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Abstract
The neurogenic cranial placodes are a unique transient epithelial niche of neural progenitor cells
that give rise to multiple derivatives of the peripheral nervous system, particularly, the sensory
neurons. Placode neurogenesis occurs throughout an extended period of time with epithelial cells
continually recruited as neural progenitor cells. Sensory neuron development in the trigeminal,
epibranchial, otic, and olfactory placodes coincides with detachment of these neuroblasts from the
encompassing epithelial sheet, leading to delamination and ingression into the mesenchyme where
they continue to differentiate as neurons. Multiple signaling pathways are known to direct
placodal development. This review defines the signaling pathways working at the finite
spatiotemporal period when neuronal selection within the placodes occurs, and neuroblasts
concomitantly delaminate from the epithelium. Examining neurogenesis and delamination after
initial placodal patterning and specification has revealed a common trend throughout the
neurogenic placodes, which suggests that both activated FGF and attenuated Notch signaling
activities are required for neurogenesis and changes in epithelial cell adhesion leading to
delamination. We also address the varying roles of other pathways such as the Wnt and BMP
signaling families during sensory neurogenesis and neuroblast delamination in the differing
placodes.
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Introduction
Cranial placodes are a unique model of neural development. In vertebrate embryos neurons
are generated from three sources, the neuroepithelium of the neural tube, the neural crest,
and the ectodermal cranial placodes. Placodes share the epithelial characteristic of the CNS
neuroepithelium and the transient migratory nature of the neural crest. Cranial placodes arise
from a preplacodal domain of ectodermal progenitor cells. After initial induction of this
panplacodal primordium into individual placodes, each placode is specified for a unique
sensory fate. While some placodes contribute non-neuronal cell types to cranial sensory
organs, the neurogenic placodes that contribute sensory neurons to the PNS include the
trigeminal, epibranchial, otic, and olfactory placodes. Placode-derived neurons enter the
mesenchyme to co-mingle with neural crest cells to establish cranial ganglia, the sensory
nervous system component of cranial nerves. A recent study highlighted the important
interactions of neural crest and placode cells in this process (Freter et al., 2013). Two key
cellular processes early in placodal sensory neuron development are: 1) neuronal
determination, where primed progenitor epithelial cells are selected for a neuronal fate,
undergoing neurogenesis and neuronal differentiation; and 2) delamination from the
epithelium, whereby cells detach from their epithelial neighbors and escape through breaks
in the basement membrane into the mesenchyme as migratory sensory neuroblasts in a
process different from the epithelial to mesenchyme transition (EMT) seen in neural crest
cells (Graham et al., 2007).

In this focused review we will only briefly introduce the neurogenic placodes, and then
comprehensively examine how the Notch, FGF, Wnt, and BMP signaling protein families
direct sensory neurogenesis and delamination from the placodal epithelium, where the
pathways are conserved, where they diverge, and what we still have to learn about the
differentiation process.

Origins and derivatives of neurogenic placodes
Progenitors within the neurogenic placodes give rise to different types of sensory neurons/
cells, which contribute to the cranial ganglia, the inner ear, and the olfactory epithelium.
Sensory neurons originating from the placodes delaminate from the epithelium, migrate and
condense to form the cranial ganglia. The sole derivatives of both the trigeminal and
epibranchial placodes are sensory neurons of the cranial ganglia (D'Amico-Martel and
Noden, 1983; Harlow and Barlow, 2007). The neural contribution of the otic placode
includes both secondary sensory hair cells of the inner ear and sensory neurons of the
cochleovestibular ganglion (CVG), which delaminate from the epithelium of the invaginated
otic vesicle. The neurogenic portion of the olfactory placode gives rise to delaminating
neurons in the migratory mass and chemosensory receptor neurons, which remain in the
olfactory epithelium (Beites et al., 2005; Kawauchi et al., 2004).

Trigeminal placode
While some of the cranial placodes produce cell types other than neurons, sensory neurons
are the sole derivative of the trigeminal placodes. The trigeminal placode consists of two
molecularly distinct sub-placodes, the ophthalmic (opV) and the maxillomandibular (mmV).
The opV and mmV placodes each contribute neurons to the distal region of their respective
ganglionic lobes, while the neural crest contributes proximal neurons, as well as glial cells
(Baker and Bronner-Fraser, 2000; Baker and Bronner-Fraser, 2001; D'Amico-Martel and
Noden, 1983; Schlosser, 2006). The trigeminal ganglion, the sensory ganglion of cranial
nerve V, is the largest of the cranial ganglia and provides sensation to much of the face and
jaw. Trigeminal ganglion neurons are primary sensory neurons, responsible for touch, pain,
and temperature sensation from the head.

Lassiter et al. Page 2

Dev Biol. Author manuscript; available in PMC 2015 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fate mapping studies in the chick have shown that the opV placode develops in the
ectoderm adjacent to the midbrain and the midbrain-hindbrain boundary (MHB), while the
mmV placode is found directly caudal at the rhombomere 2 & 3 level (Xu et al., 2008). In
both chick and mouse, trigeminal neurons first develop in the opV placode followed by the
mmV placode, while neural crest-derived neurons differentiate at considerably later stages
(Covell and Noden, 1989; d'Amico-Martel and Noden, 1980; Moody et al., 1989a; Moody et
al., 1989b; Nichols, 1986; Stainier and Gilbert, 1991; Verwoerd et al., 1981).

Epibranchial placodes
Similar to the trigeminal placode, epibranchial placodes give rise solely to sensory neurons
of the cranial ganglia; they are located at the hindbrain axial level and develop ventral to the
otic placode in the dorsal and caudal margins of the pharyngeal clefts (Begbie et al., 2002;
Begbie et al., 1999; Graham et al., 2007; Ladher et al., 2010). The epibranchial placodes
consist of the geniculate, petrosal, and nodose placodes which produce neuroblasts in the
surface ectoderm that delaminate and migrate, contributing viscerosensory neurons to
cranial nerves VII (facial), IX (glossopharyngeal) and X (vagus), respectively, innervating
several visceral organs and the taste buds (Northcutt, 2004).

Otic placode
The otic placode gives rise to the entire inner ear, including the sensory hair cells and the
innervating sensory neurons of the CVG (Torres and Giraldez, 1998). Each otic placode is
located adjacent to rhombomeres 5 and 6 of the posterior hindbrain, and this oval sheet of
thickened placodal epithelium invaginates, forming the otic cup, which subsequently closes
and detaches from the surface ectoderm as it becomes the otic vesicle. The otic vesicle
undergoes continued morphogenesis during early development, ultimately producing all of
the structures of the inner ear. The CVG develops from neuroblasts in the otic epithelium
that delaminate and migrate from the neurosensory domain of the otic vesicle, and also from
a contribution of neural crest cells which differentiate to glial cells (Barald and Kelley,
2004; Carney and Silver, 1983; D'Amico-Martel and Noden, 1983; Rubel and Fritzsch,
2002; Schneider-Maunoury and Pujades, 2007). Progenitors in the neurosensory domain of
the otic vesicle appear to be able to differentiate as sensory neurons, hair cells, and
supporting cells, making it a more complex model for sensory neurogenesis. Neural crest
cells have recently been described as contributing more broadly, first integrating themselves
into the otic epithelium, and then differentiating alongside placode-derived cells (Freyer et
al., 2011).

Olfactory placode
The olfactory placode, like the otic, invaginates to form the olfactory pit and generates
migrating cells including the neuropeptidergic neurons, such as GnRH-secreting neurons
that eventually enter into the forebrain and contribute to the neuroendocrine compartments
(Tarozzo et al., 1995). Different from other neurogenic placodes, the olfactory placode also
gives rise to a dominant group of sensory neurons, the olfactory sensory cells, which do not
delaminate from the placode and reside within the olfactory sensory neuroepithelium to
transduce odor and pheromone signals to the CNS through their projection axons (the
olfactory nerve) (Croucher and Tickle, 1989). Additional cell types derived from the
olfactory placode include the basal progenitors and the non-neuronal sustentacular cells
residing in the olfactory epithelium, and in a classic view, also include the olfactory
ensheathing cells (OECs) which delaminate from the olfactory epithelium to the lamina
propria and ensheath the olfactory axons. However, the origins of OECs have recently been
challenged by several genetic fate mapping studies as they are likely derived from the neural
crest cells (reviewed by Forni and Wray, 2012). Nevertheless, neuronal cells delaminating
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from the olfactory placodal epithelium are consistent with the properties of delaminating
sensory neuroblasts that contribute to cranial ganglia from the other neurogenic placodes.

Signaling pathways critical in placode neurogenesis and delamination
Neurogenic placodes continuously generate neuroblasts within the epithelium over an
extended period of time, indicating that the placodes represent specialized epithelial
progenitor niches (Graham et al., 2007). Neurogenesis begins within these restricted zones
and the primary morphological event of the placode is delamination of neuroblasts from the
specified epithelium (Graham et al., 2007; Lassiter et al., 2010; McCabe et al., 2009).
Sensory neurons are derived from both the cranial placodes and the neural crest migratory
cell populations; however, placodal delamination differs markedly from that of neural crest.
The process of sensory neurogenesis in the placodes also differs somewhat from that
observed for neural crest. Neurogenesis begins within the epithelium prior to cells
delaminating and becoming migratory. This is evidenced by the expression of early neuronal
markers (Ngn, Isl1, NeuroD) and by a significant reduction in cycling cells, although some
neuronal precursors are not yet post-mitotic. Identifying differentiating neurons
morphologically is only possible as they begin to exit the epithelium, at which time
delaminating neuroblasts appear to escape the epithelium individually or in small clusters. In
the epibranchial placodes, for example, cells emerge from a pseudostratified single-layered
epithelium as neuronal cells with distinct neuronal morphology (Graham et al., 2007). At the
site of neuroblast exit from the epithelium there is a finite breakdown of the basal lamina.
Neurogenesis and neuronal delamination from the trigeminal and epibranchial placodal
niche is continuous for an extended period of 2 days, whereas neural crest delamination
ceases within 15 hours in chick embryos (Blentic et al., 2011; Graham et al., 2007). Placode-
derived cells contribute to the condensing ganglion as post-mitotic neurons that have
terminally differentiated. The timing of terminal differentiation occurs within the epithelium
prior to delamination, as seen in the ophthalmic trigeminal (McCabe et al., 2009), or shortly
after delamination during their migration, observed in mmV, epibranchial, and otic neurons
(Begbie et al., 2002; Blentic et al., 2011). Interestingly, epibranchial placode cells appear to
be mitotically quiescent during the delamination process (Graham et al., 2007), while
neuronal differentiation of placode-derived cells initiates prior to migration (Blentic et al.,
2011; Lassiter et al., 2010). Placode neurogenesis begins within the epithelial niche and
these cells are committed as neurons upon delamination from the ectoderm, indicating that
neuronal cell selection and changes in cell adhesion leading to delamination may be
coupled. It is likely that though individual specification of the neurogenic placodes may be
differentially regulated, the mechanisms and signaling pathways directing the event of
neurogenesis and delamination may be conserved in all neurogenic placodes.

The Notch, FGF, Wnt, and BMP signaling pathways, along with others, play various and
multiple roles throughout development of the placodes and because of the dynamic and
ongoing nature of this process it is challenging to examine exclusively neuronal selection
and cellular delamination distinct from induction, specification, and differentiation.
However, it is clear from the literature that both the Notch and FGF pathways specifically
direct neurogenesis within the epithelium of all neurogenic placodes and also alter the
cellular adhesion properties, resulting in delamination (Fig. 1, Table 1 & references therein).
The Wnt and BMP pathways also play important roles in these events, but evidence suggests
they may function differently in different placodes (Table 1). We will detail the effects of
each of these signal transduction pathways on placode neurogenesis and epithelial
delamination.
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Notch signaling
All placodes express members of the Notch/Delta signaling pathway that are confined to the
epithelium and are downregulated as the neuroblasts enter the mesenchyme, indicating that
they are likely essential for neuronal selection and possibly delamination in all placodes
(Begbie et al., 2002; Haddon et al., 1998; Schwarting et al., 2007) (Fig. 2). In both the PNS
and CNS, neurogenesis becomes a delicate balance between cells in a proliferative
progenitor state and cells selected to initiate neuronal differentiation. Numerous genes are
involved in priming the field of precursor cells towards a neuronal fate allowing for the
transition from stem cell to differentiated neuron, including the Sox, Fox, Ngn, and Hes
gene families (Schlosser, 2010). Significantly, many of these genes are regulators and
effectors of the Notch juxtacrine signaling pathway. Notch signaling is a key regulator of
neurogenesis. Briefly, through lateral inhibition, cells expressing the Delta ligand promote
cleavage of the Notch intracellular domain in adjacent cells, activating Hes genes that
repress neuronal differentiation through blocking Ngn, a proneural factor involved in the
upregulation of the Delta ligand.

In the trigeminal, epibranchial, otic, and olfactory placodes, Notch signaling modulates
which cells will be chosen from the neural progenitor field to undergo neurogenesis and exit
the epithelium as differentiating neurons (Table 1). Experimental constitutive activation of
the Notch pathway or gain-of-function (GOF), after initial induction and specification of the
individual placodes prevents both neurogenesis and delamination. The progenitor cells do
not express early or late neuronal markers such as Dll1 (Delta-like 1), Ngn, Isl1, HuC/D,
Tuj1, or Neurofilament (NF). In contrast, inhibition of Notch signaling or loss-of-function
(LOF) allows for precocious and premature neurogenesis and delamination.

In the trigeminal placode, Notch LOF carried out in chick head explant cultures resulted in a
dramatic increase in neurogenesis within placodal epithelium and in the mesenchyme, in
both the opV and mmV trigeminal placodes (Lassiter et al., 2010). Inhibition of Notch led to
a substantial increase of ectodermal cells expressing Isl1 and NF, as well as a vast sheet of
neuroblasts delaminating from the epithelium with an abundant amount of differentiating
neurons also observed in the mesenchyme. Interestingly, this significant enhancement in
neurogenesis and delamination did not extend beyond the normal specified placode domain
suggesting that Notch signaling is regulating a neuronal fate choice at this developmental
time point and is not involved in specifying the competent neurogenic domain. In the
trigeminal placodes, blocking Notch activity with the gamma-secretase inhibitor DAPT
resulted in precocious neurogenesis, including ectopic neuronal differentiation within the
epithelium (Lassiter et al., 2010). The spatiotemporal expression patterns of Delta/Notch
pathway components were also described in this study, and most expression was observed
only within the placodal ectoderm and not in migratory cells. This is similar to their
expression patterns in neural crest cells (Begbie et al., 2002; Lassiter et al., 2010; Schlosser
and Northcutt, 2000) While experimental inhibition of Notch signaling causes differentiation
in the absence of cellular delamination, most would argue that during normal
embryogenesis, delamination may be the primary endogenous mechanism used to remove
cells from the oscillating Notch signaling environment, thereby allowing for terminal
differentiation (Kageyama et al., 2008; Kageyama et al., 2009; Shimojo et al., 2008).

Mouse genetic approaches have revealed that Notch1/RBPjk signaling is crucial in negative
regulation of neurogenesis in both CNS and cranial placodes (Fig. 2 & Table 1). Increased
expression of NeuroD in the trigeminal and geniculate placodes, and ectopic expression of
NSCL1 in the geniculate were detected in the Notch1-LOF or RBPjk-LOF mutant mouse
embryos (de la Pompa et al., 1997). Downregulated Hes5 and upregulated Dll1 expression
occurred systematically in these mutants. The RBPjk-LOF mutants exhibited stronger
effects on the alteration of neurogenesis than that in the Notch1-LOF mutants, suggesting a
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functional redundancy of Notch genes in neurogenesis. Interestingly, the Notch2-LOF
shows no effects on neurogenesis in the olfactory and trigeminal placodes of mice (Hamada
et al., 1999), indicating that other Notch genes, such as Notch3 or Notch4, may play
redundant roles with Notch1 in placode neurogenesis.

Cell-autonomous Notch GOF via electroporation of the Notch intracellular domain (NICD)
into the specified chick trigeminal placode completely short-circuits both neurogenesis and
cell delamination (Lassiter et al., 2010). All transfected cells fail to express neuronal
markers and remain stalled in the epithelium. Ectopic Notch activation therefore prevents
neuronal cell fate selection while simultaneously blocking changes in cell adhesion,
demonstrating a requirement for attenuation of Notch signaling in placode neurogenesis and
delamination.

Analogous outcomes from Notch GOF and LOF experiments have been demonstrated in the
otic placode of mouse, chick, and zebrafish (Table 1). Notch signaling functions in various
ways in the otic placode, likely due to the multiple derivatives generated from this placode.
Notch signaling is implicated in otic development in establishing the neurosensory domain,
hair cell determination, and neurogenesis of delaminating CVG neurons. Importantly,
Delta(+) cells are confined to the otic epithelium and not present in the CVG (Adam et al.,
1998; Alsina et al., 2004). Early evidence from the mindbomb zebrafish mutant, in which
Notch signaling is inhibited, show a twofold excess in the number of Isl1(+) cells in the
CVG, leading the authors to strongly suggest that normal otic neurogenesis is regulated at an
early step by lateral inhibition (Haddon et al., 1998). In agreement with this, LOF
experiments in the chick otic placode showed that Notch is required in the proneural domain
for inhibiting neuronal fate through the mechanism of lateral inhibition (Abello and Alsina,
2007). Notch inhibition via DAPT resulted initially in an increased number of neuronal
precursors without affecting the specification of the proneural domain. In addition, a
substantial increase in NeuroD(+) neuroblasts was observed in the otic epithelium. These
neuroblasts also were observed exiting the epithelium early and in amplified numbers,
suggesting a regulation of cell adhesion mechanisms by Notch signaling, similar to the
findings in the trigeminal placode. Also, despite the increase in the number of neuroblasts
after Notch inhibition, neuroblasts are always restricted to the proneural domain of the otic
placode, again similar to observations in the trigeminal.

In the mouse, numerous Notch GOF studies indicate that activation of the Notch pathway
prevents both neurogenesis and delamination (Hartman et al., 2010; Liu et al., 2012; Pan et
al., 2010). In the Rosa26-NICD;Foxg1-Cre, the neural markers TuJ1, NeuroD, and Isl1 are
severely reduced or absent, whereas the otic specification marker Pax2 is unaffected (Pan et
al., 2010). Delamination of cells was also completely prevented and the CVG was not
present. In a similar study utilizing the Notch1-GOF;Foxg1-Cre mouse, delaminating
neuroblasts were significantly reduced (Hartman et al., 2010). However, activation of Notch
signaling at early developmental stages is required for the prosensory specification of the
otic vesicle. Jag1-LOF;Foxg1-Cre mouse embryos exhibit severe defects in the otic sensory
progenitor domains (Kiernan, et al., 2006). Conversely, Notch1-GOF in early mouse
embryos leads to fully expansion of the sensory domains to the entire otic vesicle, or causes
ectopic formation of sensory cells in non-sensory regions via lateral induction (Hartman et
al., 2010). Evidence from another Notch-GOF transgenic mouse also demonstrates that
constitutive Notch signaling prevented neurogenesis and instead generated ectopic hair cells
in the CVG area (Liu et al., 2012). These results highlight opposing effects of Notch
signaling on prosensory specification and subsequent neurogenesis.

As in the otic placode, the consensus is that olfactory placode produces multiple derivatives.
The majority of evidence shows that coincident with invagination of the olfactory placode
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there are early forming sensory neurons that migrate away from the olfactory epithelium
referred to as the migratory mass (Croucher and Tickle, 1989; Fornaro et al., 2003; Maier
and Gunhaga, 2009; Mendoza et al., 1982). Notch experiments in the chick olfactory
placode are consistent with the trigeminal and otic placodes. In Notch LOF embryo explants,
the neuronal marker HuC/D is dramatically upregulated. Electroporation of NICD into the
olfactory epithelium resulted in a significant decrease in HuC/D migratory neurons and
targeted cells did not delaminate or enter the mesenchyme but remained stalled in the
epithelium (Maier et al., 2011).

Members of the Notch signaling family and downstream targets are found in the
epibranchial placodes coincident with expression of the early neuronal marker Phox2a. In
the chick, epibranchial specification and neurogenesis begins at about 18 to 20 somite-stage
(ss), coincident with onset of Delta-1 expression. As in the trigeminal placodes, Delta-1 is
restricted to individual cells within epibranchial placode epithelium and is not expressed by
cells that have delaminated and migrated away from the placodes (Begbie et al., 2002).
Notch regulation in the epibranchial placodes remains little understood. A significant work
early in epibranchial research was performed in mouse embryos null for the Notch effector
Ngn2 gene (Fode et al., 1998). Without Ngn, specified cells within the epibranchial placode
remain in the ectoderm and do not delaminate or differentiate further as neurons. Delta
expression, directly regulated by Ngn, is also lost in Ngn mutant mice. Also in zebrafish,
when Ngn is blocked by morpholino injection, neuronal expression is lost (Nechiporuk et
al., 2005). It is likely that Notch regulation of neurogenesis and cell adhesion is conserved in
epibranchial placodes consistent with trigeminal, otic, and olfactory placodes. However,
future experiments are needed to confirm this hypothesis. In summary, Notch regulation of
sensory neurogenesis is a key checkpoint mechanism in all placodes, where downregulation
of Notch signaling in individual cells causes them to quickly differentiate as sensory
neurons.

FGF signaling
The FGF signaling pathway is important throughout the development of the cranial
placodes. FGF signaling, including the FGF8 ligand in particular, is thought to be crucial for
the induction or specification of all neurogenic placodes: trigeminal, epibranchial, otic, and
olfactory (Bailey et al., 2006; Canning et al., 2008; Kawauchi et al., 2005; Maier et al.,
2010; Nechiporuk et al., 2007; Nikaido et al., 2007; Sun et al., 2007). A defining study in
the chick (Bailey et al., 2006) proposed that lens placode specification is the ground default
state for all sensory placodes. Their findings indicate that FGF signaling (specifically FGF8
in the olfactory placode) represses the lens fate in precursors of all other placodes while
simultaneously activating properties responsible for their induction. Though FGFs are vital
for initial induction of the neurogenic placodes, they also play a clear and distinct role after
specification of the individual placodes, directing neurogenesis and neuroblast delamination
(Fig. 3 & Table 1).

In the trigeminal placode, Fgfr4 is transiently expressed in opV placode cells. After initial
induction and specification, demarcated by Pax3, Fgfr4 is upregulated in the trigeminal
epithelium and is subsequently downregulated upon neuroblast delamination (Stark et al.,
1997). Fgfr4 expression is coincident with Ngn2 expression. Inhibition of FGF signaling in
the trigeminal placode of chick embryos demonstrated that FGF signaling is not necessary to
maintain trigeminal identity and does not affect specification of the placode, however, it is
necessary for subsequent neurogenesis and delamination of trigeminal sensory neurons
(Lassiter et al., 2009). Cells targeted with an inhibitory Fgfr4 construct did not express
neurogenic markers and remained stalled in the epithelium again indicating that
neurogenesis and changes in cell adhesion are fundamentally linked. In chick explant
experiments of FGF-LOF, inhibition of neurogenesis is also observed (Canning et al., 2008).

Lassiter et al. Page 7

Dev Biol. Author manuscript; available in PMC 2015 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In the same study, activation of FGF signaling through electroporation of the FGF ligand
into the adjacent neural tube results in increased and premature neurogenesis and
delamination in both the opV and mmV trigeminal placodes. Interestingly, electroporation
of the FGF ligand directly into the placodal ectoderm produced no effect (Lassiter et al.,
2009). These contrary results suggest a potentially non-cell-autonomous role of FGF-GOF
on the trigeminal placode.

Similar findings are seen in the epibranchial placodes (Fig. 3 & Table 1). In zebrafish,
FGF3, emanating from the pharyngeal endoderm is implicated as a determining factor
required for neurogenesis and delamination in the epibranchial placodes (Nechiporuk et al.,
2007; Nechiporuk et al., 2005). Although other FGF signals earlier in development are
necessary, neither pharyngeal endoderm nor FGF3 are required for initial induction and
specification of the epibranchial placodes, suggesting a later function. FGF3 morpholino
inhibition results in loss of Ngn1, Phox2a, Phox2b, and Hu, demonstrating that blocking
FGF signaling short circuits neuronal differentiation in the epibranchial placodes. In the
mouse, an inhibitory form of Fgfr1 in the epibranchial epithelium results in a significant
reduction of Ngn and NF (Trokovic et al., 2005). FGF3 is sufficient to induce Phox2a(+)
ectopic neurons in wild-type embryos and to rescue Phox2a(+) neurons in mutants lacking
endodermal tissue (Nechiporuk et al., 2005). FGF3 is expressed in the pharyngeal endoderm
of zebrafish, chick, and mouse immediately adjacent to the presumptive epibranchial
placodes.

Consistent with the trigeminal and epibranchial placodes, FGF signaling is essential for
instructing neurogenesis and regulating delamination in the otic placode of mouse, chick,
and zebrafish (Fig. 3 & Table 1). Distinguishing the roles of signaling families in otic
placode development can be complicated due to its multiple derivatives. We have attempted
to focus on the region and developmental stages of the otic placode that give rise to the
delaminating sensory neurons of the CVG. In zebrafish, LOF experiments utilizing the FGF
inhibitor SU5402 during a finite stage in development resulted in a reduction of NeuroD(+)
delaminating neuroblasts while otic vesicle specification markers Pax2 and Eya1 were
expressed normally (Hammond and Whitfield, 2011). These data support the findings that
FGF signaling is required for neurogenesis and delamination during a short critical time
window, between 10 to 20 ss, that is distinct from its earlier role in otic induction. Evidence
in the FGF-LOF mouse shows consistent downregulation of neurogenic markers in the
otocyst (Brown and Epstein, 2011). In the chick, FGF-LOF via chemical inhibition leads to
a specific reduction in both neurogenesis and delamination of neuroblasts without affecting
otic specification (Abello et al., 2010; Alsina et al., 2004). Of note, despite drastic inhibition
of NeuroD in the epithelium of the otic vesicle treated with SU5402, neuroblasts within the
CVG continue to express NeuroD. This implies that once neuronal selection occurs from the
neural progenitor domain and neuroblasts exit the epithelium, they are no longer dependent
upon FGF signaling. NeuroD(+) neuroblasts are fully committed to the neuronal fate,
migration to, and proliferation within the CVG (Alsina et al., 2004).

Data from FGF-GOF experiments in the zebrafish using a heat-shock inducible FGF3
(hsp70:FGF3) transgenic line clearly demonstrate that FGF signaling is sufficient for
neurogenesis and delamination in the otic vesicle (Hammond and Whitfield, 2011).
Delaminating NeuroD(+) neuroblasts are increased in the anteroventral domain and also
ectopically expressed from the nonneural posteroventral otic domain. The otic induction/
specification genes Pax2a and Eya1 are expressed normally; further indicating that FGF
signaling via FGF3 is instructive in neuronal selection and regulation of cell adhesion
leading to delamination of neuroblasts from the ectoderm. GOF experiments in the chick by
in ovo overexpression of FGF10 with microbeads, or the addition of FGF10 to otic explants
increases the number of delaminating cells expressing NeuroD and NeuroM within the
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proneurosensory domain with no ectopic or aberrant sites of delamination in otic vesicles
(Alsina et al., 2004). Interestingly, electroporation of FGF8 into otic placode ectoderm did
expand NeuroD(+) expression in the otic cup beyond its normal anteroventral domain. This
supports multiple roles for FGFs throughout placode development with different FGF
ligands specifying the neurogenic domain while others are distinctly required for the
transition of neuronal determination (Abello et al., 2010).

Intriguingly, in hypomorphic Fgfr1 mutants, FGF ligands (FGF3 and FGF15) found in the
epibranchial epithelium are also downregulated (Trokovic et al., 2005). This may hint to a
possible autoregulatory mechanism within the placodal epithelial niche where initial
endodermal FGF3 induces epibranchial ectoderm via Fgfr1, which in turn activates
expression of FGF ligands (FGF3 and FGF15) within the placode (Fig. 3). This same
mechanism may be occurring with BMP signaling (discussed below) in the placode. Initial
BMP signaling originates from surrounding tissues with subsequent upregulation of BMP
ligands within the placodal epithelium. It is possible that after initial induction/specification,
later events like sensory neurogenesis and delamination may be regulated through autocrine
signaling and confined to the placodal niche. This is also supported by studies in the otic
placode where the otic vesicle, when isolated, can autonomously produce all inner ear and
CVG cell types.

Wnt signaling
Wnt signaling plays varied roles in neurogenic placodes (Table 1 & Fig. 4). Cell-
autonomous electroporation of dominant-negative (DN) Tcf/Lef transcription factors of
Wnt/ß-catenin pathway in chick embryos prevented opV cells from delaminating from the
ectoderm and also from becoming neurons (Lassiter et al., 2007). Cells did not contribute to
the trigeminal ganglion but instead remained stalled in the epithelium and did not express
neuronal markers. However, different from the FGF and Notch pathways, Wnt signaling is
required for maintained expression of the trigeminal specification marker Pax3. We have
recently demonstrated that Wnt/ß-catenin signaling directly modulates Pax3 promoter
activities (Zhao et al., 2013). After initial induction of the trigeminal placode, though Wnt
signaling continues to be essential for maintenance of Pax3 expression, neurogenesis, and
delamination at opV, the neural tube source of Wnts is no longer required (Baker et al.,
1999; Canning et al., 2008). This confirms early explant experiments, which found Pax3(+)
opV placode cells to be committed after the 10 ss (Baker et al., 2002; Baker et al., 1999). It
is possible that after initial induction from the neural tube, continued autocrine regulation by
Wnt signaling occurs within the epithelium. Wnt signaling GOF within the epithelium
alone, however, is likely insufficient for opV induction or neurogenesis. In chick, cell-
autonomous constitutive intracellular activation of canonical Wnt signaling in placodal
ectoderm showed no difference from the wild-type; the placode domain was not expanded,
the number of opV-derived trigeminal neurons did not increase, and ectopic neurogenesis
was not observed (Lassiter et al., 2007). However, misexpression of Wnt signaling into the
isthmus of the neural tube lead to increased and premature delamination and neuronal
differentiation (Canning et al., 2008). In placode explant cultures, activation of Wnt
signaling also resulted in neurogenesis but when FGF signaling was simultaneously
chemically inhibited, Wnt activation failed to upregulate the neuronal gene Isl1 (Canning et
al., 2008). Interestingly, premature differentiation was seen in both the opV and mmV
branches, providing the first insight into the signaling regulation of the mmV placode. Taken
together, these experiments indicate that the gain-of-function of Wnt signaling may
indirectly act through the isthmic FGF signaling to promote trigeminal placode neurogenesis
and delamination.
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Spatiotemporal gene expression of chick Frizzled receptors has been observed in the
epibranchial ectoderm after specification and segregation of the placodes at a time
coincident with neurogenesis, delamination, and differentiation (Stark et al., 2000).
However, there are few studies that address the role of Wnt signaling in these epibranchial
placodes. In chick and mouse, modulation of Wnt signaling in the posterior placodal region
prior to neurogenesis distinguishes otic and epibranchial fates, with Wnt activation resulting
in otic competence and Wnt inhibition in epibranchial precursors (Freter et al., 2008;
Ohyama et al., 2006). Conditional ß-catenin-LOF;Pax2-Cre mouse embryos showed a
significant reduction of NeuroD in the epibranchial placodes, whereas in these same mice
NeuroD expression in delaminated neuroblasts originating from the otic vesicle was
unaltered (Ohyama et al., 2006). Genetic activation of Wnt signaling in mouse otic vesicle
blocked neurogenesis. In ß-catenin-GOF;Foxg1-Cre mutants, expression of Ngn1 and
NeuroD was reduced at E9.5 and lost by E10.5 in the otic vesicle (Freyer and Morrow,
2010). In ß-catenin-GOF;Pax2-Cre mutants NeuroD expression was also significantly
reduced (Ohyama et al., 2006). Mouse embryos cultured in the Wnt signaling agonist LiCl
also showed a consistent and profound downregulation of Ngn1 in the anterior otocyst
(Brown and Epstein, 2011).

Although little is known for the role of Wnt signaling in olfactory placode neurogenesis and
delamination, conditional ablation of ß-catenin with Foxg1-Cre caused dramatic loss of the
upper jaw and nasal primordia as a possible consequence of FGF8 inactivation in the
anterior neural ridge and facial ectoderm during early embryogenesis (Wang et al., 2011a).
Molecular biological approaches demonstrated that FGF8 is a transcriptional target of Wnt/
ß-catenin signaling, indicating that Wnt signaling may act through FGF signaling to regulate
olfactory placodal formation and specification (Fig. 4). This is in line with the possible
regulatory loop of Wnt/FGF signaling for the trigeminal placodal specification and
neurogenesis (Canning et al., 2008). At a later developmental stage, a mouse transgenic
approach revealed that the Wnt/ß-catenin signaling reporter TOPeGFP was predominantly
activated in the olfactory epithelial stem cells and/or sensory neural progenitors, and in vitro
approaches demonstrated a critical role of Wnt signaling in olfactory sensory neurogenesis
(Wang et al., 2011c).

In sum, evidence from the various placodes from different species implies that Wnt
signaling may not have a conserved role during placode neurogenesis and delamination or
that Wnt signaling may regulate FGF signaling and play context-dependent roles in
neurogenic placodes.

BMP signaling
BMP signaling also plays varied roles in different neurogenic placodes (Table 1 & Fig. 5).
Evidence in chick and zebrafish indicate a key role for the BMP signaling in epibranchial
neurogenesis. Early LOF in vitro experiments in chick epibranchial ectoderm explants show
that BMP inhibition via follistatin beads prevented NF expression (Begbie et al., 1999).
Genetic LOF in vivo studies in the zebrafish snailhouse BMP7 mutant also report a severe
reduction in NeuroD(+) epibranchial neurons (Holzschuh et al., 2005). Another study in
chick specifically addressed the role of the BMP pathway after initial induction and
specification of the epibranchial placodes (Kriebitz et al., 2009). Inhibition of BMP4
through the inhibitor PRDC led to a loss of neurogenic markers Dll1, Phox2a, NeuroM, and
HuC but did not affect the expression of the Pax2 epibranchial induction marker.

In chick GOF in vitro epibranchial explant experiments, BMP7 is sufficient to upregulate
Phox2a and NF (Begbie et al., 1999). This suggests an important role for BMP signaling in
epibranchial neurogenesis and also hints at the neurogenic potential contained within the
placodal epithelium. At this stage, in the chick, the ectoderm activated by BMP signaling
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contains all necessary components to produce differentiated neurons. Consistent with this,
misexpression of constitutively active BMP-receptor1 elicits increased NeuroD expression
and also significant delamination of these cells from the epithelium, indicating BMP
signaling is key in directing both neurogenesis and delamination (Tripathi et al., 2009).
Interestingly, responsiveness is restricted to the epibranchial specified ventrocaudal
ectoderm suggesting a distinct post-specification role for BMP. This correlates with findings
in zebrafish where BMP beads (GOF) induce ectopic neurogenesis but only within the
branchial ectoderm (Holzschuh et al., 2005). Also in chick, misexpression of BMP4-GOF
results in increased neurogenesis; together with LOF studies these data suggest that BMP7,
emanating from the endoderm, initiates the neurogenic field in the epibranchial placodes and
that BMP4 (constrained by PRDC) is then upregulated and in turn directs neurogenesis and
delamination of placodal neurons through autocrine signaling within the ectoderm (Kriebitz
et al., 2009).

BMP signaling does not seem to have a critical impact on otic placode sensory neurogenesis.
GOF experiments in the chick, where high levels of BMP were expressed in the otic
ectoderm had no affect on neural fate acquisition (Abello et al., 2010). The authors indicate
that BMP activity may be positively regulating neurogenesis as seen in the epibranchial
placodes instead of inhibiting neuronal fate in the otic as hypothesized.

In the olfactory placode BMP activity has previously been shown to play a key role in early
specification of the placode and neuronal differentiation in the sensory epithelium (Maier et
al., 2010; Shou et al., 2000; Shou et al., 1999; Sjodal et al., 2007). Recent evidence in chick,
examining the distinct effects of BMP signaling on migratory neurons from the olfactory
epithelium revealed that both LOF and GOF of BMP signaling in ovo electroporation
experiments reduce the number of migratory neurons (Maier et al., 2011). Interestingly,
inhibition of BMP signaling reduced the determination of neurons, but did not affect the
ability of the neuroblasts to delaminate from the olfactory epithelium, whereas, elevated
BMP activity in the epithelium suppressed neuroblast delamination, thereby reducing the
number of migratory neurons.

Conclusion & Prospective
We have discussed the important roles of the Notch, FGF, Wnt, and BMP pathways in
placodal sensory neurogenesis and the morphological changes allowing for delamination of
neuroblasts from the placodal epithelium. A core signaling program, the attenuated Notch
and activated FGF, is likely conserved for neurogenesis and delamination in all neurogenic
placodes. Wnt and BMP pathways play varied roles in placode neurogenesis and
delamination. Interestingly, a different combination of signaling activities, the attenuated
BMP and perhaps Wnt, together with the activated FGF, is required for pre-placodal region
formation (Ahrens and Schlosser, 2005; Kwon et al., 2010; Litsiou et al., 2005). A recent
study with human embryonic stem cells (ESCs) supported the importance of attenuated
BMP signaling, where only certain concentrations of BMP promoted transient expression of
pre-placodal ectoderm (PPE) marker expression, while subsequent modulation of this and
other signals specified region-specific placode marker expression (Leung et al., 2013). Once
the PPE is established, Wnt signaling may regulate FGF signaling in regional placode
specification, ultimately leading to modulation of Notch signaling during the final step
toward neuronal differentiation and delamination. Additionally, other signaling pathways
not discussed here may play pivotal roles in differentiation. For example, an important role
for retinoic acid signaling was recently described in the early steps of olfactory neurogenesis
(Paschaki et al., 2013), and hedgehog signaling was shown to help regulate regional identity
in human ESCs that had been previously programmed toward a PPE identity (Leung et al.,
2013). How these pathways interact during the several stages of placode development

Lassiter et al. Page 11

Dev Biol. Author manuscript; available in PMC 2015 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



remains poorly understood. Significantly, most of these signaling pathways are critical
regulators of tissue/organ-specific stem cells including neural stem cells (Li and Clevers,
2010; Wang et al., 2011b), and Wnt/ß-catenin, Shh, Notch, and FGF signaling pathways are
likely integrated by Gsk3 proteins in CNS neural stem cell/progenitor homeostasis (Kim et
al., 2009). Future studies may uncover the interactive and integrative mechanisms among
these signaling pathways during placode neurogenesis and delamination.

Though a vast number of studies have investigated the effect of these signaling pathways on
neuronal genes, very few have addressed the genes regulating the cell adhesion changes
simultaneously occurring. Placodes have a great potential as a key model for investigating
the conserved regulatory pathways involved in changes in cell adhesion during
neurogenesis. The coupling of neurogenesis and delamination is observed not only in
placodes but also during development of the neuroepithelium of the CNS, neural stem cells,
and in metastatic cancer. During spinal cord motor neuron development, Foxp proteins
concomitantly regulate both neurogenesis and detachment of the neural progenitor cells
from the neuroepithelium (Rousso et al., 2012). In neural stem cell cultures isolated from the
adult olfactory bulb an increase in neurogenic gene expression and migration is observed
when exposed to FGF2 (Vergano-Vera et al., 2009). In colorectal cancer, a higher degree of
neurogenesis occurs with highly metastatic cells and is an indicator of cancer progression
and outcome (Albo et al., 2011).

There are a few likely cell adhesion candidate genes that may work via these same signaling
pathways to play a role during neuroblast delamination in the placodes. Intriguingly, ß-
catenin exerts dual roles in Wnt signaling and in cell adhesion. Conditional ablation of ß-
catenin with hGFAP-Cre mice disrupted both Pax6 signaling and ventricular organization of
the cortical radial glia/neural stem cells (Gan et al., 2013). Nevertheless, it remains unclear
whether ß-catenin plays a direct role in placode cell delamination. Several important
molecules, such as ephrins, integrins, tetraspanins, and cadherins, have all been implicated
in signaling and cell adhesion, and in the delamination process (Babb-Clendenon et al.,
2006; Davies, 2007; Hong et al., 2012; McCabe and Bronner, 2011; Saeger et al., 2011).
Their role in neural crest cell EMT and migration has been studied significantly (Kerosuo
and Bronner-Fraser, 2012) more than in the placodes, where the most comprehensive works
on placode cell delamination are primarily descriptive (Graham et al., 2007; Shiau et al.,
2011). These molecules are potential downstream effectors or interactive partners of the
signaling pathways during neurogenic placodal development. Indeed, several signaling
pathways discussed above have been shown to interact with integrins, tetraspanins, ephrins,
and cadherins to regulate cell adhesion (Bhat and Riley, 2011; Chong et al., 2000; Glazier et
al., 2008; Karsan, 2008; Kerosuo and Bronner-Fraser, 2012; Saravanamuthu et al., 2009;
Toledo et al., 2005). The placode model is well suited to investigate general questions of
delamination, including cell adhesion changes, basal lamina breakdown, and cell motility. It
is also an ideal system to investigate the molecular links between delamination and
differentiation. Such a link was proposed for the role of FGF signaling in trigeminal placode
cells (Lassiter et al., 2009), and was observed in the same placode after Notch inhibition,
where enhanced neurogenesis occurred concomitantly with epithelial fragmentation
(Lassiter et al., 2010). Future investigations can address the untapped potential of cranial
placodes in revealing the mechanisms regulating both neurogenesis and cell adhesion and
possibly a conserved role in CNS and PNS neuronal development, including neural stem
cells and neural crest cells, and in metastatic cancers.
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Highlights

▶ A core signaling program exists throughout the neurogenic placodes.

▶ Attenuated Notch signaling initiates placode neurogenesis and delamination.

▶ Active FGF signaling also triggers placode neurogenesis and delamination.

▶ Wnt and BMP pathways exert context-dependent roles in neurogenic placodes.
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Fig. 1.
A general model of the signaling programs in the neurogenic placodal niche during
neurogenesis and delamination. After cranial placodes are specified (by expressing Pax
transcription factors) from the preplacodal ectoderm (defined by expressing Eya, Six, or Sox
transcription factors), the neurogenic domain is formed by expressing proneurogenic factors,
such as Delta/Delta-like, Ngn, and Hes. These neural precursors differentiate to NeuroD/M
or Isl1 positive neuroblasts, which subsequently delaminate from the neurogenic placodes. A
conserved signaling program with attenuated Notch and activated FGF signaling is critical
in reiterative neurogenesis and delamination processes in all neurogenic placodes. Wnt and
BMP pathways may play positive, negative, or no roles in different placodes during
neurogenesis and delamination. The early role of the signaling pathways in placodal
formation and specification are not addressed here. +, activation and upregulation; -,
inhibition or downregulation; 0, no role.
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Fig. 2.
Experimentally verified Notch signaling in neurogenic placodes. Notch1-RBPjk signaling
negatively regulates neurogenesis and delamination in the trigeminal (V) and geniculate
(VII) placodes. Activation or inhibition of NICD down- or up-regulates neurogenic factors
in the olfactory (olf), trigeminal, and otic placodes, respectively. DAPT shown in brackets is
a pharmacological antagonist for Notch signaling via inhibition of gamma-secretase. mmV
& opV, maxillomandibular & ophthalmic trigeminal placodes. All neurogenic placodal
regions (except the olfactory) are visualized by Sox10 in situ signals on an E9.5 mouse
embryo.
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Fig. 3.
Experimentally verified FGF signaling in neurogenic placodes. FGF8-Fgfr4 signaling in the
trigeminal (V), FGF3/FGF8/FGF10 signaling in the otic, and FGF3/FGF15-Fgfr1 signaling
in the epibranchial (VII, IX, & X) placodes positively regulate neurogenesis and
delamination. FGF8 and Fgfr1/Fgfr2 signaling in the olfactory placode is known to regulate
placode formation and specification. An autoregulatory mechanism may exist within the
neurogenic placodes (i.g. epibranchial placode) via FGF receptor (Fgfr1) signaling that is
initiated by endodermal FGF lignads (FGF3) and then induces the placode ectodermal FGF
ligands (FGF3/FGF15) for subsequent neurogenesis and delamination. The pharmacological
antagonists shown in brackets are the inhibitors of the FGF receptor tyrosine kinase domain.
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Fig. 4.
Experimentally verified Wnt signaling in placode neurogenesis. Wnt1/3a-Tcf4 signaling
promotes trigeminal (V) placodal neurogesis in chicks, but ß-catenin signaling represses otic
placode neurogenesis in mice. Wnt/ß-catenin signaling may enhance neurogenesis in the
epibranchial placodes and regulate FGF signaling in the olfactory placode in vivo, and also
promote olfactory epithelial neurogenesis in vitro. The role of Wnt signaling in delamination
remains unclear. The pharmacological agonist lithium ion shown in brackets is a Gsk3ß
inhibitor preventing ß-catenin degradation.
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Fig. 5.
Experimentally verified BMP signaling in neurogenic placodes. BMP4/7-Bmpr1b signaling
exerts positive roles in the epibranchial neurogenesis, while constitutively active (ca)
Bmpr1b (ALK3) shows no effects on the otic placode, and a negative role in the olfactory
placode neurogenesis or delamination. The inhibitory proteins PRDC, Follistatin, and
Noggin repress the epibranchial neurogenesis, and Noggin also represses the olfactory
neurogenesis.
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Table 1

Experimental findings of the Notch, FGF, Wnt, and BMP signaling pathways in the neurogenic placodes, in
different species, and the effects on neurogenesis and delamination of sensory neuroblasts. Each placode has
been assigned a color: trigeminal – yellow, epibranchial – green, otic – blue, and olfactory – pink. GOF, gain-
of-function; LOF, loss-of-function; na, not assayed or addressed in the study; NE, no effect; +, increase and/or
upregulation; -, inhibition and/or downregulation.

Notch LOF DAPT chemical trigeminal chick Islet1, NF + + Lassiter et al.,
2010

LOF Notch1−/−, RBPjk−/− trigeminal mouse NeuroD,
Mash1 + na de la Pompa et

al., 1997

LOF Notch2−/− trigeminal mouse Ngn1 NE na Hamada et al.,
1999

LOF Notch1−/−, RBPjk−/− geniculate mouse NeuroD + na de la Pompa et
al., 1997

LOF DAPT chemical otic chick Delta 1, NeuroD + + Abelló et al.,
2007

LOF mindbomb Ub ligase mutant otic zebrafish Delta1, Islet1 + na Haddon et al.,
1998

LOF DAPT chemical olfactory chick Ngn,
HuC/D + na Maier et al., 2011

LOF Notch2−/− olfactory mouse Hes1 NE na Hamada et al.,
1999

GOF NICD electroporation trigeminal chick Islet1 − − Lassiter et al.,
2010

GOF CAGCreER+;Rosa26-NICDloxp/+ otic mouse Tuj1 − na Liu et al., 2012

GOF Foxg1Cre;Rosa-NICD otic mouse na na − Hartman et al.,
2010

GOF Foxg1Cre;Rosa-NICD otic mouse Islet1, NeuroD, Tuj1 − − Pan et al., 2010

GOF NICD electroporation olfactory chick HuC/D, Tuj1 − − Maier et al., 2011

FGF LOF sec-FGFR4 electroporation trigeminal chick Islet1, NeuN, NF − − Lassiter et al.,
2009

LOF SU5402 chemical trigeminal chick Islet1 − − Lassiter et al.,
2009

LOF SU5402 chemical trigeminal chick Islet1 − na Canning et al.,
2008

LOF hsp70:dn-FGFR1 epibranchial zebrafish Phox2b − − Nechiporuk et al.,
2007

LOF SU5402 chemical epibranchial zebrafish Phox2b − na Nechiporuk et al.,
2007

LOF FGF3 morpholino epibranchial zebrafish Ngn, Phox2a&2
b, Hu − na Nechiporuk et al.,

2005

LOF SU5402 chemical epibranchial zebrafish
Ngn,
Phox2a&2
b

− na Nechiporuk et al.,
2005

LOF FGFR1n7/n7 epibranchial mouse Ngn, NF − − Trokovic et al.,
2005

LOF EMD341608 chemical otic mouse Ngn1 − na Brown et al.,
2011

LOF SU5402 chemical otic zebrafish NeuroD − − Hammond et al.,
2011
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LOF SU5402 chemical otic chick Ngn1 − − Abelló et al.,
2010

LOF SU5402 chemical otic chick
Ngn1,
Delta1,
NeuroD

− na Alsina et al., 2004

GOF FGF8 electroporation (ect) trigeminal chick Islet1 NE NE Lassiter et al.,
2009

GOF FGF8 electroporation (NT) trigeminal chick Islet1 + + Canning et al.,
2008

GOF hs-FGF3 or hs-FGF8 epibranchial zebrafish Phox2b + na Nechiporuk et al.,
2007

GOF FGF8 bead epibranchial zebrafish Phox2b + na Nechiporuk et al.,
2007

GOF hs-FGF3 epibranchial zebrafish Phox2a + na Nechiporuk et al.,
2005

GOF hsp70:FGF3 otic zebrafish NeuroD + + Hammond et al.,
2011

GOF FGF8 electroporation otic chick NeuroD + + Abelló et al.,
2010

GOF FGF10 beads otic chick NeuroD&M + + Alsina et al., 2004

GOF FGF10 electroporation otic chick NeuroD + + Alsina et al., 2004

Wnt LOF DN-TCF4 electroporation trigeminal chick
Islet1,
NeuN,
NF

− − Lassiter et al.,
2007

LOF Pax2cre;βcateninfloxed/del epibranchial mouse Ngn1 − na Ohyama et al.,
2006

LOF Pax2cre;βcateninfloxed/del otic mouse NeuroD,
Tuj1 NE NE Ohyama et al.,

2006

GOF CA-βcat electroporation (ect) trigeminal chick na na NE Lassiter et al.,
2007

GOF Wnt1 electroporation (NT) trigeminal chick Islet1, NF + na Canning et al.,
2008

GOF Wnt3a medium trigeminal chick Islet1 + na Canning et al.,
2008

GOF LiCl chemical otic mouse Ngn1 − na Brown et al.,
2011

GOF Foxg1cre;Catnblox(ex3) otic mouse
Ngn1,
NeuroD,
NF

− na Freyer et al., 2010

GOF Pax2cre;Catnblox(ex3) otic mouse NeuroD − na Ohyama et al.,
2006

BMP LOF PRDC electroporation epibranchial chick
Delta1,
Phox2a,
HuC

− na Kriebitz et al.,
2009

LOF Noggin epibranchial zebrafish Phox2b − na Holzschuh et al.,
2005

LOF Follistatin beads epibranchial chick NF-M − na Begbie et al.,
1999

LOF Noggin electroporation olfactory chick Tuj1,
HuC/D − NE Maier et al., 2011

GOF CA-BMPR1b electroporation epibranchial chick NeuroD + + Tripathi et al.,
2009
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GOF BMP4 electroporation epibranchial chick Phox2a + na Kriebitz et al.,
2009

GOF BMP4 beads epibranchial zebrafish Phox2b + na Holzschuh et al.,
2005

GOF BMP7 medium epibranchial chick Phox2a,
NF-M + na Begbie et al.,

1999

GOF CA-ALK3 electroporation otic chick Islet1 NE NE Abelló et al.,
2010

GOF CA-BMPR1b electroporation olfactory chick Tuj1, HuC/D − − Maier et al., 2011
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