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Abstract
The sense organs of the vertebrate head arise predominantly from sensory placodes. The sensory
placodes have traditionally been grouped as structures that share common developmental and
evolutionary characteristics. In attempts to build a coherent model for development of all placodes,
the fascinating differences that make placodes unique are often overlooked. Here I review olfactory
placode development with special attention to the origin and cell movements that generate the
olfactory placode, the derivatives of this sensory placode, and the degree to which it shows plasticity
during development. Next, through comparison with adenohypophyseal, and lens placodes I suggest
we revise our thinking and terminology for these anterior placodes, specifically by: 1) referring to
the peripheral olfactory sensory system as neural ectoderm because it expresses the same series of
genes involved in neural differentiation and differentiates in tandem with the olfactory bulb, 2)
grouping the anterior placodes with their corresponding central nervous system structures and
emphasizing patterning mechanisms shared between placodes and these targets. Sensory systems did
not arise independent of the central nervous system; they are part of a functional unit composed of
peripheral sensory structures and their targets. By expanding our analyses of sensory system
development to also include cell movements, gene expression and morphological changes observed
in this functional unit, we will better understand the evolution of sensory structures.
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Introduction
The peripheral nervous system of vertebrate animals arises from the interaction of cranial
neural crest and placodes. Placodes were originally described as ectodermal thickenings that
will contribute the majority of the cell types found in head sensory structures. The embryonic
origins of the sensory placodes, elucidated through fate map analysis in amphibians, birds and
fish, lie at the edge of the anterior neural plate. The cranial placodes generate very different
derivatives: the adenohypophysis is endocrine, the olfactory epithelium contains sensory
neurons with a regenerative properties, and the lens of the eye is non-neural, generating
crystalline containing cells. Thus, despite their commonality of origin at the border of
neurectoderm, they generate very different cell populations. Given the contiguity of placodal
precursors with neural plate precursors, I suggest that we re-examine the term "placode" and
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work to develop a terminology more reflective of the unique characteristics of cells they
generate.

The olfactory sensory epithelium has been reported to give rise to the regenerating sensory
neurons, support cells, glia cells, and neuroendocrine cells containing gonadotropin-releasing
hormone (GnRH). In our analysis of olfactory sensory system development, we have shown
that the GnRH neuroendocrine cells originate in the flanking adenohypophyseal and cranial
neural crest domains. The intimacy of the developing functional fields (olfactory, endocrine,
and neural crest) can be observed early in development prior to the formation of neural tube
and the appearance of sensory placodes, thus we need more careful analysis of the fate of these
precursors before the formation of definitive structures.

Finally, as the olfactory sensory system differentiates the environment can mold the nervous
system by effecting changes in gene expression during early development. Our analysis of
olfactory sensory neuron differentiation argues that patterns of gene expression can be biased
by interactions with the environment. Whether these changes are embedded in the genome by
processes such a genetic imprinting and thus are potentially heritable is unknown at this time.
The combination of fundamental mechanisms that generate sensory structures with
mechanisms that allow for plasticity to react to changes in the environment, results in the
evolution of organisms as unique individuals.

Development of the Olfactory Placode
Development of the placodes can be divided roughly into four phases: 1) initiation of the
placode field in the forming neural ectoderm, 2) movement of cells within placode domains,
3) appearance (often transient) of a localized thickening of cells, 4) differentiation of the
sensory structure as evidenced by cell types specific to the placodal structure (Fig. 1). Because
of the well-understood mechanisms leading to the induction of the lens placode of the eye it
was originally thought (and is still commonly misunderstood) that the olfactory placodes arose
via the induction of overlying ectoderm by the underlying neural tube, much like the lens of
the eye. The majority of the fate maps elucidating the embryonic origins of placodal precursors
have been executed by the transplantation and or labeling of groups of cells in the developing
chick, Xenopus 4 and zebrafish embryos [11,26,27]. In these fate maps as well as others [3,
21,27,38,59] there is general agreement that the adenohypophyseal, olfactory lens and otic
placodes arise from the region at the border of the anterior neural plate and, in addition share
common features of receiving inductive signals from the underlying mesoderm and endoderm
[19].

Initiation of the placode field in the forming neural/non-neural ectoderm: the
preplacode domain?

Analysis of the region flanking the anterior neural plate that gives rise to sensory placodes has
led to the proposal of a placode domain: a region specified early to give rise to the sensory
placodes (for reviews [3,43,46]. Originally this proposal was based on experimental analysis
using transplants to demonstrate that the ability to generate sensory structures is specific to
regions in the anterior neural plate [46]. More recently, analyses of gene expression domains
in the anterior region of the forming neural plate-neural tube have confirmed that patterns of
gene expression delineate the anterior border of the neural plate [43]. At the neural plate stage,
specific genes are expressed in a strip, like an upside-down horseshoe, wrapping around the
anterior end of the forming neural plate (Fig. 1A). The genes expressed in this region are in
general transcription factors such as distal-less-3, (dlx3) [1], distal-less 7, (dlx7) [13], eyes
absent, (eya1) [39] and six4.1 [24]. These genes along with others [3], appear to be co-expressed
in a common region at the anterior end of the neural plate [43]. This region of gene expression
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correlates with the previously described placode domain (for thorough reviews see [42,43].
Many of the genes expressed in the placode domain are not 5 specific to this region of
developing embryos but, like many important developmental transcription factors, are also
expressed in other tissues (Six1 and Eya1 in organogenesis and myogenesis for example). These
genes, reported as reflecting "molecular anatomy", work to restrict developmental potential,
thus defining the region that will generate placodes. In our single cell fate map of the region
giving rise to the olfactory organ we correlated the fate map with the expression of dlx3 a
placode domain gene [59] (Fig. 1B), showing that a large region of this expression domain will
generate the olfactory organ as well as olfactory bulbs.

Movement of cells within placode domains: The olfactory placode
The olfactory organs differentiate from olfactory placodes, transient, paired structures evident
lying laterally at the anterior end of the forming neural tube. In zebrafish, early fate maps from
60–90% epiboly show that the olfactory placode/telencephalic tissues arise from a region
clustered at the animal pole with the olfactory placodes arising from the lateral regions [26].
Based on previous research carried out primarily in amphibians and birds, the olfactory
placodes were proposed to originate from discrete regions of the anterior neural plate where a
small piece of neural plate which becomes isolated by differential cell movements and is then
surrounded by non-neuronal tissue as development proceeds (see for review: [14]. The use of
more refined techniques for labeling and following cells in the early embryo, suggests the
olfactory placodes arise from the neural ridge or neural plate as opposed to the non-neural
ectoderm. We completed a single cell fate map of the olfactory placode domains at 4–5 somite-
stage zebrafish embryo (~11–12 hours post-fertilization at 28.5C) and demonstrated that the
olfactory placode develops from a field of cells within the edge of the anterior neural plate
which is initially continuous with the pre-migratory cranial neural crest and the
adenohypophyseal placode [59], for reviews see [51–53]. Our model has also been supported
by work in the chick studying the formation of a similarly patterned sensory placode, the otic
placode. By labeling small groups of cells with DiI, (carbocyanine lipophilic fluorescent dye),
at the 4-somite stage it was demonstrated that the cells converge to form the otic placodes in
their final position adjacent to rhombomeres 5–6 through extensive cell movements [45]. Thus,
it appears that both the olfactory and otic placodes form through the movement of fields of
cells during neurulation.

Having defined the border separating the olfactory placode and cranial neural crest domains,
we examined the interactions of these to cellular domains during neural tube formation. The
migratory routes of cranial neural crest cells passing ventral-posterior to the developing eye
are well characterized [27]. In contrast, migratory route of cranial neural crest cells passing
dorsal to the eye and populating the frontal mass is not well understood. Using a transgenic
sox10-GFP line of zebrafish [48] (GFP expressed in the neural crest) we characterized the
development of cranial neural crest cells to determine whether there was any cell mixing of
olfactory placodes and cranial neural crest during formation of the olfactory sensory system
[17,57]. At approximately 13 hours post-fertilization (6–8 somites), the neural crest cells
migrate anteriorly as a group and separate at the anterior end of the neural tube. By co-localizing
the sox10-GFP expression with olfactory placode markers dlx3b [1] and six4.1 [24] we
observed little cell mixing occurs during this process. Furthermore, we find that the olfactory
placode markers dlx3b and six4.1 are localized to different domains of the developing olfactory
placode suggesting that they may give positional information to the differentiating sensory
neurons [17], unpublished data).
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Appearance (often transient) of a localized thickening of cells
The movement of the olfactory sensory precursors results in a neurectodermal thickening, i.e.
the olfactory placode (Fig. 1C). Originally the formation of this thickened piece of
neurectoderm was thought to result from cell division but there is little cell division until after
the formation of the olfactory placode [59] and the cells maintain contact through gap junction
[49]. Once this cohesive unit of cells is formed there is an increase in cell division and
expression of neurogenic genes [33,34].

Differentiation of cell types specific to the olfactory system: olfactory
sensory neurons and neuroendocrine cells
Olfactory Sensory Neurons

Once the olfactory placode is evident in the developing zebrafish (about 17–18 somites) it is
possible to localize pioneer neurons, a class of neurons lacking dendrites, that maintain the
connection between the peripherally differentiating olfactory epithelium and the developing
olfactory bulb [32,58]. The pioneer neurons undergo programmed cell death as the olfactory
sensory neurons differentiate (Fig. 1D,2A, [16,58,59]), express olfactory receptors [4] and send
axons centrally. To better understand the potential role of the olfactory epithelium in olfactory
memory we developed a paradigm for testing olfactory imprinting in zebrafish. We
demonstrated that zebrafish make and retain memories and that this process is correlated with
changes in gene expression in the developing olfactory epithelium [17,55]. Furthermore,
analysis of neurogenic genes and Olfactory Marker Protein support the hypothesis that the
induced changes in gene expression are in sensory neuron precursors [17]. This coupled with
our subsequent analysis of immediate early gene expression in the olfactory epithelium 24–72
hours post fertilization [30], McKenzie and Whitlock unpublished data) suggests that the
developing olfactory sensory epithelium is plastic and can respond to signals from the
environment during early development through changes in gene expression. These data taken
in light of recent reports showing that mammals display inherited epigenetic variation [37,
50] suggests that the environment may play a role in forming the inter-individual variability
of olfactory receptor expression such as has been reported in humans [31].

GnRH Cells
When comparing sensory placodes, the olfactory placode is unusual in that, it has been reported
to give rise to an unusual array of cell types not recorded for other sensory structures including
cells including those containing peptides, such as gonadotropin releasing hormone (GnRH),
[44,62,63]. These investigations were done using tissue fixed after the formation of the
olfactory placode, thus after the completion of cell movements necessary for the development
of the olfactory sensory system, pituitary and hypothalamus. In contrast, experiments in chick
and zebrafish [12,59], done well before the appearance of the olfactory placodes, suggest the
olfactory sensory system does not generate GnRH cells. Both physical (axolotl [35]) and
genetic (mouse [8]) ablation have been used to remove the olfactory placodes during
development. In the case of axolotl, the ablation resulted in loss of the olfactory epithelium,
nerve, bulb, and the GnRH cells. Because the ablation occurred after placode formation it may
have disrupted the migration route rather than the origin of the GnRH cells. Genetic ablation
of the olfactory placode using mutant mice homozygous for Pax6 gene (small-eye (Sey) results
in loss of both the olfactory placode and GnRH cells. However, Pax6 is expressed in a variety
of tissues in the developing mouse including the developing adenohypophysis, which is
disrupted in the Sey mutant [23]. Thus, the loss of GnRH cells in the Pax6 mutant does not
conclusively demonstrate that these endocrine cells arise from the olfactory placode. Rather,
the Pax6 phenotype suggests a developmental link between the GnRH cell development and
adenohypophyseal development.
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Analysis of GnRH gene expression has provided insight into potential embryonic origins of
these endocrine cells. In the chick GnRH1 is first expressed along the neural fold, becomes
localized to the anterior neural folds, and subsequently is expressed in bilateral clusters of cells
within the most anterior neural folds [61]. In medaka, a species-specific form of GnRH1 has
been cloned [36] and it is expressed in the hypothalamus. The differences in timing between
the onset of GnRH1 and GnRH3 gene expression led to the proposal that the terminal nerve
(GnRH3) and hypothalamic (GnRH1) cells do not share a common origin in the olfactory
placode but have separate origins [9,36]. Consistent with this hypothesis, we have found that
in zebrafish GnRH3 cells of the terminal nerve and GnRH2 cells of the midbrain (Fig. 2B,C)
have their origin in the cranial neural crest [53,57,60] whereas the GnRH cells of the
hypothalamus arise from the region of the adenohypophyseal placode [54,56,57,60] (Fig. 2D).
To date a gene coding for a third form of GnRH (equivalent to mammalian GnRH1) has not
been isolated in zebrafish. Given the incomplete nature of the zebrafish genome this is not
particularly surprising. The differential expression of GnRH in situ probes (GnRH2, GnRH3)
and immunocytochemical labeling with antibodies recognizing GnRH1 in mammals or
multiple forms of GnRH suggests that zebrafish like other many fishes may have a third form
of GnRH [47,57]. Thus, analysis in chick and fish indicates that the GnRH cells arise from the
border of the neural plate suggesting that the neural ridge has the potential to generate GnRH
cells across vertebrates [54].

Further analysis of GnRH cell origin
Two of the genes known to result in loss of GnRH cells in humans when mutated are KAL1
(kallman/anosmin1) and KAL2 (fibroblast growth factor receptor 1, fgfr1). We have analyzed
development of the hypothalamic GnRH cells through disruption of kallman and fgfr1 gene
function in the developing zebrafish. We used morpholinos (modified oligonucleotides; MO)
to block protein translation of kal1a, kal1b, and fgfr1. The greatest effect observed to date in
the “knockdown” of gene function is the loss or reduction of endocrine GnRH (hypothalamic)
cells in animals deficit in kal1a protein. Strikingly there was had no effect on neuromodulatory
midbrain or nervus terminalis GnRH cells [57]. The olfactory nerves of these animals were
disrupted but not absent. Our data indicate that knockdown of kal1a, kal1b, and fgfr1 results
in a different GnRH cell and olfactory sensory system phenotype for each gene ([22], Kim and
Whitlock, unpublished). We also examined the developmental origins of endocrine GnRH cells
in relation to adenohypophyseal and hypothalamic development. Adenohypophyseal
development was not greatly disrupted in kal1a MO injected fish, yet a hypothalamic marker
was completely absent in many injected fish [22]. Our data suggest kal1a gene is involved in
both endocrine GnRH neuron and hypothalamic development, suggesting the precursors of
GnRH cells may lie in the anterior hypothalamus [22] rather than the adenohypophysis as we
previously reported [60].

Adenohypophysis and olfactory organ: neighbors in the early embryo
The adenohypophysis arises from a field of cells located on the midline at the anterior end of
the neural plate [18,20,41]. In our work [60], we demonstrated using the you-too and detour
mutants [20] that the loss of the adenohypophysis results in the loss of the GnRH cells of the
hypothalamus but not the GnRH cells of the terminal nerve (Fig. 2DE). Because the olfactory
organs develop normally in these mutants, the loss of GnRH cells cannot be due to loss of the
olfactory placode. We have used a line of transgenic fish with the proopiomelanocortin
(POMC) gene promoter linked to green fluorescent protein (GFP) [28] to visualize the
development of adenohypophyseal lineages and found transient expression of the POMC-GFP
expressing cells in the olfactory placode [56]. Our observations do not suggest that the olfactory
placodes generate POMC-GFP containing neurons but rather the perdurance of the GFP signal
reflects the prior history of the cell: the precursor started out destined to be an
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adenohypophyseal cell type but as the olfactory and adenohypophyseal precursors separated
the (initially) POMC-GFP cells ending up in the olfactory placodes down-regulated the POMC
expression. The idea that there is an association of endocrine tissue (adenohypophyseal and
possibly anterior hypothalamus) with the olfactory precursors is consistent with the hypothesis
that neurohypophyseal duct/stomodeum of urochordates/cephalochordates is homologous to
the olfactory/adenohypophyseal placodes and hypothalamus of craniates [29,40]. Because
GnRH is a molecule found in living representatives of ancestral vertebrates such as amphioxus,
the assumption is that GnRH predates the appearance of the jawed vertebrates. Therefore it is
most parsimonious to propose that each group of animals (all having pituitaries and
hypothalami) may share common mechanisms for co-opting GnRH into the hypothalamic
system. To date we do not have the equivalent data at the same developmental stages across
fish, birds and mammals necessary to draw firm conclusions about the embryonic origins of
GnRH across animals.

Why separate the target from the source?
In analyzing the concept of placode domains we are overlooking not only the dramatic
differences amongst the placodes but also the characteristics shared between placodal
structures and their post-synaptic targets in the central nervous system. For example, the gene
dlx3 is expressed not only in the olfactory placode domain but also in the developing
telencephalon in both zebrafish and Xenopus [15,59]. In zebrafish embryos processed for
dlx3 expression, the expression is stronger at the border of the forming neural tube (placode
domain) but it is also expressed in the telencephalic domain with a distinct posterior border
[59]. Furthermore, in our fate mapping studies no clear division could be observed in the living
embryos between the cellular fields giving rise to the telencephalon and those giving rise to
the olfactory organ (Fig. 3). At this time we do not have enough clones from the telencephalic
domain to know whether there are precursors giving rise to progeny spanning both the olfactory
organ and olfactory bulb. More recently it was demonstrated that when the migration of
olfactory placode precursors is blocked by interfering with chemokine signaling the olfactory
sensory neurons wrap around the anterior end of the neural tube, thus remaining associated
with the forming olfactory bulbs [32].

Several studies in both zebrafish and chick have suggested that the lens and adenohypophysis
represent equivalent pre-placode domains. What is often overlooked is that the transformation
of adenohypophysis into lens affects primarily the anterior region of the adenohypophysis as
reflected by expresses beta-crystallin expression [25]. This could be a result of either the
anterior adenohypophysis lying at the ectodermal/neurectodermal border, or, reflect a duo
origin of the adenohypophyseal placode. Further analyses in chick suggest that the lens is a
“ground state” of placodes [2], although these data are difficult to interpret due to use of
common neuronal markers and a controversial marker for olfactory placode precursors. A
recent model proposing a non-neural ectoderm “outer pre-placode” domain, as reflected by
Pitx3 expression [10,64] is intriguing in that it suggests changes in fates within the placode
domain are in fact decisions made between generating neuronal fates (retina, olfactory
epithelium) or ectodermal fates (lens, parts of adenohypophysis), Thus it appears that an
important decision in forming “placodal” structure is whether the cells are in an ectodermal or
neurectodermal differentiation pathway as defined by their final differentiated state.

The genes expressed at the border of the neural plate, delineating the placode domain [43] may
be imparting position information in the manner of timing of differentiation relative to the
central nervous system. In regard to neural differentiation within the peripheral sensory system
the same genes, such as Notch Delta, and Hu that are used in the central nervous system are
also used to control neural differentiation. Thus one could organize ones thoughts around an
"olfactory domain" (Fig. 3B,b1, C, c1, red) of the nervous system which is subdivided into
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first order neurons (olfactory epithelium), second neurons (olfactory bulb) and so on. In the
case of the adenohypophysis, it becomes part of a nervous system neuroendocrine domain (Fig.
3B, C, c1. orange) with the adenohypophysis abutting the hypothalamus. This idea is supported
by fate mapping experiments using chick–quail chimeras demonstrating that the region of the
hypothalamus is continuous with the region giving rise to the adenohypophyseal placode as is
the ventral telencephalon (precursor of olfactory bulbs) with olfactory placodes [7]. These
tissues are co-organized developmentally by inductive signals from ectoderm and mesoderm
as well as midline signaling genes.

Is the nose an eye?
A common theme in the analysis of placode development is to streamline characteristics of the
placodes into a unifying theme. This unifying theme, namely that all placodes are
fundamentally equivalent, also calls to question the basic differences between the peripheral
and central nervous system [5]. For example the fact that Six1, Six4 and Eya are all expressed
in the placode domain is highlighted as promoting generic placode properties such as cell
proliferation, cell shape changes and specification of neurons [42]. Yet these generic properties
of placodes are in fact generic properties of the nervous system as a whole. Our affection for
placodes stems in part from the fact that we can see them in the developing embryo, a historical
fact, and that they give us a tangible border separating the central from peripheral nervous
systems during development. In examining eye development [6] there is no question that a
non-neural, crystalline containing structure is induced from the overlying ectoderm by the optic
vesicle. Unlike the lens, the olfactory placode is not induced in the ectoderm by the underlying
olfactory bulb. Rather, it appears to arise through the sequential specification of neural identity
[46] similar to the interactions that induce and pattern the anterior neural plate. The olfactory
sensory precursors move with the olfactory bulb precursors (see fate maps Fig. 3) during neural
tube formation keeping the differentiating olfactory sensory neurons in register with their future
targets as the olfactory system forms. Thus, the movements of the developing olfactory sensory
epithelia and bulb precursors are not directly analogous to the formation of the optic cup: a
folding and extension of the neural tube with the optic vesicle triggering the final differentiation
of the lens from a ”lens-biased” ectoderm.

One gets the impression from the literature that placodes arose as little structures pasted on to
the nervous system and held there by the "glue" of neural crest. Perhaps “placodes” are an
outdated term and it would be more useful to think in terms of the nervous system as a whole.
In this manner we would look at the evolution of olfactory placodes not just in terms of their
relationship to their neighboring placodes such as the adenohypophysis, but equally weight
their underlying post-synaptic target, the central nervous system.
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Figure 1.
A model for development of olfactory sensory epithelia. (A) Initiation of the olfactory epithelia
precursors at border of neural/non-neural ectoderm; Olfactory epithelia competence as
reflected by expression of eya1 and dlx3 in the anterior neural plate. (B) Movement of cells
within placode domains; Olfactory epithelia precursors as reflected by dlx3 expression (blue,
with single cell labeled in field, red). (C) Appearance (often transient) of a localized thickening
of cells; Olfactory epithelia commitment and formation with dlx3 expressed in the olfactory
placode (blue). (D) Differentiation of the sensory structure as evidenced by cells types specific
to the placodal structure; Olfactory sensory neurons in the olfactory organ of a 2 day old
zebrafish (red). (A1–D1), Diagram depicting the sequential appearance of the olfactory
epithelial precursors in grey (A, from [39]; D, from [58]).
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Figure 2.
Summary diagram indicating origin of cells associated with the olfactory sensory epithelia.
(A) Olfactory sensory neurons differentiate within this tissue. (B) Terminal nerve GnRH3 cells
(purple arrow) arise from cranial neural crest and migrate rostrally dorsal to the eye (arrow)
entering the region of the forming olfactory system (center diagram; dlx3 expression, red). (C)
Midbrain GnRH2 expressing cells (purple arrow) lying on either side of the midline also arise
from cranial neural crest and migrate behind the developing eye (arrow). (D) Hypothalamic
GnRH cells arise from the adenohypophyseal region (orange arrow; see [60]. (E) Hypothalamic
GnRH cells are lost when interfering with gli signaling (you-too mutant, [60]), or knocking
down kal1a gene function [57]. Center diagram: Lateral view of an embryo showing olfactory
field (Left, red, dlx3 expression) and migration routes (Right: arrows) of cranial neural crest.
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Figure 3.
Placodes are part of a functional unit. (A) Fate map of the cellular fields giving rise to the
olfactory epithelium (red) olfactory bulb (yellow) and adenohypophysis (orange) (a1) cross
section of embryos at level of forming optic primordia (blue). Traditional view separates
peripheral derivatives (sensory epithelia, red) from central targets (olfactory bulb, yellow). (B)
Proposed new conceptual model for model for analyzing development of placodal structures.
Olfactory sensory epithelia and olfactory bulb would be considered function unit (red, b1, red).
Likewise adenohypophysis and endocrine hypothalamus would be considered functional
endocrine unit (orange). (C) Olfactory placode (red) and adenohypophysis (orange) are
functional units of the forebrain. (c1) Proposed functional units in overlay of frontal view of
22 hour post fertilization zebrafish head.
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