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a b s t r a c t

Specialized sensory organs in the vertebrate head originate from thickenings in the embryonic ectoderm
called cranial sensory placodes. These placodes, as well as the neural crest, arise from a zone of ectoderm
that borders the neural plate. This zone separates into a precursor field for the neural crest that lies
adjacent to the neural plate, and a precursor field for the placodes, called the pre-placodal region (PPR),
that lies lateral to the neural crest. The neural crest domain and the PPR are established in response to
signaling events mediated by BMPs, FGFs and Wnts, which differentially activate transcription factors in
these territories. In the PPR, members of the Six and Eya families, act in part to repress neural crest
specific transcription factors, thus solidifying a placode developmental program. Subsequently, in response to
environmental cues the PPR is further subdivided into placodal territories with distinct characteristics, each
expressing a specific repertoire of transcription factors that provide the necessary information for their
progression to mature sensory organs. In this review we summarize recent advances in the characterization of
the signaling molecules and transcriptional effectors that regulate PPR specification and its subdivision into
placodal domains with distinct identities.

& 2014 Elsevier Inc. All rights reserved.

Introduction

During the evolution of the vertebrate head, a number of specia-
lized sensory organs arose that are derived from thickenings in the
embryonic ectoderm called cranial sensory placodes. During gastrula-
tion, the embryonic ectoderm is separated into neural and non-neural
domains by signals from underlying tissues such as the organizer in
frogs and the hypoblast in amniotes. Subsequent interactions lead to
the expression of different sets of transcription factors in the neural
and non-neural ectoderms whose expression overlaps in an inter-
mediate ectodermal domain, herein referred to as the neural border
(NB) zone. This regionwill give rise to a large number of cell types that
include the precursors of the peripheral nervous system. The deriva-
tives of this intermediate domain include the neural crest and the
cranial sensory placodes. The precursor region of the placodes is first
recognizable as a U-shaped domain restricted to the anterior border of
the neural plate called the pre-placodal ectoderm or the pre-placodal
region (PPR). The PPR subsequently breaks into individual patches of

thickened ectoderm, called placodes, each of which gives rise to a
specific subset of cells ranging from neurosecretory cells to sensory
neurons to cranial sensory organs. In this review we will discuss what
is known about how the PPR is specified, how it is molecularly distinct
from the cranial neural crest with which it shares some early features,
and how it is subdivided into specific cranial sensory placodes with
very different developmental fates.

Cranial sensory placodes and their derivatives

The cranial sensory placodes give rise to several important
sensory structures in the vertebrate head (reviewed in LeDouarin
et al., 1986; Webb and Noden, 1993; Baker and Bronner-Fraser,
2001; Streit, 2004; Schlosser, 2005, 2010). The most anterior
placodes include the single, midline adenohypophyseal placode,
and the bilateral olfactory and lens placodes. The adenohypophy-
seal placode invaginates into the roof of the mouth as Rathke's
pouch, and eventually forms the anterior pituitary that contains
several types of hormone secreting cells (e.g., somatotropin,
prolactin, gonadotropins, thyrotropins, and corticotropins). The
olfactory placodes form just lateral to the adenohypophyseal
placode, and invaginate as pits that eventually line parts of the
nasal cavity as the olfactory sensory epithelium. This tissue
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produces supporting cells, basal stem cells and the primary
sensory neurons that project to the olfactory bulbs of the fore-
brain. In some animals, a separate domain of the olfactory placode
forms the vomeronasal organ, which is specialized for pheromone
detection. There is some evidence that other embryonic precursors
also contribute to the olfactory sensory epithelium. DiI fate
mapping in zebrafish placed olfactory and neural crest precursors
in such close apposition as to suggest there may be a neural crest
contribution to the olfactory epithelium (Harden et al., 2012).
More recently a zebrafish Sox10-GFP reporter line indicated a large
neural crest contribution to the microvillus olfactory neurons
(Saxena et al., 2013). In mouse, the P0-Cre/EGFP reporter line
showed that after birth neural crest contribute to the horizontal
basal stem cells (Suzuki et al., 2013). However, neural crest grafts
in chick and a different reporter line in mouse do not confirm
these observations but instead show that the olfactory ensheath-
ing cells are of neural crest origin (Barraud et al., 2010). These
different observations raise the issue of whether the reporter
constructs unquestionably distinguish between the neural crest
and placode precursors (which have a common early develop-
mental program), and whether there are species differences in the
embryonic origins of some of the olfactory epithelial cells. Other
derivatives of the olfactory placode include neuropeptide- and
gonadotropin releasing hormone-secreting neurons that migrate
into the forebrain (Murakami and Arai, 1994; Northcutt and
Muske, 1994; Hillal et al., 1996; Sabado et al., 2012). The lens
placode invaginates as a vesicle in response to signals from the
growing optic cup. The anterior layer of the lens vesicle differ-
entiates into lens epithelial cells that provide homeostatic support
for the organ and act as stem cells to produce new lens fibers.
The posterior layer of the lens vesicle differentiates into highly
specialized lens fibers that are filled with transparent crystalline
proteins to provide optical clarity.

Separating the anterior and posterior sets of placodes there lie
two trigeminal placodes (ophthalmic/profundal and maxilloman-
dibular) on the dorsal and posterior margins of the optic vesicle
at the hindbrain level of rhombomere 2. Cells delaminate from
these placodes and migrate a short distance to produce the large
neurons in the distal parts of the ophthalmic and maxillomandib-
ular lobes of the trigeminal ganglion; neural crest cells migrate
adjacent to the placode-derived neurons to contribute the small
neurons of the proximal lobes and glia for the entire ganglion. In
some species the ophthalmic/profundal ganglion develops as two
separate entities (Schlosser and Northcutt, 2000; see also Streit,
2004).

The posterior set of placodes consists of the otic and epibran-
chial placodes. At the hindbrain level of rhombomere 5 (rhombo-
mere 4 in some species; Ruiz i Altaba and Jessell, 1991), the
bilateral otic placodes form. This thickening invaginates as the otic
cup, which pinches closed as an otic vesicle. The vesicle undergoes
complex morphogenetic movements to form the inner ear (audi-
tory cochlea, vestibular semicircular canals and the otolithic
organs [utricle and saccule]), and produces both the structural
and neural elements of these organs, as well as the sensory
ganglion cells that innervate them. In aquatic species, the lateral
line system, which is specialized for detection of water currents
and electrical fields, is derived from placodes that surround the
otic placode (see Piotrowski and Baker, in this issue). Just anterior
and posterior to the otic placode are a series of epibranchial
placodes that arise just dorsal to each post-otic branchial/phar-
yngeal cleft. At the hindbrain level of rhombomere 4, the genicu-
late placode forms just dorsal to the first branchial/pharyngeal
cleft. It gives rise to the large neurons of the geniculate (distal)
ganglion of the facial cranial nerve; neural crest gives rise to the
small neurons of the proximal facial ganglion and the glia of both
ganglia. The paratympanic organ in birds and the spiracular organ

in some fishes are derived from a placode located just dorsal to the
geniculate placode (O’Neill et al., 2012). At the hindbrain levels of
rhombomeres 6–8, other epibranchial placodes give rise to sen-
sory neurons that delaminate and migrate a short distance to form
the large neurons of the distal sensory ganglia of the glossophar-
yngeal (petrosal ganglion) and vagus (nodose ganglion) cranial
nerves. Neural crest cells give rise to the smaller neurons of the
proximal ganglia of these nerves as well as the glia for both sets of
ganglia. In certain fishes there are additional branchial arches, and
thus additional placodes and cranial ganglia. In some species there
also are ventrally located hypobranchial placodes of unknown
function (Schlosser, 2003). Thus, like the related neural crest,
cranial sensory placode cells can give rise to several cell types:
neurosecretory cells; forebrain neurons; sensory ganglion neu-
rons; sensory receptor cells; non-neural crystalline producing
cells; non-neural supportive cells.

The pre-placodal region (PPR): a common origin for all sensory
placodes

The PPR forms at the border between the neural plate and the
epidermis

In the later part of the 19th century, the cranial sensory placodes
were identified by histological preparations of vertebrate embryos,
and described as forming lateral to the cranial portion of the
neural tube. Following the movements of the placode and neural
crest cells over developmental time showed that both populations
contribute to cranial sensory structures. The early histological
analyses were remarkable in their ability to identify placode
precursors without the aid of molecular markers. Von Kupffer
(1895) described two precursor regions in Petromyzon (sea lam-
prey), one that is dorsolateral and one that is ventrolateral. Platt
(1896) agreed with this arrangement in Necturus (the aquatic
salamander or mudpuppy), but determined that these two zones
arose from a single band of thickened ectoderm adjacent to the
neural folds. Von Kupffer posited that the placodes arise from
unspecified epidermis after an interaction with the neural crest
affiliated with each cranial nerve, whereas Platt posited that they
arise from a defined zone of ectoderm that is distinct from the
epidermis (see Knouff, 1935). Analyses of two species of terrestrial
salamanders (Ambystoma) also observed thickenings in the epi-
dermis prior to the emergence of definitive placodes (Landacre,
1926; Stone, 1922). Initially there was a disagreement over
whether these thickenings were placode precursors or simply
thickenings caused by the epidermis folding over underlying
organs. Stone showed, by experimentally removing these thicken-
ings, that some were indeed placode precursors whereas others
were simply tissue folds. In an analysis of carefully staged frog
embryos, Knouff (1935) provided extensive evidence that there is a
distinct pan-placodal band lying between the neural ectoderm and
the epidermal ectoderm to which all placodes can be histologically
traced. It is thicker than the epidermal ectoderm and is cytologi-
cally more similar to neural than epidermal cells. Although fate
mapping studies in chick (Couly and LeDouarin, 1987, 1990; Streit,
2002) and in several amphibians (reviewed in Schlosser and
Ahrens, 2004; Streit, 2004; Pieper et al., 2011) also indicate that
all placodes originate from a narrow band surrounding the neural
plate; Knouff's histologically identified pre-placodal band may not
accurately represent the PPR because it extends into the trunk and
it only partially coincides with the domains of PPR molecular
markers (Schlosser and Ahrens, 2004; Litsiou et al., 2005). None-
theless, similar histological studies in several vertebrates, as well
as the expression of common sets of molecular markers (discussed
in the section Molecular identity of the PPR) support the idea that
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there is a common pre-placodal field of progenitors surrounding
the anterior neural plate (see also Streit, 2004; Schlosser, 2006).

Specification of the PPR

The specification of the PPR, the process that segregates the cells
that will form placodes from the three other ectodermal domains
(epidermis, neural crest and neural plate) occurs through a gradual
progression of tissue interactions involving multiple signaling
pathways that result in the dynamic expression of several tran-
scriptional regulators. As a first step, the naïve embryonic ecto-
derm is separated into neural and non-neural ectodermal domains
during gastrulation (Fig. 1); while non-neural ectoderm is pro-
moted by BMP and Wnt signaling, and neural ectoderm is
promoted by FGF signaling and by antagonizing the BMP and
Wnt pathways (Streit et al., 2000; Wilson et al., 2000; DeRobertis
and Kuroda, 2004; Stern, 2005, 2006; Levine and Brivanlou, 2007;
Rogers et al., 2009). In response, neural-specific and epidermal-
specific transcription factors are expressed in different regions of
the ectoderm. This leads to a second step in PPR specification: the
formation of a NB zone that surrounds the neural plate and
contains cells competent to become placodes and neural crest
(Fig. 1). One example of the formation of this new region comes
from observing the dynamic expression of neural plate and
epidermal genes: in Xenopus, the neural (Sox2-expressing) and
the non-neural (Foxi1a/b-expressing) ectoderm domains initially
abut; soon after, however, an intervening territory appears that
expresses neither of these genes, indicating that a new domain has
formed (Matsuo-Takasaki et al., 2005).

What other molecules identify this new, intermediate ectoder-
mal domain? Two decades of intensive molecular cloning activity
involving a number of animals has identified several genes that are
expressed in the NB zone, many of which have key roles in neural
crest as well as PPR specification. Comprehensive summaries
can be found elsewhere (Baker and Bronner-Fraser, 2001;
Bhattacharyya and Bronner-Fraser, 2004; McCabe and Bronner-
Fraser 2009; Schlosser and Ahrens, 2004; Schlosser, 2006; Grocott
et al., 2012; Pieper et al., 2012). However, in brief, TFAP2α, FoxI1a/b,
GATA, Dlx, Msx, Zic and Pax genes are expressed in overlapping
patterns in the NB zone; some are expressed in the epidermis and

NB zone, some are expressed in neural plate plus NB zone and
some are mostly restricted to the NB zone (for details see Yang
et al., 1998; Feledy et al., 1999; Luo et al., 2001, 2002, 2003; Streit,
2002; Schlosser and Ahrens, 2004; Litsiou et al., 2005; Phillips
et al., 2006; Hong and Saint-Jeannet, 2007; Khudyakov and
Bronner-Fraser, 2009; Grocott et al., 2012; Pieper et al., 2012).
Some of these have been called “neural border specifier” genes
based on their requirement for early steps in neural crest speci-
fication (Meulemans and Bronner-Fraser, 2004), but many of them
also are required for PPR specification, as discussed in more detail
in the section: The tissue interactions, signaling pathways and
transcription factors that specify the PPR.

A third step of PPR specification is the separation of the NB
zone into two different precursor populations of the peripheral
nervous system: the neural crest and the placodes (Fig. 1). There
remain differences in opinion as to whether the neural crest cells
and placode cells arise from distinct subsets of cells in the NB zone
or from common progenitors (reviewed in Pieper et al., 2012). In
histological preparations at neural tube stages, they are distinct
entities, the neural crest migrating from the dorsal neural tube and
the placode cells forming patches in the epidermis lateral to the
neural tube. Although both neural crest and placode precursors
arise from the NB zone, it was recognized very early (e.g., Knouff,
1935) that neural crest cells do not arise from the region of that
zone that surrounds the anterior tip of the neural plate, whereas
the placodes do not arise from its posterior trunk regions.

One method to determine whether neural crest and placodes
share common progenitors is to fate map the NB zone at different
developmental stages. Fate maps in chick at gastrula stages
demonstrate that precursors for all four ectodermal domains are
extensively intermingled throughout the ectoderm; fate maps
made in chick, fish and frog at neural plate stages also show
extensive intermixing within the NB zone (reviewed in Grocott
et al., 2012). Consider two fate maps that were created by labeling
small groups of cells with DiI and DiO. In chick, otic precursors are
scattered over a wide region and are intermingled with cells that
give rise to neural plate, neural crest and epidermis at early neural
plate stages. Even at later neural fold stages, cells that give rise
to the neural crest, otic placode and epibranchial placodes are
intermingled, indicating that there is no fate-restricted domain in

Fig. 1. Major subdivisions of the embryonic ectoderm. At gastrulation, the embryonic ectoderm is subdivided into two domains: the non-neural ectoderm and neural
ectoderm. They give rise to the epidermis and central nervous system (CNS), respectively. At their boundary a third domain is subsequently generated, the neural border
zone, which gives rise to two cell populations: the neural crest and pre-placodal region. The pre-placodal region eventually segregates into individual cranial placodes: the
adenohypophyseal, olfactory, lens, trigeminal, lateral line, otic and epibranchial placodes (from anterior to posterior).
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the NB zone (Streit, 2002). When the types of cells that descend
from a single labeled group are analyzed, it is interesting to note
that at neural plate stages many groups are composed only of otic
placode cells (53%). Mixed cell type groups included: otic placode
cellsþepidermal cells (29%); epibranchial placode cellsþepidermal
cells (12%); placode cellsþneural tube cells (6%). After labeling at the
neural fold stage, 16% contained placode cellsþneural crest cells.
These results suggest that while neural crest and placode cells can
arise from overlapping regions of the NB zone, they do not often arise
from the same progenitor cell. Similar results were reported in
Xenopus (Pieper et al., 2011). When small groups of cells in the NB
zone were labeled at neural plate stages, placode-labeled groups
were intermingled with those giving rise to epidermis, neural plate
and neural crest. Although the cells derived from a single labeled
group often contained cells in more than one placode, only about 10%
contained both neural crest and placode cells; these “mixed clone”
groups were not observed when labeling was performed at neural
fold or neural tube stages. In both studies, “mixed clones” may be
due to placing the dye at the border between two separate
progenitor domains or may be an artifact of the labeling approach,
as discussed in detail by Pieper et al. (2011). Although both fate
mapping studies suggest that it is unlikely that neural crest and
placode cells arise very frequently from a common progenitor cell by
neural plate stages, this question will only be definitively resolved by
single cell lineage tracing.

However, the neural crest and placodes certainly share a common
early developmental history. In fact, both cell types are induced
around the border of the neural plate when small pieces of neural
plate are grafted into an ectopic location in the non-neural ectoderm
(Selleck and Bronner-Fraser, 1995, 2000; Mancilla and Mayor, 1996;
Woda et al., 2003; Glavic et al., 2004a; Litsiou et al., 2005; Ahrens
and Schlosser, 2005). However, there are conflicting observations of
whether the induced neural crest and placode cells arise from the
grafted neural plate or host epidermis (reviewed in Pieper et al.,
2012). A recent study addressed this issue in Xenopus by evaluating
the expression of a number of neural plate, NB zone, neural crest and
placode markers (Pieper et al., 2012). Transplanting lineage labeled
anterior neural plate into the epidermis resulted in neural plate, NB
zone and neural crest markers only in the grafted tissue and never in
the host epidermis; PPR markers were induced exclusively in the
adjacent host epidermis. Transplanting early neural plate into the NB
zone induced neural crest but not placode markers, and transplant-
ing epidermis into the NB zone induced placode but not neural crest
markers. Thus, these authors propose that the neural and non-neural
ectoderm domains have differing competence to produce neural
crest and placodes. By performing these grafting experiments at
different developmental stages, they show, however, that this bipo-
tential competence is not achieved until the end of gastrulation;
earlier epidermis or animal cap ectoderm grafts can produce both cell
types. These results support the idea that the neural crest and
placodes share an early developmental history that becomes
restricted via competence factors to differing programs by neural
plate stages.

The tissue interactions, signaling pathways and transcription factors
that specify the PPR

What tissue interactions account for the formation of the PPR?
Several studies from chick and Xenopus suggest that an interaction
between the neural and non-neural ectoderms is involved. As
mentioned above, grafting pieces of neural plate into non-neural
ectoderm produce cells expressing placode markers around its
border. However, there is evidence that other tissues also con-
tribute to PPR induction. For example, in Xenopus the Organizer
mesoderm and the dorsolateral endomesoderm, which later
gives rise to the pharyngeal arches/pouches and heart, can induce

placode markers, whereas the axial mesoderm cannot (Ahrens and
Schlosser, 2005). Ablation studies showed that the anterior neural
plate and the dorsolateral mesoderm are required for PPR induc-
tion, whereas the midline mesoderm and the midline neural plate
are not. In chick, when neural plate was transplanted into non-
neural ectoderm neural crest markers were induced in a high
percentage of cases, whereas PPR markers were induced infre-
quently, indicating that an important signaling source was missing
from the ectopic site (Litsiou et al., 2005). Ablation and transplan-
tation experiments further showed that the head mesoderm,
similar to that identified in frog, provides an important additional
PPR-inducing signal. Further experiments in the chick demon-
strated that the mesoderm signal most likely is one or more
member of the FGF family (Litsiou et al., 2005). Ahrens and
Schlosser (2005) also showed the importance of FGF8 signaling.
In frog, FGF8 has multiple expression domains within the neural
plate, including the midbrain–hindbrain boundary (Ahrens
and Schlosser; 2005); however the source of FGF8 is likely both
the endomesoderm and the anterior neural ridge. There also is
evidence that FGF signaling favors PPR formation in fish (Esterberg
and Fritz, 2009; Kwon et al., 2010). It has been proposed that FGFs
promote the expression of “pre-neural” genes, prevent the expan-
sion of PPR-repressing factors, and/or regulate PPR-specific tran-
scription factors (reviewed in Grocott et al., 2012). However, FGF
signaling is not sufficient to induce ectopic PPR markers in the
epidermis (Ahrens and Schlosser, 2005; Litsiou et al., 2005).

As mentioned above, if embryonic ectoderm is subjected to high
levels of BMP it forms epidermis, whereas if it is protected from BMP
signaling by secreted antagonists it forms neural ectoderm. In the
patterning of the mesoderm, blood islands form in regions of high
BMP signaling, and notochord forms at the lowest levels of BMP
signaling; so-called intermediate mesoderm (kidney and gonads)
forms in regions of intermediate BMP signaling. Does the same occur
in the ectoderm? Indeed, several studies showed that the BMP
gradient patterns the ectoderm (Neave et al., 1997; Nguyen et al.,
1998) and that intermediate levels of BMP signaling induce neural
crest formation (Morgan and Sargent, 1997; Wilson et al., 1997;
Marchant et al., 1998; Mayor et al., 1997; Mayor and Aybar, 2001;
Aybar and Mayor, 2002). The interpretations of some experiments
argue that the same is true for placode formation. In both fish and
frog, reduction of BMP signaling, either by expressing dominant-
negative receptors or BMP antagonists, induces placode genes
(Glavic et al., 2004a; Brugmann et al., 2004; Kwon et al., 2010). In
fact, Xenopus animal cap ectodermal explants, which endogenously
express high levels of BMP, optimally express placode genes in the
presence of low levels of the BMP antagonist Noggin, whereas neural
crest genes are optimally expressed in the presence of intermediate
Noggin levels, and neural plate genes in the presence of high Noggin
levels (Brugmann et al., 2004; Hong and Saint-Jeannet, 2007; Park
and Saint-Jeannet, 2008). In fish, BMP levels that induce a neural
crest fate activate TFAP2 genes, whereas the BMP levels that induce a
PPR fate activate TFAP2 plus Foxi1 and Gata3 genes (Bhat et al., 2013).
These results indicate that the different ectodermal domains require
different, graded levels of BMP signaling. However, there also is
evidence that does not support the BMP gradient model of PPR
induction. First, in both chick and frog, BMP is highly expressed in the
NB zone/neural folds, a position that is incongruous with a simple
gradient. In addition, local reduction of BMP in the epidermis of the
embryos alone does not induce ectopic PPR markers, although it can
expand endogenous PPR domains (Brugmann et al., 2004; Ahrens
and Schlosser, 2005; Litsiou et al., 2005). However, the combination
of reducing BMP signaling in the presence of active FGF signaling
does induce ectopic PPR marker at high frequency (Streit and Stern,
1999; Ahrens and Schlosser, 2005; Litsiou et al., 2005). Zebrafish
embryos carrying mutations in various components of the BMP
signaling pathway show an expanded neural crest domain associated
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with a lateral shift of the PPR (Neave et al., 1997; Nguyen et al., 1998).
Recent time–course experiments demonstrate that there are two
phases of PPR specification by BMP signaling; during gastrula stages
high levels of BMP activate NB zone genes that are required for PPR
formation, and during neural plate stages lower levels are required to
initiate PPR genes (Kwon et al., 2010). Differential timing of Wnt and
BMP signaling also may discriminate between rostral and caudal NB
zone derivatives (Patthey et al., 2008, 2009). Thus, combinations
of signaling factors available at different developmental stages are
crucial in PPR specification. In an interesting parallel, neural crest
induction requires Wnt signaling plus low BMP signaling at gastrula
stages, and high BMP at neurula stages (Steventon et al., 2009).

It is well established that other factors are required for neural
crest induction, including Wnt, FGFs and retinoic acid (RA) (Saint-
Jeannet et al., 1997; Mayor et al., 1997; LaBonne and Bronner-
Fraser, 1998; Chang and Hemmati-Brivanlou, 1998; Mayor and
Aybar, 2001; Villanueva et al., 2002; Monsoro-Burq et al., 2003;
Glavic et al., 2004b). These factors also are known to play
important roles in establishing the posterior axis of all germ
layers, and therefore are called posteriorizing factors. Xenopus
animal cap explants and anterior neural plate explants will express
neural crest genes when cultured in the presence of both BMP and
posteriorizing factors (Sasai et al., 2001; Villanueva et al., 2002;
Hong and Saint-Jeannet, 2007). In contrast, posteriorizing factors
are not required for animal cap explants to express placode genes
in the presence of BMP (Brugmann et al., 2004). In fact, in
the intact Xenopus embryo canonical Wnt signaling needs to be
reduced for ectopic placode gene expression to occur, and ectopic
activation of Wnt signaling represses endogenous placode gene
expression (Brugmann et al., 2004; Hong and Saint-Jeannet, 2007).
Concordant with these findings, the anterior neural plate and
underlying chordomesoderm are sources of anti-Wnt factors
(Dkk1) that inhibit neural crest formation (Pera and De Robertis,
2000; Carmona-Fontaine et al., 2007; Takai et al., 2010). Similar
results were obtained in chick (Litsiou et al., 2005): reduction
of Wnt signaling adjacent to the endogenous PPR expands
placode genes and activation of Wnt signaling represses them.
They elegantly showed that simultaneous reduction of BMP and
Wnt signaling additively expanded the PPR, but did not ectopically
induce PPR genes unless an early pulse of FGF signaling was
provided. These authors propose that FGF signaling confers a
“neural border” state, and that if cells within that state receive a
Wnt signal they become neural crest whereas if they are protected
from Wnt signaling they express a PPR fate.

An apparent discrepancy is the role of FGFs in PPR induction. As
mentioned above, FGF8 is required for PPR formation, but FGFs also
are posteriorizing (Fletcher et al., 2006) and thereby can be inhibitory
to PPR formation (Brugmann et al., 2004). Alternatively, this could be
due to the neuralizing activity of FGF. This also suggests that there is
either specificity in PPR responsiveness to different FGF ligands, to
the timing of exposure or to the level of ligand present. Although this
issue is yet to be fully resolved, there is evidence that low levels of
FGF8 promote neural crest and PPR fates whereas high levels inhibit
them (Hong and Saint-Jeannet, 2007).

Also unresolved is the influence of RA signaling in PPR specifica-
tion. It has been proposed that RA is required for anterior placode
induction based on its synthesis in adjacent tissues, e.g., the forebrain
and facial mesenchyme (reviewed in Paschaki et al., 2013). However,
recent studies in chick and mouse suggest that RA signaling is
required for neurogenesis rather than placode induction (Paschaki
et al., 2013). It also has been suggested that RA would inhibit
PPR formation because of its role in posterior axis formation and
induction of the Hox genes. However, RA signaling may have a role in
PPR specification independent of its posteriorizing activity, in a
similar manner as the posteriorizing activity of FGF and canonical
Wnt can be uncoupled from their role in neural crest induction

(Monsoro-Burq et al., 2005; Wu et al., 2005). Consistent with
this possibility, in Xenopus the RA-synthesizing enzyme (Raldh2) is
expressed in the trunk mesoderm, as well as in a discrete U-shaped
ectodermal domain around the anterior neural plate (Chen et al.,
2001). During PPR formation, decreasing RA signaling expands the
domain of FGF8 expression, suggesting a role for RA signaling in
limiting the posterior boundary of the PPR (Shiotsugu et al., 2004).
But, RA signaling also induces two genes: Tbx1, a T-box transcription
factor, and Ripply3/Dscr6, a Groucho-associated co-repressor (Arima
et al., 2005; Janesick et al., 2012). Ripply3 and Tbx1 expression
domains in the PPR partially overlap; in regions where only Tbx1 is
expressed, PPR genes are induced, whereas in regions where Tbx1
and Ripply3 overlap, PPR genes are repressed in a Groucho-
dependent manner (Janesick et al., 2012). Thus, while RA signaling
is required for formation of the posterior, Tbx1-positive part of the
PPR, it also restricts its posterior boundary.

What transcription factors are downstream of these signals to
specify the PPR? Cells in the NB zone may differentially become
neural crest and PPR based on their different levels of expression
of NB specifier genes. These genes were first identified as being
expressed in the area surrounding the nascent neural ectoderm (i.e.,
the NB zone), and to be required for the activation of a set of genes
that are expressed in the early-forming neural crest (e.g., FoxD3,
Snail2, and Sox10), which are called “neural crest specifier” genes
(Meulemans and Bronner-Fraser, 2004). Msx1 is one of the earliest
expressed NB specifiers and is a direct target of BMP. In frog, it is
expressed throughout the non-neural ectoderm and is required for
epidermis specification as well as neural crest specification (Tribulo
et al., 2003; Monsoro-Burq et al., 2005); in fish, several members of
the Msx family have different, overlapping domains in the NB zone
and are involved in neural crest formation (Phillips et al., 2006).
Interestingly, however, regardless of species, the domains of Msx
genes overlap with those of Dlx genes in the NB zone. As mentioned
above, formation of the NB zone requires Dlx activity in the non-
neural ectoderm. Based on the observations that Msx and Dlx
proteins can inhibit each other through the formation of hetero-
dimers (Zhang et al., 1997), an exhaustive series of experiments that
knocked down multiple members of the Msx and Dlx families
demonstrated that different levels of these proteins, regulated by
their mutual antagonism, biases NB cells towards neural crest (Msx-
high and Dlx-low) versus PPR (Msx-low and Dlx-high) fates (Phillips
et al., 2006). Msx1 also is known to activate both Pax3 and Zic1, two
other NB specifier genes, and interactions between Pax3 and Zic1 are
required to initiate neural crest specific genes (Tribulo et al., 2003;
Monsoro-Burq et al., 2005; Sato et al., 2005). By temporally control-
ling the timing of Pax3 expression with a hormone-inducible con-
struct, Hong and Saint-Jeannet (2007) demonstrated that the Pax3
influence on neural crest genes was later than its role in forming the
NB zone. They also showed that while Zic1 synergizes with Pax3 to
produce neural crest, in the absence of Pax3, Zic1 promotes PPR gene
expression. It was recently shown that Msx1 directly binds to the
anterior PPR enhancer of the Six1 gene (see the section Molecular
identity of the PPR) to repress it, whereas Dlx binding leads to
activation (Sato et al., 2010).

In frog, fish and chick, Dlx genes have been shown to be
required for PPR formation (Solomon and Fritz, 2002; Woda
et al., 2003; McLarren et al., 2003; Phillips et al., 2006). There is
evidence that the Dlx factors may act by regulating a BMP
antagonist at the NB zone (Esterberg and Fritz, 2009; Reichert
et al., 2013). Recent work has linked the expression of Dlx3 and
GATA2 to the non-neural ectoderm acquiring the competence to
form PPR (Pieper et al., 2012). Gain-of-function of either gene
reduces neural plate, NB zone and neural crest genes whereas loss-
of-function expands them. Epidermal, PPR and placode gene
expressions are significantly reduced when either Dlx3 or GATA2
is depleted. However, the genes are not equivalent: although
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increased Dlx3 expands PPR markers, increased GATA2 only rarely
does so. These authors propose that Dlx and GATA2 act as
competence factors because they are required in the non-neural
ectoderm for PPR markers to be induced. Recent studies in
zebrafish concur with these observations; in this organism GATA3,
TFAP2a, TFAP2c and Foxi1 have been proposed to play a similar
role (Kwon et al., 2010; Bhat et al., 2013). It is important to note a
dependence on the signaling environment for the effects on the
PPR genes; the up-regulation of Six1 by Dlx3 is significantly
increased in the presence of BMP and/or Wnt inhibitors (Pieper
et al., 2012).

The initial expression of two other non-neural ectoderm genes
also appear to play critical roles in specifying the PPR in Xenopus:
TFAP2α and Foxi1a/b (Matsuo-Takasaki et al., 2005; Luo et al., 2002;
Zhang et al., 2006). Knock-down of Foxi1a/b causes expansion of
neural plate genes and reduction of NB zone and epidermal genes,
whereas gain-of-function reduces both neural plate and NB zone
genes and expands epidermal genes (Matsuo-Takasaki et al., 2005).
Experiments using a hormone-inducible construct demonstrated
that Foxi1a/b initially acts during mid-gastrulation downstream of
BMP signaling to reinforce the separation of the neural and non-
neural ectoderm domains. Next, it is required for “neural border
specifier” gene expression (e.g., Msx1), and still later it must be
down-regulated to allow for neural crest and placode gene expres-
sion (Matsuo-Takasaki et al., 2005). TFAP2α also is involved in the
formation of the PPR in frogs and fish (Nguyen et al., 1998; Luo et al.,
2002). It is initially expressed throughout the embryonic ectoderm
where it is a key regulator of epidermis-specific keratins. Next it is
down-regulated in the neural ectoderm and later still is down-
regulated in the PPR but not in the pre-migratory neural crest cells.
Loss-of-function of TFAP2α causes a down-regulation of epidermis-
specific keratin genes and NB specifier genes and up-regulation of
neural plate genes (Luo et al., 2002; de Croze et al., 2011). In contrast,
TFAP2α gain-of-function expands NB specifier genes as well as neural
crest genes and reduces neural plate genes (Luo et al., 2003; Hoffman
et al., 2007; de Croze et al., 2011). Epistasis analyses show that
TFAP2α acts upstream of NB specifier genes, and both Pax3 and
epidermis-specific keratin genes are direct transcriptional targets
(Luo et al., 2002; de Croze et al., 2011).

In summary, both the neural crest and the PPR are induced by the
combined activity of several signals emanating from different tissues
at different times. In addition to differentially affected cell fates, these
signals also differentially influence the positioning of neural crest
versus placodes in the embryonic axis. Posteriorizing factors posi-
tively influence neural crest to form from midbrain to tail, whereas
they repress PPR genes and confine them to the head. Likewise, Wnt
antagonists expressed in cranial domains likely allow PPR to form
around the anterior tip of the neural plate but prevent the neural
crest to form in this region. In addition, differing levels of members
of the Msx, Dlx, GATA, Pax and Zic protein families contribute
to producing neural crest versus PPR cells. The specifics of the
contributions of each gene will not be fully understood until ChIP

sequencing studies are completed, but a proposed gene regulatory
network based on the available epistasis data from several species
has recently been constructed that should serve the field well as a
starting point for these analyses (Grocott et al., 2012).

Molecular identity of the PPR

The PPR was first identified by morphological criteria, and then
its contributions to different structures were highly refined with
the application of fate mapping techniques, most importantly the
quail–chick chimera approach (LeDouarin et al., 1986; Webb and
Noden, 1993). However, significant progress in understanding PPR
specification at a molecular level was made only when PPR-
specific genes were identified. Of particular value in marking the
early PPR have been members of the Six transcription factor family
and the Eya co-factor family, which are considered to be pan-
placodal markers. Three of the 6 members of the vertebrate Six
family (Six1, Six2, and Six4) and all four members of the Eya family
(Eya1, Eya2, Eya3, and Eya4) are expressed in U-shaped domains
surrounding the anterior neural plate (Fig. 2), albeit with some
species variations (Ohto et al., 1998; Esteve and Bovolenta, 1999;
Sahly et al., 1999; Pandur and Moody, 2000; Kobayashi et al., 2000;
David et al., 2001; Ghanbari et al., 2001; Bessarab et al., 2004;
Schlosser and Ahrens, 2004; Brugmann and Moody, 2005). At later
developmental stages they also are strongly expressed in other
developing organs, including somitic muscle, kidney and limb
buds. The founding member of the Six gene family is Drosophila
Sine oculis. All Six proteins contain a homeodomain-type DNA-
binding region and an N-terminal Six Domain (SD) that binds co-
factors such as Eya and Groucho proteins. In fly, binding of Eya to
Sine oculis increases DNA binding specificity (Pignoni et al., 1997).
Eya proteins do not bind to DNA directly, and they can access the
nuclear compartment only by binding to other transcription
factors via the C-terminally located Eya Domain (ED), which binds
to the SD of Six proteins (Pignoni et al., 1997; Ohto et al., 1999). Eya
proteins can interact with multiple Six proteins and also with
many other transcription factors. Recent structural analyses show
that the binding of EYA2 to the SIX1 SD modifies the way in which
the SIX1 homeodomain interacts with DNA (Patrick et al., 2013);
thus Eya proteins can be critical modifiers of Six protein functions.

Six and Eya genes have proven to be more than simple markers
of the PPR domain; their expression is critical for the specification
of the PPR. In frog, knock-down of Six1 in the NB zone reduces the
expression of other early PPR genes (Eya1 and Sox11) and expands
neural crest and epidermal genes (Brugmann et al., 2004). Con-
versely, Six1 gain-of-function in the NB zone expands the other
PPR genes and reduces the domains of neural crest and epidermal
genes. In chick, these gain-of-function effects also occur, but only
when both Six1 and Eya2 are co-expressed (Christophorou et al.,
2009). In fish, Six1 is necessary for the formation of inner ear hair
cells (Bricaud and Collazo, 2006, 2011). Expressing activating Six1

Fig. 2. Combinatorial expression of transcription factors during specification of the PPR and segregation of the sensory placodes. Once specified, the PPR becomes
sequentially subdivided into incrementally smaller domains each expressing a specific repertoire of genes. Only a subset of these genes is shown here. Anterior is to the left
and posterior to the right.
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constructs or co-expressing Eya1 with wild type Six1 results in up-
regulation of placode genes, whereas expressing repressing Six1
constructs or co-expressing Groucho with wild type Six1 results in
down-regulation of neural crest and epidermal genes (Brugmann
et al., 2004; Christophorou et al., 2009). Thus, Six1 appears to have
dual roles in promoting downstream placode genes by transcrip-
tional activation, and inhibiting alternate ectoderm fates by trans-
criptional repression. It is not yet clear in fish, frog or chick
whether Six2 and Six4 have similar or redundant functions to
those of Six1 in PPR specification.

The roles of Six and Eya genes in mammals are much harder to
study at the early stages of PPR specification so until recently
analyses have relied on late developmental processes. In mouse,
knockout of Six1 results in severe defects in the olfactory and inner
ear sensory structures, as well as deficits in the other structures in
which it is later expressed, such as muscle and kidney (Oliver et al.,
1995; Laclef et al., 2003; Li et al., 2003; Zheng et al., 2003; Ozaki
et al., 2004; Zou et al., 2004; Konishi et al., 2006). Although Six1 is
expressed in the mouse PPR (Sato et al., 2010), Six1-null embryos
have defects in placode morphogenesis and neurogenesis rather
than PPR formation (Ikeda et al., 2007, 2010; Chen et al., 2009).
The PPR may form in these embryos due to the remaining activity
of Six2 and Six4. In support of this idea, although craniofacial
phenotypes have not been reported in Six2-null or Six4-null mice
(Self et al., 2006; Ozaki et al., 2001), Six1/Six4 double-knockouts
have more severe craniofacial phenotypes than Six1-null mice
(Grifone et al., 2005; Zou et al., 2006a, 2006b; Chen et al., 2009).

In humans, mutations in SIX1 are causative in some individuals
afflicted with Branchio-otic Syndrome (specifically BOS3). These
patients have minor craniofacial defects and profound hearing
loss, presumably due to defects in otic placode/inner ear develop-
ment (Abdelhak et al., 1997; Ruf et al., 2004). In the majority of
these patients there are single amino acid changes in the SD,
suggesting that interactions with co-factors cause the defects (Ruf
et al., 2004; Ito et al., 2006; Sanggaard et al., 2007; Kochhar et al.,
2008; Patrick et al., 2009; Noguchi et al., 2011). Bricaud and
Collazo (2011) showed that when a BOS patient mutation was
inserted into zebrafish Six1 and then expressed during develop-
ment, hair cell formation was disrupted. Similarly, a mouse that
harbors a mutation in Six1 that also is found in some BOS patients
had several inner ear defects (Bosman et al., 2009).

Eya1-null mice have severely deformed inner ears and are deaf,
and have deficits in cranial ganglia, other cranial structures, kidney
and skeletal muscles (Johnson et al., 1999; Xu et al., 1999, 2002;
Zou et al., 2004, 2006a, 2006b). Eya4-null mice also have inner ear
defects (Depreux et al., 2008). Phenotypes in Eya2-null mice have
not been reported yet, and while Eya3-null mice show behavioral
abnormalities suggesting nervous system defects, craniofacial
deficits were not reported (Söker et al., 2008). In humans, muta-
tions in EYA1 also are causative in some individuals afflicted
with two types of Branchio-otic Syndrome (BOS1 and BOR1);
BOR patients have additional renal defects (Abdelhak et al., 1997;
Kumar et al., 1997; Spruijt et al., 2006). In these patients the
majority of the mutations cause amino acid substitutions in the ED
that prevent the protein from binding to Six1 (Buller et al., 2001;
Ozaki et al., 2002). Partial deletions of EYA1 that include nearby
genes cause oto-facio-cervical syndrome (Rickard et al., 2001;
Estefania et al., 2006). When human patient Eya1 mutations were
introduced into either Xenopus or zebrafish, anterior pituitary, ear
and lateral line development was perturbed (Kozlowski et al.,
2005; Nica et al., 2006; Pogoda and Hammerschmidt, 2007;
Li et al. 2010). There are no human mutations reported yet for
EYA2 or EYA3, but two syndromes also characterized by hearing
loss are associated with EYA4 mutations: autosomal dominant non-
syndromic sensorineural deafness 10 (OMIM #601316; Wayne et al.,
2001; Makishima et al., 2007) and dilated cardiomyopathy with

sensorineural hearing loss (OMIM #605362; Schönberger et al.,
2005). Similarly, knock-down of Eya4 in zebrafish causes defects
in the ear, lateral line and heart (Schönberger et al., 2005; Wang
et al., 2008).

Six and Eya genes are not the only transcription factors expressed
in the PPR, but they are amongst the earliest to be expressed
throughout the PPR (Fig. 2; Schlosser and Ahrens, 2004). Interest-
ingly, several of the NB specifier genes continue to be expressed in
subdomains of the PPR after the onset of Six and Eya gene expression
(Schlosser and Ahrens, 2004; Grocott et al., 2012). In Xenopus, for
example, after Foxi1a's initial broad non-neural ectoderm expression
it becomes confined to a U-shaped band in the head located just
lateral to the Six1 domain, with a small region of overlap (Matsuo-
Takasaki et al., 2005); a similar lateral, partially overlapping position
characterizes the related Foxi1c gene. Dlx3 and Dlx5 genes similarly
are initially broadly expressed in the non-neural ectoderm and then
are confined to stripes that partially overlap with Six1 (Schlosser and
Ahrens, 2004). Prior to the formation of individual placodes, several
other transcription factors (e.g., Sox2, Sox3, Sox11, and Irx1) are
expressed in broad, overlapping regions of the PPR. Various Pax
genes, which are characteristic of specific placodes, and bHLH genes,
which are characteristic of neurogenic placodes, also are expressed
in subdomains of the PPR before the placodes separate, but none
of these are pan-placodal. It is likely that these regional, partially
overlapping domains of expression downstream of Six and Eya genes
contribute to the subdivision of the PPR into distinct placodes.

Subdivision of the PPR into domains with distinct identities

Anterior–posterior regionalization of the PPR

Classical transplantation experiments in amphibians showed
that within the ectoderm adjacent to the anterior neural plate,
cells were competent to give rise to any placode, but this ability
was progressively lost overtime (Jacobson, 1963a). When the PPR
was rotated along its anterior–posterior axis at the early neurula
stage, cells within the transplanted region formed placodes largely
according to their novel position. If the same experiment was
performed a few hours later, placodes now developed primarily
according to their original position in the PPR, suggesting that
their identity was already determined at the time of transplanta-
tion. Therefore, cells within the PPR are initially competent to form
any placode derivative, and over time progressively acquire their
specific identity, likely in response to cues from the local environ-
ment (Jacobson, 1963a).

All placodal precursors within the PPR are generated by a
common inductive mechanism, and they initially share a similar
developmental program, since all placodal precursors start with
the same initial ground state, a lens fate (Bailey et al., 2006). The
PPR is subsequently divided along the anterior–posterior axis into
individual domains in which cells will adopt a fate characteristic
for each sensory placode. Expression analyses of genes restricted
to the PPR in frog and chicken embryos fully support the idea of a
progressive restriction of fate over time. While the PPR is char-
acterized by the broad expression of transcription factors such
Six1 and Eya1, anterior and posterior differences can be visualized
through differential gene expression at the early neurula stage.
These two placodal domains give rise to the adenohypophyseal,
olfactory and lens placodes anteriorly, and otic, lateral line and
epibranchial placodes posteriorly, with the trigeminal placode
forming in between (Fig. 2). For example in chicken embryos,
Foxi3 is initially expressed broadly in the PPR surrounding the
anterior neural plate. It then becomes restricted to the posterior
placodal region that will give rise to the otic and epibranchial
placodes (Khatri and Groves, 2013). These placodal regions are
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more restricted than the PPR but retain a relatively broad poten-
tial. These subdomains of the PPR from which more than one
placode can emerge are sometimes referred as “equivalence
domains” or “equivalence groups” (Dutta et al., 2005; Schlosser,
2006; Toro and Varga, 2007; Ladher et al., 2010). The transcription
factors Otx2 and Gbx2 are an excellent example of a cell intrinsic
mechanism to establish these equivalence domains from PPR
progenitor cells. At the neurula stage, Otx2 and Gbx2 have anterior
and posterior expression domains, respectively. While Gbx2 is
required for otic placode specification, Otx2 is necessary for
olfactory, lens and trigeminal placodes formation (Steventon
et al., 2012). Gbx2 and Otx2 are believed to mutually repress each
other to establish boundaries between these prospective placodal
domains. Other families of transcription factors show similar
complementary expression patterns along the anterior–posterior
axis of the PPR. For example, Pax6, Six3 and Six6 are restricted
anteriorly at the neurula stage, whereas three members of the
Iroquois family, Irx1, Irx2 and Irx3 are confined to the posterior PPR
(Fig. 2; Schlosser and Ahrens, 2004; Schlosser, 2006). Whether
these factors are also involved in setting up these boundaries have
not been analyzed experimentally. It is also important to point out
that transcription factors expressed within these two regions do
not necessarily share the same boundaries of expression. At the
late neurula stage, Otx2 expression domain extends more poster-
iorly than Pax6 and Six3/6, whereas Irx genes are more broadly
expressed than Gbx2 to include the prospective trigeminal placode
anteriorly – a region where Irx genes overlap with Otx2 (Fig. 2).
Ultimately, as development proceeds these factors become pro-
gressively restricted to smaller areas within these domains,
thereby establishing the molecular identity of individual placodes.

Cell movements associated with sensory placodes separation

Lineage and fate map analyses in fish, frog and chicken
embryos, at gastrula and neurula stages, have shown that the
region of the embryonic ectoderm immediately adjacent to the
prospective brain contains precursors for most cranial placodes
(Kozlowski et al., 1997; Bhattacharyya et al., 2004; Streit, 2002;
Pieper et al., 2011). The precursors for the different placodes
appear initially intermingled in this region and are subsequently
recruited into distinct areas along the anterior–posterior axis.
Using focal dye labeling, recent fate maps of the lens and olfactory
placodes (Bhattacharyya et al., 2004), adenohypophyseal and lens
placodes (Dutta et al., 2005; reviewed in Toro and Varga, 2007),
and trigeminal, epibranchial, and otic placodes (Streit, 2002; Xu
et al., 2008; reviewed in Ladher et al., 2010) have established that
adjacent ectodermal cell populations can contribute to distinct
placodes. In the process cells of the PPR undergo extensive cells
movements as documented in chicken embryos (Bhattacharyya
et al., 2004; Streit, 2002). However, most labeling techniques used
in these studies do not permit one to follow the behavior of single
cells, therefore, it remains unclear whether the movements of
these dye-labeled groups of cells reflect actual cell sorting based
on cell identity, or random cell movements due to differential
growth within the PPR, and changes occurring in the ectoderm
layer during neurulation (Schlosser, 2010). A more recent study
suggests that cell rearrangements are minimal in the PPR (Pieper
et al., 2011); using time-lapse imaging to follow the movement of
single cells in Xenopus head ectoderm, they described very little
directed, large-scale cell rearrangements within the PPR at neurula
stages, and during the initial segregation of placodal domains.
Rather the cells appeared to move without changing their relative
positions within the PPR and with adjacent ectodermal territories,
suggesting that individualization of placodes from the pre-
placodal ectoderm does not involve large-scale cell sorting in
Xenopus (Pieper et al., 2011). Another study performed at a later

developmental stage recently showed that cells of the epibranchial
placode move actively to segregate into distinct subpopulations.
Here the interaction between placode and neural crest cells is the
driving force in directing the co-ordinated migration of epibran-
chial placode cells to their final position (Theveneau et al., 2013).
In zebrafish, time-lapse recordings of transgenic embryos expres-
sing Pax2a:GFP in the otic/epibranchial placode show that cells
are continuously recruited from adjacent regions into the Pax2a
expression domain through directed migration (Bhat and Riley,
2011). The cell recruitment in the posterior placode is severely
impaired in integrin-α5 depleted embryos indicating that this
process is guided by integrin–ECM (extracellular matrix) interac-
tions. Interestingly, the most anterior placodes (pituitary, olfactory
and lens) were unaffected in these embryos suggesting that this
phenomenon may not regulate cell movements in other regions of
the PPR (Bhat and Riley, 2011). Altogether these studies point to
possible species-specific differences in the relative importance and
nature of the cell arrangements associated with sensory placode
separation. Alternatively, these differences could be strictly experi-
mental, due to differences in the exact developmental time point
at which these analyses are carried out.

Regional induction of placodal domains

In the early 1960s, Jacobson (1963b, 1963c, 1966) performed
experiments in amphibian embryos to evaluate the abilities of
different tissues to induce lens, otic or olfactory placodes during
development. His work demonstrated that the lens and olfactory
placodes could be induced by early signals derived from the
endoderm and mesoderm, whereas the otic placode was gener-
ated in response to mesoderm- and neuroectoderm-derived sig-
nals. These observations clearly indicate that the tissues adjacent
to the PPR differentially influence cell fate within the head
ectoderm. However, the initial overlap between the different
placode precursors within the PPR has made it very challenging
to identify the specific inductive signals directing the formation of
the different placode domains. Interestingly, the same classes of
signaling molecules implicated in the induction of the PPR are also
involved in its subsequent subdivision into domains with distinct
identities. Here we summarize the activity of these molecules
focusing on the BMP, FGF and Wnt signaling pathways (Fig. 3).

Bone morphogenetic protein signaling
In Xenopus a balance of BMPs and their antagonists is in part

responsible for positioning the PPR (Brugmann et al., 2004; Glavic
et al., 2004a). Zebrafish embryos with mutations in components of
the BMP signaling pathway show expanded neural crest domain
associated with a lateral displacement of the placodal domain
(Neave et al., 1997; Nguyen et al., 1998). BMP signals are also
implicated in the specification of olfactory and lens placodes in the
chick embryo. At gastrula stages BMP2 and BMP4 are expressed in
the PPR. In an in vitro assay, using ectodermal explants of anterior
border region isolated from late gastrula stage embryos (stage 4),
short-term exposure to BMP signaling promotes specification of
olfactory fate, whereas prolonged exposure to BMP signals pro-
motes formation of lens cells. BMP signaling is also sufficient to
promote olfactory and lens progenitors in prospective forebrain
explants (Sjodal et al., 2007). BMP4�/� mouse embryos lack
lens placodes, but expression of Six3 and Pax6 is detected in the
prospective lens ectoderm, and the olfactory placode appears
normal (Furuta and Hogan, 1998). These results suggest that
placodal progenitor cells are specified in the absence of BMP4,
which may reflect functional redundancy with other BMP family
members such as BMP7. These results also indicate that BMP4
activity is required for differentiation of lens but not olfactory
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placodal cells; however, BMP4 alone is not sufficient to promote
lens development suggesting that it is acting in combination with
other inducers (Furuta and Hogan, 1998). BMP7 protein is present
in the head ectoderm at the time of lens placode induction.
Inhibition of BMP7 signaling at the time of lens placode induction
significantly decreases the frequency of lens formation in an organ
culture system. The expression of the lens placode marker Sox2
was also severely affected in BMP7�/� mutant embryos (Wawersik
et al., 1999).

Fibroblast growth factor signaling
In frogs, FGF8 is expressed in the anterior neural plate region at

the early neurula stage (Christen and Slack, 1997), and morpholino-
mediated knock-down of FGF8a results in a broad loss of pre-
placodal genes (Hong and Saint-Jeannet, 2007). In chick embryos,
FGF8 has been proposed as the factor repressing the lens ground
state of the PPR to promote olfactory fate (Bailey et al., 2006).
Exposure of the presumptive lens ectoderm to FGF8 blocks expres-
sion of the lens marker Pax6 and promotes olfactory placode
formation. Interestingly, under these conditions genes specific for
other placodal territories were not activated (Bailey et al., 2006),
consistent with the idea that following repression of lens fate, each
placodal domain is specified in response to a distinct set of inductive
cues. Several members of the FGF family have been implicated in
specification of the posterior placodal region (prospective otic/
epibranchial domain), and different species appear to use different
combinations of these factors (reviewed in Schneider-Maunoury and
Pujades, 2007; Schimmang 2007; Ladher et al., 2010; Chen and Streit,
2013). FGF19 expressed in the paraxial mesoderm and FGF8 derived
from the endoderm are implicated in otic/epibranchial domain
induction in chicken (Ladher et al., 2000, 2005). In zebrafish this
process depends primarily on FGF3 and FGF8 (Phillips et al., 2001;
Maroon et al., 2002; Leger and Brand, 2002; Liu et al., 2003), while in
the mouse, paraxial mesoderm-derived FGF8 and FGF10 controls
otic/epibranchial domain formation (Wright and Mansour, 2003;
Ladher et al., 2005; Zelarayan et al., 2007). The subsequent segrega-
tion of the posterior placodal region into otic and epibranchial
domains also involves FGF signaling; however, otic and epibranchial

fates have different requirements. FGF signaling must be attenuated
to elicit otic fate from the otic/epibranchial progenitor domain (Freter
et al., 2008), while sustained FGF activity is required to promote
epibranchial fate (Nikaido et al., 2007; Sun et al., 2007; Nechiporuk
et al., 2007). In the FGF8 zebrafish mutant, acerebellar, epibranchial
expression of Sox3 is disrupted. This phenotype can be rescued by
implantation of an FGF8 bead near the prospective hindbrain. This
requirement for FGF signaling was further demonstrated using a
soluble FGF receptor antagonist, which reduced expression of the
epibranchial markers Sox3 and Phox2a (Nikaido et al., 2007). In
contrast, other studies using morpholino antisense oligonucleotides
against both FGF3 and FGF8 pointed to a dual requirement of FGF3
and FGF8, rather than FGF8 alone (Sun et al., 2007; Nechiporuk et al.,
2007). FGF mis-expression studies have produced more variable
and often contradictory results. A recent study, using heat shock-
inducible transgenes to mis-express FGF3 or FGF8 in zebrafish,
suggests that the response of prospective otic cells to FGF signaling
varies greatly with developmental stage and is influenced by the
distribution and levels of FGF available anteriorly (Padanad et al.,
2012). Finally, FGF3 in the ventral diencephalon is required for the
expression of early adenohypophyseal markers in zebrafish (Herzog
et al., 2004). In the mouse, loss of FGF receptor-2b or deletion of
its ligand, FGF10, leads to early pituitary defects due to excessive
apoptosis in Rathke's pouch epithelium (Ohuchi et al., 2000),
suggesting an important role of FGF signaling in development of
the adenohypohyseal placode, possibly as a survival factor.

Wnt signaling
At the neural border, inhibition of canonical Wnt signaling path-

way favors expression of PPR-specific genes at the expense of neural
crest fate (Brugmann et al., 2004; Litsiou et al., 2005). Recent studies
using Xenopus animal caps suggest that cranial placodes along the
antero-posterior axis may have different requirements with regard to
Wnt signaling (Park and Saint-Jeannet, 2008). Expression of FGF8a
promotes expression of the olfactory placode-specific gene Dmrt4 in
animal caps injected with Noggin. However, simultaneous activation
of canonical Wnt signaling in these explants elicited expression
of the otic-specific gene Pax8 while reducing Dmrt4 expression

Fig. 3. Signaling pathways regulating placode formation. Diagram illustrating the signaling pathways involved in the specification of the PPR, and the subsequent step-wise
induction of sensory placodes with distinct identities. The arrows indicate whether a signaling pathway is activated (↑) or inhibited (↓). BMP, bone morphogenetic protein;
FGF, fibroblast growth factor; NOC, nociceptin; PDGF, platelet derived growth factor; RA, retinoic acid; SHH, sonic hedgehog; STT, somatostatin. Anterior is to the left and
posterior to the right.
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(Park and Saint-Jeannet, 2008). Zebrafish masterblind mutants carry a
point mutation in the GSK3-binding domain of axin1 leading to
increased Wnt activity (Heisenberg et al., 2001). In these mutant
embryos anterior forebrain structures are missing, and the most
anterior placodes (olfactory and lens) are also lost, while the posterior
trigeminal placode appeared expanded (Heisenberg et al., 1996).
Altogether, these results in fish and frogs support the view that the
most anterior cranial placodes require Wnt inhibition, while more
posterior placodal territories depend on active canonical Wnt signal-
ing. In chicken, presumptive otic ectoderm showed a stronger induc-
tion of the otic gene Pax2when cultured in the presence of FGF19 and
Wnt8C as compared to explants cultured with FGF19 alone (Ladher
et al., 2000). Mouse work indicates that the presumptive otic
epithelium is exposed to Wnt signals early, as the activity of a TCF/
Lef-LacZ reporter is detected in the pre-otic ectoderm (Ohyama et al.,
2006). Conditional knockout of β-catenin results in a smaller than
normal otic vesicle, and conversely conditional stabilization of
β-catenin expands the otic placode domain (Ohyama et al., 2006,
2007). The situation is however more complex, since otic fate is
regulated through an interplay between canonical Wnt and Notch
signaling pathways. In the mouse, activation of Notch signaling favors
the expression of otic genes at the expense of epibranchial fate, similar
to Wnt activation (Jayasena et al., 2008). Wnt signaling activates the
expression of components of the Notch signaling cascade (Notch1,
Jagged1 and Hes1) in the otic progenitor domain, which in turn
enhances Wnt signaling to activate otic gene expression and solidify
otic identity (Jayasena et al., 2008). By contrast, in birds Notch
signaling is primarily involved in regionalization of the otic placode,
by establishing the proneural domain within the otic epithelium
(Abello et al., 2007). Wnt molecules are also implicated in trigeminal
placode formation in chicken embryos. Blocking canonical Wnt
signaling prevented the targeted cells from adopting or maintaining
a ophthalmic/profundal trigeminal placodal fate, based on the expres-
sion of Pax3 and Eya4. In contrast, activation of the Wnt pathway was
not sufficient to elicit Pax3 expression, suggesting that other signaling
cues are also required to promote ophthalmic/profundal trigeminal
placodal fate (Lassiter et al., 2007; Dude et al., 2009).

In addition to the signaling pathways discussed above other
signaling molecules are also associated with various aspects of
placode development. Recently, RA signaling through retinoic acid
receptor alpha has been proposed as an important signal to
pattern the posterior PPR (Janesick et al., 2012). Later in develop-
ment, RA has been primarily implicated in the morphogenesis and
patterning of the otocyst (Romand et al., 2006). This activity is
largely indirect through RA's ability to regulate rhombomere
identity in the hindbrain through differential Hox genes expres-
sion. In zebrafish, application of a dose of RA that does not perturb
patterning of the anterior neural plate leads to enlarged otic
placodes, a process dependent on FGF signaling (Hans et al.,
2007). In vitamin A-deficient quail embryos, Rathke's pouch fails
to develop, suggesting an important role of RA in adenohypophy-
seal placode development in birds. However, this phenotype might
be secondary to the loss of other signaling molecules since BMP2,
sonic hedgehog (SHH) and FGF8 also are down-regulated in these
animals (Maden et al., 2007).

In chicken, platelet derived growth factor (PDGF) signaling is
implicated in the induction of the ophthalmic lobe of the trigem-
inal placode (McCabe and Bronner-Fraser, 2008). PDGF receptor β
is detected in the cranial ectoderm at the time of trigeminal
placode formation, while the ligand PDGF-D is confined to the
midbrain. In recombinant explants of quail ectoderm with chicken
neural tube, which normally promote trigeminal placode fate,
blocking PDGF signaling results in loss of the trigeminal placode
specific gene, Pax3. Conversely, expression of PDGF-D increases
the number of Pax3-expressing cells in the trigeminal placode
(McCabe and Bronner-Fraser, 2008).

SHH is one of the main factors involved in adenophypophyseal
placode induction. During development SHH is expressed
throughout the oral ectoderm, but it is excluded from Rathke's
pouch as soon as this structure forms. In SHH-deficient mouse
embryos, formation of the diencephalon is severely disrupted,
which has made it difficult to assess adenohypophysis develop-
ment. However, Rathke's pouch formation was completely
arrested in transgenic animals expressing a specific hedgehog
inhibitor (Hip) throughout the oral ectoderm (Treier et al., 1998).
In the talpid chicken mutants, SHH signaling is reduced, and
formation of the pituitary is severely disrupted (Lewis et al.,
1999), and ectopic lenses form from the roof of the mouth, where
the adenohypophysis is normally positioned (Ede and Kelly, 1964).
The zebrafish double mutants for SHH and TWHH, which encode
two partially redundant hedgehog ligands, have a complete loss of
anterior pituitary fates (Herzog et al., 2003). In contrast over-
expression of SHH causes induction of an excessive number of
pituitary cells at the expense of lens precursors (Dutta et al., 2005;
Herzog et al., 2003; Sbrogna et al., 2003). These studies clearly
demonstrate that SHH has the ability not only to repress lens fate
in the anterior placodal region, but also to promote the alternate
adenohypophyseal fate.

A recent study has identified two neuropetides, Nociceptin and
Somatostatin, controlling the specification of the anterior PPR in
fish and chick (Llera-Forero et al., 2013). This study reports that
mesendoderm-derived Somatostatin promotes ectodermal Noci-
ceptin expression, and both peptides regulate Pax6 expression in
lens and olfactory progenitors. Moreover, loss of Somatostatin and
Nociceptin signaling leads to severe reduction of the lens (Llera-
Forero et al., 2013). These neuropetides represent the first class
of signaling molecules directly involved in the specification of
placodes of anterior character.

Finally, it is important to mention that recent in vitro studies
have successfully differentiated human embryonic stem cells
(hESCs) into cranial placode derivatives using various induction
protocols (Chen et al., 2012; Leung et al., 2013; Dincer et al., 2013).
This is primarily achieved through the temporal manipulation of
the same signaling molecules (BMP, FGF, Wnt and SHH) involved
in the initial specification and regionalization of the different
placode domains (Fig. 3). For example, hair-cell-like cells and
auditory neurons with the expected electrophysiological proper-
ties have been generated in vitro, and these otic progenitors have
the ability to produce spiral ganglion neurons when transplanted
in vivo (Chen et al., 2012). Another study has reported the
generation of trigeminal sensory neuron progenitors capable of
in vivo engraftment in chick and mouse embryos, as well as the
production of anterior pituitary cells capable of synthesizing
human growth hormone (GH) and adrenocorticotropic hormone
(ACTH) in vivo (Dincer et al., 2013).

Transcriptional code of sensory placodes

In response to these signaling events, transcription factors are
sequentially and differentially activated in placodal precursors. The
combinatorial expression of these genes provides a molecular
signature for each sensory placode, and presumably drives their
development into mature sensory organs. A subset of these trans-
cription factors is presented in Fig. 2. A comprehensive list of the
genes surrounding the anterior neural plate, and their progressive
restriction to individual placodes can be found in several recent
reviews (Streit, 2004, 2007; Bhattacharyya and Bronner-Fraser,
2004; Schlosser and Ahrens, 2004; Brugmann and Moody, 2005;
Schlosser, 2006, 2010; Bailey and Streit, 2006; Moody, 2007;
McCabe and Bronner-Fraser, 2009; Park and Saint-Jeannet, 2010;
Grocott et al., 2012).

J.-P. Saint-Jeannet, S.A. Moody / Developmental Biology 389 (2014) 13–2722



Among the transcription factors that show restricted expression
patterns as the PPR is progressively subdivided, the Pax gene family
plays an especially critical role in setting up the identity of individual
placodal regions (Baker and Bronner-Fraser, 2000; reviewed in Baker
and Bronner-Fraser, 2001; Schlosser, 2006). All placodes express one
or more Pax gene at a relatively early stage in their development. At
neurula stages Pax2 and Pax8 are broadly expressed in the posterior
placodal region, with Pax6 more restricted to the anterior placodal
region, and Pax3 located in between (Fig. 2). Later in development,
Pax2 is upregulated in epibranchial placode precursors at the onset of
neurogenesis in chick, frogs and zebrafish (Baker and Bronner-Fraser,
2000; Schlosser and Ahrens, 2004; Nechiporuk et al., 2007). In
zebrafish, Pax2 and Pax8 function synergistically to specify the otic
placode (Hans et al., 2004), but act redundantly to maintain otic fate
(Mackereth et al., 2005). By contrast mice lacking Pax8 function
have no obvious inner ear phenotype (Mansouri et al., 1998), while
Pax2 mutant mouse embryos display agenesis of the cochlear duct
and associated ganglion (Torres et al., 1996; Burton et al., 2004). In
humans, PAX2 mutations are linked to sensorineural hearing loss
(Sanyanusin et al., 1995). In birds, Pax2 is the sole Pax gene expressed
in otic/epibranchial progenitors. In the absence of Pax2 function, otic
progenitors lose expression of otic markers (Eya1 and Gata3),
resulting in smaller otocysts, and the Phox2a/Phox2b expression
domain was dramatically reduced in epibranchial progenitors
(Christophorou et al., 2010; Freter et al., 2012). More than the mere
expression of Pax2 and Pax8, a recent study suggests that expression
levels of these proteins are also critical for sensory placode formation
(McCarroll et al., 2012). By manipulating Pax2a and Pax8 expression
levels in zebrafish embryos it is possible to shift fate among placode
progenitors, where cells expressing high Pax2a/Pax8 levels become
otic, while low Pax2a/Pax8-expressing cells acquire epibranchial fate
(McCarroll et al., 2012).

In most vertebrates Pax3 is expressed in the prospective ophthal-
mic/profundal trigeminal placode (Stark et al., 1997; Baker et al.,
1999; Schlosser and Ahrens, 2004) where it regulates cutaneous
sensory neuron identity (Baker et al., 1999, 2002; Baker and Bronner-
Fraser, 2000). In the Pax3 mouse mutant, Splotch (Pax3Splotch), several
cranial ganglia are hypoplastic including the trigeminal ganglion
(Epstein et al., 1991; Tremblay et al., 1995). This phenotype is also
associated with severe defects in the cochlear duct and vestibuloco-
chlear ganglion formation (Buckiova and Syka, 2004). Interestingly,
mis-expression of Pax3 in the otic/epibranchial placodal domain
represses Pax2 expression and upregulates the ophthalmic trigem-
inal placode markers FGFR4 and Ngn2 (Dude et al., 2009). These
results suggest that Pax3 is sufficient to alter the identity of placodal
progenitors, and point to a mutual repressive activity between Pax3
and Pax2 in patterning the PPR.

Pax6 is implicated in the formation of the most anterior
placodes, it is expressed in the anterior-most domain of the PPR,
the region that gives rise to the adenohypophyseal, olfactory
and lens placodes (Gehring and Ikeo, 1999; Bhattacharyya and
Bronner-Fraser, 2004). Pax6 overexpression leads to ectopic for-
mation of eyes and lenses (Altmann et al., 1997; Chow et al., 1999),
while the Pax6 mouse mutant, Small eyes, shows reduced eyes
with missing lens and olfactory placodes (Hogan et al., 1986).
The adenohypophyseal placode is also defective in these mutant
embryos (Bentley et al., 1999). In humans, PAX6 mutations cause
aniridia, a sight-threatening disorder that affects the iris, retina,
optic nerve, lens and cornea (review in Hingorani et al., 2012).
A recent study in birds indicates that Pax6 functions with Pax3 to
setup placodal territories. The Pax6 posterior boundary of expres-
sion initially includes the prospective ophthalmic trigeminal
placode. Pax6 is progressively down-regulated in this region as
Pax3 starts to be expressed (Wakamatsu, 2011). Mis-expression
studies indicate that Pax6 and Pax3 can repress each other's
expression in the placodal ectoderm to properly position the

ophthalmic trigeminal placode (Wakamatsu, 2011). This mutual
repressive activity among Pax family members may represent a
common mechanism to establish boundaries between placodal
territories, very reminiscent of the cross regulation between Pax6
and Pax2 in the mammalian visual system, which is critical to
establish the spatial regionalization of the optic cup and optic stalk
(Schwarz et al., 2000).

The Pax gene family exemplifies the importance of having the
right combination of transcriptional regulators to establish the
identity of individual placodes, and to direct their differentiation.
The mechanisms by which Pax genes regulate placode identity are
not fully understood; however, Pax proteins are not the only
factors regulating this process, and they are very likely to act in
concert with others families of transcription factors with which
they are co-expressed in various placodal domains (Fig. 2).

Conclusions and perspectives

In this review we have summarized the major signaling pathways
and molecular effectors involved in PPR specification and its sub-
sequent subdivision into sensory placodes with distinct identities.
Both processes are guided by the careful orchestration of complex
regulatory mechanisms that are both temporally and spatially
regulated, and that distinguish this precursor population from the
related neural crest. It is remarkable that the activation of the same
combination of signaling molecules at different time points during
the ontogeny of the cranial placodes results in such drastically
different outcomes. Understanding how these signaling pathways
are integrated to generate the PPR and the appropriate fate within
each distinct placode and its derivatives is the next challenge.
Another important task is to uncover the full repertoire of transcrip-
tion factors activated in each placodal domain, and to define how
these factors interact with one another in order to fully appreciate
the mechanisms by which this gene network drives sensory placode
development. This information will be important for understanding
the normal development of the cranial sensory organs, and for
detecting abnormalities that occur when the underlying gene net-
works are altered by mutations or environmental factors.
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