D, asterisk). Thr2 expression is detected in

the telencephalon (inset in Diii). N= 3 for each stage. Scale bars: 500 pm.

Dividing neuroblasts do not express Tbr2, a marker
of intermediate progenitors in the cortex

Previous studies have shown that some of the placodal
neuroblasts are able to divide away from the apical surface
of the placodal ectoderm after delamination (Begbie et al.
2002; Blentic et al. 2011). This led to the hypothesis that
they may resemble the intermediate progenitors of the cor-
tex in marker expression. Therefore, the marker of cortical
intermediate neuronal progenitors, Thr2, was included in
the present panel (Englund et al. 2005; Sessa et al. 2010).
Analysis of whole-mount Tbr2 in situ hybridisation showed
that expression was very specific with positive cells detected
in the developing forebrain from HH16 onwards (Fig. 6D).
The number of cells expressing Thr2 increased with devel-
opment, and could be seen broadly distributed through the
forebrain at HH20 (see inset Fig. 6Diii). However, at all
stages analysed Tbr2 expression was completely absent
from any of the cranial placodes or developing CSG (aster-
isks in Fig. 6D).

Morphology of neuroblasts changes through the
migratory stream

The gene expression patterns described above delineate
four distinct regions arranged sequentially along the
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placodal neuroblast migratory stream. These data support
the hypothesis that the placodal cells progress along the
neuronal differentiation pathway as they migrate from
their origin, maturing as they reach the site of ganglion for-
mation. In order to assess maturation by a parameter other
than gene expression, it was examined whether the placod-
al cells underwent morphological changes at distinct points
in the migratory stream. Changes in neuronal morphology
during neuronal differentiation have been well described
in the CNS where cells initially exhibit a multipolar morphol-
ogy before undergoing a switch to a bipolar morphology
with the selection of an axon (Tabata et al. 2009; Neukir-
chen & Bradke, 2011; Kitazawa et al. 2014).

To analyse cell morphology, confocal Z-stacks of 100-um
transverse sections encompassing the petrosal placode level
of GFP-placode electroporated HH18 embryos were gener-
ated. It has previously been shown that GFP electroporation
into the placode at HH12 results in specifically labelled
migrating placodal neuroblasts (Graham et al. 2007). The
initial qualitative evaluation of these confocal data revealed
that two principal types of cell morphology were present
within the migratory stream: multipolar and bipolar cells
(Fig. 7A).

To further characterise these morphology types, three
representative cells from each category in three sepa-
rate embryo samples were traced (i.e. N=9). Typically,
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Fig. 7 Placode-derived neuroblasts adopt two different types of mor-

phology after delamination from the placode, dependent on their
position within the migratory stream. (A) Flattened x 20 confocal

stack of a transverse section through the petrosal ganglion of a HH18

embryo, co-electroporated with cyt-GFP and GPI-GFP (green) and im-

munostained for HUC/D (magenta). White cell outline of a representa-
tive trace of a multipolar cell (white arrowhead) is located close to the
placodal ectoderm, in the HuC/D-negative region. Red cell outline of a

representative bipolar cell (red arrowhead) is located more internally,
in the HuC/D-positive region. Dashed white line outlines the neural

tube (NT) and outer perimeter of the embryo. (B, C) Higher-magnifica-

tion confocal image (x 40) of the cells outlined in (A). (B) Multipolar

cell located directly adjacent to the placodal epithelium and character-

ised by several short processes extending from an irregularly shaped
cell body. (C) Bipolar cell located distant from the placodal ectoderm

and characterised by a long leading process extending towards the NT
and a compact, rounded cell body. (D) Summary of bipolar and multi-

polar cell traces. N=9 cells of each morphology (= 3 cells x 3
embryos). (E) Graphical representation of the distribution of the two

types of morphology at HH18, x-axis = distance from placode to NT as

a percentage. Error bars = SEM. Scale bars: 50 um.

multipolar cells had a broad, amorphous cell body with
short processes projecting in multiple directions, with no
obvious alignment to the axis of migration (Fig. 7B-D). In
contrast, bipolar cells had small, condensed and rounded
cell bodies from which one leading and one trailing process
extended. The projections of the bipolar cells were always
aligned to the axis of migration, with the leading process
extending towards the NT and the trailing process extend-
ing towards the placode. The trailing process was found to
be significantly shorter than the leading process, and was

absent in some cases (Fig. 7B-D).

The qualitative analysis suggested that the two cell types
were found predominantly in spatially distinct regions of
the migratory stream. The multipolar cells were seen as part
of a large, disorganised cohort immediately adjacent to the
placodal ectoderm (Fig. 7A,B). Bipolar cells were identified
some distance away from the placode (Fig. 7A,B), often
with the cell bodies forming small clusters from which lead-
ing processes extend in tight bundles. In some instances,
the bipolar cell leading processes were found to make
contact with the NT, and even extend further within the
neuroepithelium, perpendicular to the apico-basal axis. This
second morphological type was thus clearly associated with
more mature neurons.

To be able to compare the morphological changes with
the changes in gene expression, the method described previ-
ously was used to determine specific positions along the
migratory stream (Fig. 2A). Distances were measured
between the apical surface of the placode and the first and
last observable cell body of each morphological type for
three independent samples. The analysis showed that multi-
polar cells were first seen at 8 4+ 0.2% of the total migratory
distance, while the last was seen at 32.86 + 0.25%. In con-
trast, the bipolar cells were first seen at 25.18 + 0.47% of the
migratory stream, indicating that there is a small region of
the stream in which both types of morphology are intermin-
gled, while the last bipolar cell was seen at 85.88 + 0.56%.

Discussion

It is becoming clear that the way that sensory neurons are
generated from neurogenic placodes in the head is differ-
ent from their generation by NCCs in the trunk. While the
early stages of placode induction and neuronal fate com-
mitment have been well studied, the molecular and cellular
basis of later stages of placode-derived neuron maturation
is not so well characterised in the context of the epibranchi-
al ganglia. To address this issue, the aim was to categorise
expression of neurogenesis-related genes along the axis of
inwards neuroblast migration across three developmental
stages (Figs 1 and 2). To correlate molecular with cellular
maturation, detailed analysis of GFP-labelled neuroblast cell
morphology at HH18 was carried out (Fig. 7).

A method of analysis was devised that allowed accurate
determination of the points within the migratory path of
petrosal placode-derived neuroblasts at which expression of
each marker begins and ends (Fig. 2). This analysis was car-
ried out for 16 neurogenesis-related markers (Figs 3-6). The
summary of combined expression patterns showed that
these markers can be divided into four categories based on
the region of the migratory stream in which they are upreg-
ulated (Fig. 8). The data suggest that each of the four
groups of genes is upregulated sequentially as the neuro-
blasts migrate away from the placode. It was suggested that
these four domains of expression correspond to distinct
phases of neuronal maturation:
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Fig. 8 Schematic representation of the developing petrosal ganglion at the three stages analysed. Black outlines represent the overall morphology
of the embryo and migratory stream, while coloured regions represent approximate regions of expression of the four groups of genes identified
within the stream. The change in overall morphology of the migratory stream can be seen: at HH16, the stream is made up of a loose cohort of
placode-derived cells, extending no further than 60% of the total migratory distance; at HH18, the stream has become more elongated and cohe-
sive, extending to approximately 80% of the total migratory distance; at HH20, a distinct swelling can be seen corresponding to the coalescing
ganglion with a narrow stream of cells and neuronal processes extending beyond it towards the neural tube (NT).

1. Initiation at the apical placode: among the panel of (Figs 3 and 8A). Expression was upregulated within
markers, Deltal, Ngn1, NeuroD, NeuroM and Isl1 the first 5% of the migratory stream at all stages
were selected as early markers of neurogenesis. These analysed, suggesting that neurogenesis is initiated at
markers showed expression within the placodal ecto- the apical surface of the epithelium. This group could
derm, spanning the entire width of the epithelium be further subdivided as NeuroD and NeuroM expres-
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sion was maintained in delaminated neuroblasts
migrating away from the placode, whereas Deltal
and Ngn1 was not.

2. Initiation in the delamination zone: the analysis
showed that a second group of markers, Phox2a,
Phox2b, Foxg1 and NFM, was upregulated between 5
and 10% of the migratory stream (Figs 4 and 8B). This
relates to the basal region of the placodal ectoderm,
where it is difficult to define the basal surface of the
epithelium because the basal lamina breaks down at
the point of neuroblast exit (Graham et al. 2007). As
this region is made up of newborn neuroblasts under-
going delamination from the placodal epithelium, it
was suggested that the domain spanning from 5 to
10% of the migratory stream should be termed the
delamination zone.

3. Initiation in the transition zone: expression of the third
group of markers, MyT1, Axonin1, COE1, DRG11 and
DCX, began approximately between 10 and 15% of
the migratory stream (Figs 5 and 8C). These markers
are thus upregulated in the region of the migratory
stream predicted to comprise newly delaminated, early
migrating neuroblasts. Thus, it appears that these
markers are only turned on once the neuroblasts have
left the placodal epithelium and begun migration. It
was suggested that this region is a transition zone
where neuroblasts upregulate additional neuronal
markers while maintaining proliferative potential, and
that they migrate through this transition zone as they
progress towards the site of ganglionic anlage.

4. Initiation in the ganglionic anlage: the onset of the
final group of markers comprising HuC/D and SCG70
was identified between 15 and 25% of the total
migratory distance (Figs 6 and 8D). As HuC/D is a typi-
cal marker of post-mitotic neurons (Begbie et al.
2004), this group of markers labels placode-derived
neuroblasts that have matured into neurons. The
analysis suggests that this occurs as the cells are
migrating into the ganglionic anlage.

Comparison of the representative graphs of the expres-
sion patterns over time showed that the starting point of
expression of each gene was relatively constant across the
three developmental stages analysed, placing the markers
into the above domains. Qualitative analysis of the images
showed that the shape of the migratory stream changes,
with a characteristic swelling that was suggested to corre-
spond to the ganglionic anlage (see arrowhead in Figs 3-6).
When measured, this region was shown to extend between
25 and 55% of the migratory stream. With the exception of
Deltal and Ngn1, which were restricted to the site of neu-
rogenesis in the placodal epithelium, all of the markers
analysed were expressed within this region (Fig. 8).

While the starting point of gene expression was rela-
tively constant across developmental stages, the internal

limit of expression along the axis of migration showed
more variation (Fig. 8). A trend in the internal limit was
observed, with this limit being closer to the NT at each
successive stage analysed for the majority of markers.
However, DRG11, NeuroD and NeuroM were notable in
that the internal limit of their expression was limited to
the ganglionic anlage (white arrowhead in Figs 3C,D and
5C). Other markers were expressed in cells that migrated
beyond this point, suggesting that expression of a subset
of markers is downregulated once a cell has migrated a
certain distance. It is not known what becomes of the cells
that migrate past the ganglionic anlage; further study
may reveal whether they coalesce back into the ganglion,
or whether they die.

Analysis of placodal neuroblast morphology led to the
identification of two types of cell morphology: multipolar
cells and bipolar cells. The distribution of these cell types
within the migratory stream suggests a switch in morphol-
ogy as the neuroblasts mature (Fig. 7). As such, multipolar
cells were first seen at approximately 8% of the migratory
stream, corresponding to the delamination zone, suggest-
ing that this is the morphology they assume after losing the
cellcell adhesions holding them within the pseudo-strati-
fied epithelium (Fig. 7E). The bipolar cell morphology was
first seen at approximately 25% of the migratory distance,
corresponding to the ganglionic anlage (Fig. 7E). Compari-
son of the graphs for morphology and HuC/D expression
showed that the onset of bipolar morphology corresponds
with the onset of HuC/D expression (Figs 6Aiv and 7E).
While there is some overlap of the multipolar morphology
domain into the HuC/D expression domain (Figs 6Aiv and
7E), the qualitative analysis of HuC/D-stained, GFP-electro-
porated embryos showed that HuC/D-positive cells with
multipolar morphology were not observed. The most inter-
nal GFP-positive cells were bipolar in morphology and Hu/
D-positive, representing differentiated neurons. Thus, it was
suggested that the multipolar morphology represents the
neuroblast phenotype, and that the neuroblasts switch to
the bipolar morphology as they transition into post-mitotic
neurons.

The data present a model of sequential neurogenesis
through the migratory stream (Fig. 9). The anatomical seg-
regation of the different regions provides a system to exam-
ine transitions. Cells are committed to the neuronal fate at
the apical surface of the psuedostratified placodal epithe-
lium, where they upregulate Deltal, Ngn1, NeuroD, Neu-
roM and Is/1. Apical cells translocate to the basal region of
the placodal epithelium where the newly-committed neuro-
blasts upregulate Foxg1, Phox2a, Phox2b and NFM, and
delaminate from the epithelium. As neuroblasts begin their
migration towards the ganglionic anlage as multipolar cells,
they upregulate Axonin1, COE1, DCX, DRG11 and MyT1. As
the cells enter the ganglionic anlage they become post-
mitotic neurons as opposed to neuroblasts, and start to
express HUC/D as well as SCG70. The onset of markers of
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Fig. 9 Representative schematic of the developing petrosal ganglion
at HH18. The relative points of gene expression for each of the four
groups are shown by the coloured regions. The regions occupied by
the multipolar and bipolar cells are shown by hatchings and stipples,
respectively. A representative tracing of each morphology type is
shown in blue, alongside the region in which they are found. NC,
notochord; NT, neural tube.

post-mitotic neurons is also accompanied by a switch to a
bipolar morphology (Fig. 9).

That neurogenesis occurs by a sequential process has
been demonstrated in other regions of the nervous sys-
tem (Ratie et al. 2014). Now there is a rigorous descrip-
tion of placodal neurogenesis that can be compared with
other examples of neurogenesis. Comparison with NCC
sensory neurogenesis at a marker level shows that, while
the timing of expression may be different in epibranchi-
al-placode sensory neurogenesis, many of the same neu-
rogenesis genes are used (Marmigere & Ernfors, 2007).
Extending this comparison to cell morphology, the switch
from multipolar neuroblasts to bipolar neurons described
here is reflected by an electron microscope (EM) study of
chick DRG development, which showed that within the
ganglion there is a small population of less mature multi-
polar neurons that go through a bipolar stage en route
to a mature pseudo-unipolar sensory neuron (Matsuda
et al. 1996). Again, however, the timing of these steps
differs between the two systems. In the DRG, these
changes occur in neurons already in the ganglionic
anlage and not in migrating cells, as is the case in the
epibranchial ganglia.
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Thus, the major difference between CSG and DRG devel-
opment is in the timing of the deployment of the genetic
programme and anatomical segregation of neuronal
differentiation. In fact, in this respect, epibranchial placode-
derived neuron development resembles cortical neurogene-
sis. In the cortex expression of a pro-neural bHLH gene (Ngn
or Asc/1) in progenitors located within a pseudostratified
epithelium triggers a programme of neuronal differentia-
tion, with neurons maturing as they migrate away from the
ventricular zone (Ross et al. 2003). Indeed, during cortical
neurogenesis differentiating neuroblasts migrate first as
multipolar cells, accumulating in the lower subventricular
zone (SVZ) before switching to a bipolar morphology and
migrating radially (LoTurco & Bai, 2006). It was hypothes-
ised that the transition zone of the placodes, containing
neuroblasts that proliferate and then undergo a multipolar
to bipolar transition, may resemble the cortical SVZ. As an
initial approach to address this, the transition zone expres-
sion of Tbr2, a marker of intermediate progenitors in the
mouse SVZ, was examined, and found that it was not pres-
ent. While this specific marker was not expressed, future
investigation of gene expression and cellular behaviour
may reveal additional parallels between placode transition
zone and cortical SVZ.

It is interesting that, unlike the DRG or cortex, mature
epibranchial placodal-derived neurons are able to migrate
far beyond the internal limit of the ganglionic anlage, with
cell bodies located close to the NT. Placodal neuroblasts
migrate within a NCC corridor that provides a physical con-
straint to delineate the pathway for inherent neuroblast
migration and axon extension (Freter et al. 2013). It is possi-
ble that the neurons close to the NT are early-born pioneer
neurons acting within the NCC corridor to provide a
scaffold for process extension of later-born cells.

This study demonstrates that placodal sensory neurogene-
sis can be compared with both sensory neurogenesis from
NCC in the trunk, and cortical neurogenesis in the CNS.
These comparisons demonstrate similarities and differences
to both, suggesting that neurogenesis from the epibranchi-
al placodes occurs via a unique process combining elements
from both these well-characterised systems.
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