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Adenohypophysis placodal precursors exhibit distinctive features
within the rostral preplacodal ectoderm
Luisa Sanchez-Arrones1,2, África Sandonıś1,2, Marcos Julián Cardozo1,2 and Paola Bovolenta1,2,*

ABSTRACT
Placodes are discrete thickenings of the vertebrate cranial ectoderm
that generate morpho-functionally distinct structures, such as the
adenohypophysis, olfactory epithelium and lens. All placodes arise
from a horseshoe-shaped preplacodal ectoderm in which the
precursors of individual placodes are intermingled. However, fate-
map studies indicated that cells positioned at the preplacodal midline
give rise to only the adenohypophyseal placode, suggesting a unique
organization of these precursors within the preplacode. To test this
possibility, we combined embryological and molecular approaches in
chick embryos to show that, at gastrula stage, adenohypophyseal
precursors are clustered in the median preplacodal ectoderm, largely
segregated from those of the adjacent olfactory placode. Median
precursors are elongated, densely packed and, at neurula stage,
express a molecular signature that distinguishes them from the
remaining preplacodal cells. Olfactory placode precursors and
midline neural cells can replace ablated adenohypophyseal
precursors up to head-fold stage, although with a more plastic
organization. We thus propose that adenohypophyseal placode
precursors are unique within the preplacodal ectoderm possibly
because they originate the only single placode and the only one with
an endocrine character.
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INTRODUCTION
Placodes are discrete thickenings of the cranial ectoderm localized
in the proximity of the developing vertebrate neural tube. Following
a rostral to caudal direction, their derivatives include the anterior
region of the pituitary gland, known as the adenohypophysis; the
olfactory epithelium; the lens; the inner ear and statoacoustic
ganglion; and neurons of the trigeminal, geniculate, petrosal and
nodose ganglia (Graham and Shimeld, 2013; McCabe and Bronner-
Fraser, 2009). Despite their final morpho-functional diversity,
placodes arise from a common horseshoe-shaped domain, known as
the preplacodal ectoderm (PPE), that surrounds the neural plate
(Schlosser, 2014; Streit, 2004). The PPE is established
concomitantly with the sharpening of the border between the non-
neural and neural ectoderm at late gastrula stages (Bailey and Streit,
2006; Baker and Bronner-Fraser, 2001; Couly and Le Douarin,
1988; Schlosser, 2006; Streit, 2004) and soon becomes subdivided

in two territories. The most caudal will generate the otic and
epibranchial placode, whereas the rostral one, abutting the anterior
neural folds, generates the adenohypophyseal (AHP), olfactory
(OP) and lens (LP) placodes (Cajal et al., 2012; Cobos et al., 2001;
Dutta et al., 2005; Eagleson et al., 1995).

As it forms, the PPE acquires the expression of a distinctive
combination of transcription factors (TFs) that are thought to confer
a common ground state to all placodal progenitors (Bailey et al.,
2006; Moody and LaMantia, 2015; Saint-Jeannet and Moody,
2014). These include members of the Six, Eya and Dlx families
(Esteve and Bovolenta, 1999; Kobayashi et al., 2000; Saint-Jeannet
and Moody, 2014; Sato et al., 2010; Schlosser and Ahrens, 2004;
Streit, 2007), over which others are added to specify rostral or caudal
identities (Schlosser and Ahrens, 2004). The TF Pax6 is among
those that define the rostral PPE (Bailey et al., 2006; Schlosser and
Ahrens, 2004).

Studies mostly performed in Xenopus, zebrafish and chick
embryos have shown that the precursors of individual placodes are
somewhat scattered within the PPE and partially intermingled with
precursors of the adjacent placodes (Bhattacharyya et al., 2004;
Bhattacharyya and Bronner, 2013; Dutta et al., 2005; Kozlowski
et al., 1997; Pieper et al., 2011; Streit, 2002; Whitlock and
Westerfield, 2000; Xu et al., 2008). The precise sequence of events
that allows the transition from intermingled precursors within the PPE
to the formation of well-defined individual placodes is still debated.
However, cell displacement-promoting precursor coalescence and
cell signalling-mediated (i.e. Nodal, Shh, Fgf, Bmp) acquisition of
specific identities are two well-accepted mechanisms, which are
thought to act in parallel or sequentially, depending on the favoured
model (reviewed by Breau and Schneider-Maunoury, 2014; Breau
and Schneider-Maunoury, 2015).

Most of the studies addressing rostral placode generation have
focused on OP and LP (Bailey et al., 2006; Bhattacharyya et al.,
2004; Bhattacharyya and Bronner-Fraser, 2008; Whitlock and
Westerfield, 2000), leaving unresolved the issue of whether similar
rules apply to the formation of the AHP. This placode is unique
inasmuch as it is the only single placode and the only one that adopts
neither a neurogenic nor a sensory fate but develops into a multi-
hormone secretory gland: the adenohypophysis (Asa and Ezzat,
2004). Its specification, which is thought to occur no later than
HH7/8 in chick embryos (ElAmraoui and Dubois, 1993), is known
to require Nodal, Shh and retinoic acid signalling, and the activity of
TFs such as Pitx2 and Lim3 (Devine et al., 2009; Dutta et al., 2005;
Hatta et al., 1991; Herzog et al., 2003; Kondoh et al., 2000; Maden
et al., 2007; Sheng et al., 1996; Zhao et al., 2006).

Fate-map studies in both zebrafish and chick embryos have
established that, at neural plate stage, a restricted group of cells
located in median PPE gives rise only to the AHP (Couly and Le
Douarin, 1988; Dutta et al., 2005; Sánchez-Arrones et al., 2015).
This could imply that AHP precursors occupy a special position
within the PPE without intermingling with remaining placodalReceived 26 January 2017; Accepted 14 August 2017
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precursors and/or that median-located PPE precursors had already
initiated their specification toward an AHP fate at the time fate-map
studies were performed, meaning specification occurred well before
the time previously suggested (ElAmraoui and Dubois, 1993).
Here, we address these issues using the chick embryo as a model.

We show that, in gastrulating embryos, AHP precursors are indeed
largely segregated from the adjacent OL precursors and clustered at
the midline, from where they hardly move. Median PPE precursors
are superimposed on the underlying mesendoderm and soon express
molecular features indicative of an endocrine organ, becoming
molecularly distinct from the adjacent PPE precursors. We thus
propose that adenohypophyseal placode precursors differ from the
remaining PPE and speculate they might resemble other midline
structures, e.g. the floor plate, which is important for maintaining
the bilateral organization of the ventral neural tube (Bovolenta and
Dodd, 1991).

RESULTS
AHP precursors localize at the median PPE largely
segregated from OP precursors
In order to investigate how AHP precursors relate to the adjacent
PPE cells, we first performed small DiI injections at different
mediolateral positions of the PPE in HH4/5 chick embryos (n=67)
and analysed the location of labelled cells at HH10-11, when the
AHP, OP and LP can be easily recognized (Fig. 1A-L; Table S1).
Using an overlying grid (Fig. 1A,E,I), we scored the initial position
of the dye injections – distance from the node, angle from the
midline, size of the injection – and the quantity and final location of
labelled cells. Labelled cells were found in the rostral placodes, as
well as in the rostral ectoderm and neural tissue (Table S1), given
that at HH4/5 rostral PPE cells are not yet fully segregated from the
neural and non-neural ectodermal cells (Sanchez-Arrones et al.,
2012; Saint-Jeannet and Moody, 2014). The result of this analysis,
focused exclusively on placodes, showed that, in HH4/5 embryos
AHP precursors are mostly clustered at the median PPE (Fig. 1M).
Indeed, cells originally positioned in the PPE region at a 6° angle
from the midline, were found exclusively in the AHP (n=22
embryos; Fig. 1A-D; Table S1; Sánchez-Arrones et al., 2015).
Intermingling between AHP and OP was observed only in embryos
in which the dye was positioned at 7-9° (n=3), but, in this case,
fewer labelled cells were recovered in the AHP (Fig. 1E-H;
Table S1). Injections positioned in the rostrolateral PPE instead did
not contribute to the AHP but were found in both the OP and LP
(n=40; Fig. 1I-L, Table S1). Using this information, we estimated
that the region occupied by AHP precursors spans an area of about
32,800 µm2 (0.032 mm2) at each side of the midline, with a limited
intermingling with OP precursors. Analysis of labelling distribution
further indicated that OP and LP precursors are more interspersed
and occupy a larger area (Table S1; Fig. 1M). Notably, a similar
analysis, scoring the rough position of labelled cells within the
placodes of HH10/11 embryos – distance from the initial node
position and final angle from the midline – indicated that AHP
precursors barely move from the midline but displace anteriorly.
This is perhaps expected given that the AHP is a midline structure
that will end up positioning at the ventral embryonic side as the
neural plate folds and bends. OP and LP precursors instead appeared
to drift mostly mediolaterally (Fig. 1N).
To verify this different behaviour, we tracked the movements of

individual rostral PPE cells by forcing the expression of the photo-
convertible Kaede protein (Mendes et al., 2014) in the PPE of HH4/5
cultured embryos by means of electroporation (Fig. 2; Movies 1, 2).
Time-lapse analysis of precursors photo-converted (red) in the

rostrolateral PPE confirmed that all cells underwent directional
medial-to-lateral movements during the subsequent 3 h of recording,
mostly following independent paths that freely crisscrossed along the
way (5/5 embryos; Fig. 2A-B′; Movie 1) (Toro and Varga, 2007).
Cells were also observed to divide frequently, as further confirmed
using BrdU-incorporation studies performed in HH4/5 embryos
(212±27 lateral versus 127±18 median BrdU-positive cells, P=0.02;
Fig. S1). When embryos were allowed to develop for an additional
18 h, photo-converted cells (with low fluorescence intensity due to
recording photobleaching) were finally positioned in the OP and/or
LP (Fig. 2C,D; inset). Additional and brighter cells (not
photobleached) were found in the neural plate (Fig. 2C,D), likely
because of the already mentioned lack of a sharp boundary between
neural and non-neural cells in HH4/5 embryos, especially in lateral
positions (Sanchez-Arrones et al., 2012). In contrast, median PPE
cells underwent only short local movements, without apparent
changes in their relative position even upon longer observation times
(5/5 embryos; Fig. 2F-G; Movie 2). These cells were dividing at a
significantly lower rate (Fig. S1) and were finally tracked exclusively
in the AHP (Fig. 2H,I; inset).

Altogether, these data indicate that OP and LP precursors are
initially interspersed in the rostral PPE and then separate by
mediolateral displacement, a process that should contribute to their
coalescence into defined placodes, as previously proposed (Bailey
and Streit, 2006; Bhattacharyya et al., 2004; Bhattacharyya and
Bronner, 2013). In contrast, the majority of AHP precursors are
largely segregated from the remaining PPE cells and occupy a
median position from the beginning of PPE specification.

Median and rostrolateral PPE cells present different
morphological characteristics
The clustering of AHP precursors in the median PPE and their poor
mobility, when compared with that of the adjacent progenitors,
pointed to possible differential characteristics. To test this
possibility, we compared the arrangement of median and
rostrolateral PPE cells between HH4 and HH7/8 using scanning
electron microscopy (SEM). In intact embryos, the rostral PPE can
be easily identified as the tissue abutting the border of the anterior
neural plate ridge (Fig. 3A,F,I,L). Cross-sections at the level of the
rostral PPE (Fig. 3A-E) revealed that, in HH4 embryos (n=3),
median cells were more elongated than the lateral ones with a
cuboidal shape (compare Fig. 3D with 3E). Notably, this
organization extended for about 180 µm at each side of the
midline, coinciding with the zone occupied by AHP precursors,
as estimated from data reported in Fig. 1M,N. At HH5/6 (n=2) and
HH7/8 (n=3), these differences increased: median-located PPE cells
became progressively compacted, elongated and bottle-shaped;
these cells also appeared in close contact with the underlying axial
mesendoderm (Fig. 3B,G,J,M). In contrast, laterally positioned
rostral PPE cells remained rectangular in shape, forming a regularly
organized epithelium that was quite separated from the underneath
endodermal layer (Fig. 3C,E,H,K,N).

The distinct morphology of median versus rostrolateral PPE cells
already at stage HH5 was confirmed by immunostaining with
antibodies against β-catenin. z-projections of confocal images taken
through the apical side of the rostral PPE – identified by the
expression of the placodal marker Tfap2a (Kwon et al., 2010)
(Fig. 4A-C) – highlighted a significantly smaller area and clustered
organization for median cells (Fig. 4A,D). In contrast, laterally
located cells presented an irregular and larger surface (Fig. 4B,D).
Notably, staining with antibodies against the extracellular matrix
protein laminin (Fig. 4E-G; Fig. S2) showed the virtual absence of a
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well-defined basal lamina underneath the median PPE in HH5/6
embryos so that median PPE cells appeared superimposed to the
underlying mesendoderm (Fig. 4E), as observed with SEM

(Fig. 3J). A well-defined basal lamina between the ectoderm and
their underlying layer was instead present at the level of the rostral
neural border and neural plate (Fig. 4F,G; Fig. S2F). Basal lamina

Fig. 1. Median-localized AHP precursors are segregated from the adjacent OP/LP precursors. (A,E,I) Images of embryos at HH4/5, when the injections
were performed, with an over-layered schematic representation of the grid used to position the DiI injections (left). The grid was positioned so that the origin
overlapped with the position of the Hensen’s node (yellow asterisk) and the 0° reference (dotted red line) with the midline. On the right, schematic representation
of ventral views of HH11 embryos indicating where labelled cells were found. The AHP, OP and LP are indicated in pink, yellow and blue, respectively.
Red dots indicate DiI-labelled cells. (B-D,F-H, J-L) Transverse cryosections of representative embryos (HH11) showing the final position of labelled cells, following
median (n=26; B-D) or rostrolateral (n=40; F-H,J-L) PPE labelling, as indicated in A,E,I. Sections were taken at the AHP, OP and LP levels, as indicated in the
panels. Red, yellowand blue arrowheads indicate labelled cells in the AHP, OPand LP, respectively. The position of the AHP, OPand LPwith no DiI-labelled cells
in C, D, H and J is indicated with open color-coded arrowheads. The neuroepithelium is highlighted by dotted lines. (M,N) Polarplot distribution of initial (M) and
final (N) distribution of DiI-labelled cells, taking into consideration their distance (µm) from Hensen’s node (0) and their angle from the midline (0° coinciding with
the y-axis). The plot represents only pre-placodal/placodal cells, although labelled cells contributed to neural and non-neural ectoderm (Table S1). The initial
position of each injection is represented by an asterisk in M, colour coded according to its derivatives, as indicated in the graph legend. The average final position
of the labelled cells is represented in N with colour-coded crosses. AHP, adenohypophysis placode; LP, lens placode; OP, olfactory placode; ov, optic vesicle;
Tel, telencephalon. Scale bars: A, 150 µm; B-L, 100 µm.
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absence was observed in the central region of the presumptive area
occupied by the AHP precursors as depicted in Fig. 1M.
In summary, median PPE cells differ from the adjacent OL/LP

precursors in their shape and distance from the underlying
mesendodermal tissue. These specific features of median PPE
cells could reflect the existence of heterogeneity and/or lineage bias
among rostral PPE precursors, as also suggested for OP and LP
progenitors (Bhattacharyya and Bronner, 2013).

Median PPE cells begin to acquire an AHP character at the
neurula stage
Given themorphological differences betweenmedian and rostrolateral
PPE precursors, we next asked whether laterally located precursors
could replace the median ones. To determine this, we ablated the
median region of the PPE, leaving the underlying mesoendoderm
intact (Fig. S3), at three different developmental stages (HH4, HH5/6
and HH7/8), and analysed the consequences at neural tube stage
(HH11-13), when the AHP is morphologically and molecularly
distinguishable thanks to the expression of Lim3 and Pitx2 (Sánchez-
Arrones et al., 2015; Sheng et al., 1996; Sjödal and Gunhaga, 2008).
Ablations at HH4 had no apparent effect on AHP development (5/5
embryos; Fig. 5A-F), indicating that abutting cells can easily replace
AHP precursors at this stage. In contrast, similar ablations at the head-
fold stage (HH5/6) significantly reduced the size of the AHP rudiment
(6/6 embryos; Fig. 5C,G-I). Consistent with previous reports (Cajal
et al., 2014; Camus et al., 2000; ElAmraoui and Dubois, 1993),

ablations at neurula stages (HH7/8) caused a stronger phenotype: the
AHP was largely absent or formed only by a few Lim3-positive cells
(5/5; Fig. 5C,J-L), and did not undergo the thickening and
invagination observed in control embryos (5/5; Fig. 5A,B).

Therefore, at head-fold stages (HH5/6) median and lateral cells
already differ so that rostrolateral precursors can no longer acquire a
median character. To further assess this assumption, we looked at
whether median and rostrolateral HH5 PPE cells express distinctive
mRNA repertoires. To achieve this, we performed RNA-seq analysis
(in triplicates) of HH5median and rostrolateral PPE tissue (results are
available at http://www.ebi.ac.uk/ena under accession number
PRJEB21219), including the underlying mesendoderm (Fig. 6A).
Comparative analysis of the obtained sequences revealed 239
differentially expressed mRNA with q>0.05. Of those, 186 were
over-represented in median samples, whereas only 53 were
significantly over-represented in rostrolateral ones (Fig. 6B).
Validating our analysis, none of the mRNAs proposed to confer a
rostral PPE ground state (i.e. Six1, Six4, Eya1 and Pax6) was found to
be enriched in either rostrolateral or median samples (Fig. 6C). The
few mRNAs over-represented in the rostrolateral samples included
those known to be thereafter expressed in the olfactory epithelium
and/or the lens (Fig. 6C; Table S2), such as the TFs Dlx5, Foxc2,
Pax1 and Sp8, the secreted protein Bmp5 and keratin genes (Bailey
et al., 2006; Bhattacharyya et al., 2004; Kasberg et al., 2013).
mRNAs over-represented in the median samples included those of
the TFs Hesx1, Six3 and Six6, the secreted ligands Shh and Fgf3, the

Fig. 2. Median-localized AHP precursors hardly move from the midline. (A-B′,E-G) High-power dorsal views of embryos recorded in Movies 1 and 2.
The rostral PPE domain was electroporated at gastrula stagewith a kaede expression plasmid. After 4 h, fewKaede-expressing cells positioned in the rostrolateral
(A-A″; n=5) or median (E-E″; n=5) PPE were photo-converted to red. Their initial position is highlighted with white squares in A and E and with arrowheads
in A′,A″,E′,E″. (B,B′,F,F′,G) Kymographs showing the change in position of 10 rostrolateral (B′) and 5 median (F′,G) cells during a recording period of 3
(B,F) and 7.5 (G) h. (B′,F′) Images of the position of recorded cells after 3 h (colour-coded asterisks). Rostrolateral cells move mediolaterally, median cells move
only locally, even after protracted observation (G). (C,D,H,I) Transverse sections of recorded embryos, fixed at HH10 showing the final localization of the
progeny of red Kaede-positive cells. Sections were taken at the OP (C,H), LP (D) and AHP (I) levels. Rostrolaterally derived cells localize at the OP (C), LP (D) and
in the neural tissue, whereas medially derived cells were found only in the AHP (I,H). Owing to photobleaching during time-lapse, recorded cells are less
fluorescent (arrowheads in C,D) and thus are shown in the insets in D and I at a higher exposure. HN, Hensen’s node; m, l, medio-lateral; r, c; rostro-caudal. Scale
bars: A 250 µm; H, 100 µm.
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hormone pro-opio-melano-cortin (POMC) and the corticotropin-
releasing hormone (CRH) receptor (Fig. 6C, Table S2). Notably,
these molecules have been shown to contribute to adenohypophysis
patterning and/or differentiation (Beccari et al., 2012; Dattani et al.,
1998; Gallardo et al., 1999; Guner et al., 2008; Herzog et al., 2004; Li
et al., 2002; López-Ríos et al., 1999; Parkinson et al., 2010; Sajedi
et al., 2008; Sbrogna et al., 2003), supporting the observation that
median PPE cells are already biased towards an AHP fate at HH5.
The mRNA of the neuroendocrine hormone somatostatin, which
activates Pax6 expression in the rostral PPE (Lleras-Forero et al.,
2013), was also enriched in the median samples. Furthermore, the
mRNAs of a number of other genes that, although not formally
implicated in AHP patterning, might potentially contribute to this
process were also over-represented in median samples (Table S2).
For example, additional components of the Fgf signalling pathway,
Fgf19 and the signalling effector Sprouty1, were among those with
the highest fold change in median versus rostrolateral explants. The
Wnt and Bmp signalling inhibitors,Dickkopf1 and chordin, were also
of interest because the low activity of both signalling pathways is a
requisite for rostral PPE specification (Kwon et al., 2010; Litsiou
et al., 2005). ApoB, the mRNA of which was the most over-
represented in medial samples, may facilitate Shh signalling in
zebrafish development and its knockdown causes midline defects
(Seth et al., 2010). The TFs Lmx1a and Lhx1 were also notable
candidates as both are expressed in the AHP at later developmental
stages (http://geisha.arizona.edu/geisha/).
To validate these transcriptional profiles, we performed in situ

hybridisation for a few of the identified mRNAs (Fig. 6D). From

head-fold stages, the expression of both Lhx1 and Lmx1a was
restricted to the median PPE, overlapping with that of the Shh
receptor Ptch2 (Fig. 6D), another of the medially over-represented
mRNAs (Table S2), which is specifically expressed in the chick
AHP at later stages (Sjödal and Gunhaga, 2008). Notably, we were
unable to detect a ‘rostrolateral PPE-specific’ distribution for any of
the mRNAs differentially expressed in the rostrolateral samples
(Table S2), with the exception of the transcription factor Sp8. Its
mRNA was completely absent from the median PPE at head-fold
stages but abundantly expressed in the remaining PPE (Fig. 6D).
Therefore, according to this analysis, AHP precursors can be
recognised for being Lhx1, Lmx1a and Ptch2 positive and Sp8
negative, which represents a specific molecular signature within the
PPE at early developmental stages.

Notably, several cell-adhesion molecules were also over-
represented in the medial samples (Table S2). This was of
particular interest as a greater adhesion among precursors or with
the underlying mesendoderm (included in the samples) could, at
least in part, explain the limited cell movements observed in the
AHP precursors (Figs 1 and 3G,J; Movie 1). Indeed, the expression
of two of the most enriched cell-adhesion molecules, Cdh20 and
Cdh6, specifically localised to the median mesendodermal layer
(Fig. 6D; data not shown).

Taken together, these data indicate that the rostral PPE is already
molecularly and morphologically heterogeneous at HH5/6. Indeed,
differential gene expression, shape, organization and close
apposition with the mesendoderm distinguished the median-
located AHP cells from the rostrolateral precursors.

Fig. 3. Median and rostrolateral PPE cells are morphologically different. Images show dorsal (A,F,I,L) and transverse (B,C,G,H,J,K,M,N) scanning electron
microscope views of stage HH4-7/8 chick embryos, as indicated in the panels. Transverse sections in B,G,J,M were taken at the median PPE, those in C,H,K,N at
the rostrolateral level. Median and rostrolateral cells are morphologically different, as schematized in D,E. Note the close apposition of median (J,M) but not
rostrolateral (K,N) PPE with the underlying mesendoderm. Three embryos for each stage in three independent experiments were analysed. anp, anterior neural
plate; HN, Hensen’s node; lrPPE, lateral rostral preplacodal ectoderm; mrPPE, median rostral preplacodal ectoderm; N, notochord; pp, prechordal plate. Scale
bars: A, 250 µm; B, 20 µm.
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Median PPE precursors can be replaced by both lateral PPE
and neural ectoderm
The distinctive features of median PPE cells made us wonder
whether rostrolaterally positioned PPE cells would be competent to
fully substitute for the median ones; or if the abutting median neural
or non-neural ectodermal cells were a more likely replacement for
the median PPE. This possibility seemed plausible as the PPE forms
at the interface between the neural and non-neural ectoderm (Bailey
and Streit, 2006; Baker and Bronner-Fraser, 2001; Couly and Le
Douarin, 1988; Streit, 2004), concomitant with the sharpening of
the anterior neural border, where median-positioned cells move
along the rostrocaudal axis (Cajal et al., 2012; Sanchez-Arrones
et al., 2012), as AHP precursors do (Fig. 1; Sánchez-Arrones et al.,
2015). In other words, we wondered whether the ‘preplacodal’
character prevails over the ‘median’ character (or vice versa).
To address this issue, we performed additional ablations of the

median PPE in HH4 embryos but, this time, we concomitantly
labelled cells immediately adjacent to the ablated region with DiI
and DiO. In a first set of experiments, we placed the dyes lateral to

the ablation, so that rostrolateral precursors from the right hemi-side
were labelled in red and those from the left in green (Fig. 7). In
ablated embryos, labelled cells appeared to move in both medial and
lateral directions, soon replenishing the missing tissue (Fig. 7C,C′,
G,G′), forming a normal AHP, as confirmed by the localization of
green- and red-labelled cells in HH11 embryos (5/6 embryos;
Fig. 7K). Notably, red- and green-labelled cells intermingled in the
AHP, indicating that cells derived from the left hemi-side crossed
the midline invading to the right AHP and vice versa, a behaviour
never observed in non-ablated embryos (Fig. 7A-D′,E-F′,I,J), in
which neither median or lateral cells (23/25; Fig. 7A-B′,E-F′,I-J)
were labelled.

In a second set of experiments, dyes were placed rostrally and
caudally to the ablated region, thus labelling the non-neural and
neural ectoderm, respectively. Subsequent analysis of the embryos
at stage HH6/7 and HH11 clearly demonstrated that only neural-
derived DiI-labelled cells contribute to replenish the ablated region,
whereas DiO-labelled ectodermal cells moved dorsally, away from
the ablated region (5/5 embryos; Fig. 7D,D′,H,H′,L).

Fig. 4. Median and rostrolateral PPE cells are differentially organized. (A-C) Dorsal views of the median and rostrolateral PPE in HH5 embryos (n=6 for
experimental group) hybridized in toto for the PPE marker Tfap2a and immunostained for β-catenin. The regions magnified in A and B, and the levels of the
sections E-G are indicated in C. Median cells are smaller and more densely packed than those in the rostrolateral PPE cells, which are better appreciated in the
segmented views. (D) Quantification of the median and rostrolateral cell area in a representative embryo. Student’s t-test; ***P=0.000569. Single-cell area was
determined in regions of 5000 µm2 of either the median or rostrolateral PPE in six embryos, obtaining similar results. (E-G) Frontal sections of HH5 embryos
hybridized in toto for Tfap2a and immunostained for laminin. No signal is detected underneath the prospective AHP (E). Dashed lines in E-G indicate the midline.
AHP, adenohypophysis placode; anb, anterior neural border; ect, ectoderm; end, endoderm; np, neural plate; OL, olfactory placode. Scale bar: 50 µm.
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Taken altogether, these data suggest that median PPE precursors
can be replaced by both cells of rostral neural origin and adjacent
PPE precursors. The latter, however, freely cross the midline, a
behaviour not observed in AHP precursors.

DISCUSSION
In gastrulating vertebrate embryos, a fringe of ectodermal tissue in
between the newly specified neural ectoderm and the adjacent non-
neural ectoderm hosts interspersed cells that will finally sort out to
originate individual cranial placodes and neural crest cells (Saint-
Jeannet and Moody, 2014). Our study shows that AHP precursors
represent an exception to this initial arrangement, because, from the
very beginning of PPE specification, these cells are packed together
and abut the underlying mesendoderm. Localized at the PPE
midline, they hardly move or mix with the adjacent rostrolateral PPE
precursors, very soon acquiring a specific molecular signature,
including the expression of genes characteristic of their final AHP
fate, which distinguishes them from the remaining PPE. Upon
ablation, AHP precursors can be replaced, albeit with a greater
plasticity, by the adjacent PPE precursors and by midline neural
cells, raising the interesting, yet to be tested, possibility that, besides
originating the anterior adenohypophysis, these cells may have the
additional purpose of acting as an axial reference to maintain PPE
mirror-symmetry.
The extent to which precursors of individual placodes are

intermingled within the PPE is still a matter of debate. Initial studies
based on fate maps and DiI labelling suggested extensive mixing

among different precursors (Bhattacharyya et al., 2004; Streit, 2002;
Xu et al., 2008), but subsequent studies indicated that this had been
probably overestimated, being prominent mostly at boundaries
between adjacent placodal progenitor zones (Pieper et al., 2011;
Schlosser, 2014). Our results, based on analysis of DiI-labelled
cells, support the existence of intermingling and cell displacement
for OP and LP precursors. Time-lapse studies indicated that this
displacement was mediolaterally directed, although we cannot
exclude that part of the cells we followed were neural in origin.
Indeed, at the time of PPE labelling, neural cells are still
intermingled with non-neural cells, especially in lateral positions
(Sanchez-Arrones et al., 2012), in agreement with the final
localization of photoconverted cells also in neural tissue.
Nevertheless, mediolateral displacement of OP and LP precursors
is also inferred from the DiI-labelling experiments and it is well in
agreement with a recent study performed in Xenopus embryos
(Steventon et al., 2016). In contrast, the majority of AHP precursors
underwent only short local movements and were segregated from
the adjacent OP/LP progenitors (Fig. 1). As an exception, laterally
positioned AHP precursors, which were thereafter found in the most
lateral regions of the AHP, partially intersperse with the OP ones
(Fig. 1). This organization resembles that of the zebrafish with an
extensive mixing of OP/LP precursors and a prominent presence of
AHP precursors at the midline (Dutta et al., 2005). Therefore, the
rostral chick PPE seems composed of two different pools of cells, at
least in terms of their segregation and mobility. Median PPE cells
begin to express genes that are thereafter found in the differentiating

Fig. 5. Rostrolateral PPE
precursors no longer replace AHP
precursors after head-fold stages.
Mid-sagittal sections of HH11-13
control (A,B) and experimental (D,E,
G,H,J,K) embryos in which the
median PPE was ablated at HH4 (D,
E), HH5/6 (G,H) and HH7/8 (J,K), as
schematized in F,I,L. The ablated
region is indicated by a grey
rectangle. Sections were
immunostained for Lim3 or
hybridized for Pitx2, as indicated in
the panels. Sections in B,E,H,K were
counterstained with Hoechst.
Dashed lines outline the AHP.
Ablations at HH5/6 strongly
reduced the AHP size (G,H).
(C) Quantification of the AHP area in
control (n=5) and ablated (n=5)
embryos (**P<0.01, Student’s t-test;
data are mean±s.e.m.). AHP,
adenohypophysis placode; hypoth,
hypothalamus; rlPPE, rostrolateral
preplacodal ectoderm; mPPE,
medial preplacodal ectoderm. Scale
bar: 200 µm.
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adenohypophysis only with a few hours difference from PPE
specification. Thus, it is experimentally difficult to establish
whether this is always so, or whether lack of mobility represents a
feature related to the onset of the AHP character. The early
morphological difference between rostrolateral and median PPE
cells calls for intrinsic differences among precursors. This is
supported by previous studies showing a midline-restricted
displacement of median-positioned cells also at earlier stages,
when sharpening of the neural non-neural boundary is taking place
in the chick embryo (Sanchez-Arrones et al., 2012).
There might be several reasons for the existence of a specialised

pool of AHP precursors, including the fact that the AHP is the only
single placode and the only one with an endocrine character.
Another reason might be their midline position. Median PPE
ablations allow for abnormal midline crossing of rostrolaterally PPE
cells. This behaviour may simply reflect the need to repair the
wound or could be a consequence of the intrinsic higher motility of
the rostrolateral PPE. In a more speculative view, the greater

adhesion and less mobility of median-located PPE precursors might
lead them to act as an axial reference to maintain a symmetric
organization of the PPE. Indeed, in Shh mouse mutants, in which
the AHP fails to be specified, OP symmetry is lost (Chiang et al.,
1996). In all chordates, midline cells have the fundamental role of
establishing a mirror-symmetry of the body plan (Ruiz i Altaba and
Jessell, 1993), which is associated with specific features, including
poor proliferation and high adhesion (Klar et al., 1992; van Straaten
et al., 1988), as we report for median PPE cells. Cell division is a
major driver of cell rearrangements, whereas poor proliferation
stabilizes the tissue, as suggested in a study addressing how
epithelial cells rearrange during chick embryo gastrulation (Firmino
et al., 2016). Thus, the less mitotically active median PPE may offer
a stable axial reference to the adjacent cells, favouring their
movements. This stability could be further enhanced by the absence
of a clear basal lamina between the central region of the median PPE
and the underlying Cdh6- and Cdh20-enriched mesendoderm.
Whether this arrangement is relevant is just a matter of speculation

Fig. 6. The median and rostrolateral PPE are molecularly distinct at head-fold stage. (A) Schematic representation of a HH5/6 chick embryo in which
the rostral PPE is depicted in grey and the median and rostrolateral PPE regions used for RNA-seq analysis are depicted in red and blue, respectively. A total
of 150 median and 300 rostrolateral PPE were dissected. (B) Schematic representation of the RNA-seq results, indicating the number of non-differentially
expressed (grey) and median (red) or lateral (blue) over-represented mRNAs. (C) Scatter diagram of mRNA representation in median and rostrolateral samples.
Black, red and blue dots represent mRNA equally expressed in both domains, or significantly enriched in median or rostrolateral samples, respectively. (D) Dorsal
views of HH5/6 and HH7/8 chick embryos hybridized in totowith probes specific for a few identified mRNA, as indicated in the panels. Lmx1a is also represented
in a double in situ with Tfap2a (brown staining). Images in the bottom row are transverse sections at the level of median PPE. There is restricted expression
of selected markers. PPE, pre-placodal ectoderm; rPPE, rostral pre-placodal ectoderm; rlPPE, rostrolateral pre-placodal ectoderm. Scale bar: 200 µm.
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at the moment, because we were unable to target the axial
mesendoderm, in an attempt to disrupt its putative contact with
the PPE, using electroporation of available dominant-negative
Cdh20 constructs (Price et al., 2002).
We have shown that, upon ablation at late gastrula stage, the

abutting PPE precursors can replace the presumptive AHP. The
identity of the replenishing cells cannot be established with
precision at this early stage owing to the lack of reliable specific
markers. Presumably these cells could be OP precursors, which
intermingle at the border of the presumptive AHP domain and share
some of their features. Indeed, the adenohypophysis and the
olfactory organ of the lamprey are closely associated (Uchida et al.,
2003), and in zebrafish, AHP and OP express common molecular
markers (Dutta et al., 2005; Toro and Varga, 2007). Alternatively,
these cells may derive from the few AHP precursors intermingled at
the boundary with OP cells (Fig. 1). Previous studies in both
zebrafish and chick indicate that, despite their intermingling, the
large majority of single rostral PPE precursors are strongly biased
and can originate only one placodal fate (Bhattacharyya and
Bronner, 2013; Dutta et al., 2005; Whitlock and Westerfield, 2000).
The ablated median PPE was replaced also by median-located

neural cells. According to fate-map analysis, the chick AHP has a
strict extra-neural origin (Sánchez-Arrones et al., 2015). This may

make our result surprising. However, timing of ablation may be
important when interpreting this result. Indeed studies in Xenopus
have shown that both the neural and non-neural ectoderm are
competent to generate the PPE, but in the case of the neural tissue
this competence drops over time (Pieper et al., 2011). The
relationship between median PPE and median-located neural cells
might be also linked to their responsiveness to Shh signalling, as
indicated by their common expression of ptch2 (Fig. 5).

Besides showing that prospective AHP cells have morphological
features that distinguish them from the adjacent PPE precursors, our
study demonstrates that these cells begin to express a specific genetic
repertoire around HH5/6, when adjacent cells can no longer replace
them upon ablation. This molecular signature includes
adenohypophysis differentiation markers such as the hormone
POMC or the CRH receptor, a number of secreted molecules and
TFs known to contribute to AHP development and differentiation, as
well as the lackof Sp8 expression. This TFwas distributed throughout
the PPE but in its median region, thus becoming a valuable marker to
differentiate between the prospective AHP domain and the remaining
placodal precursors. More importantly, our RNA-seq analysis
identified potential additional components of the gene regulatory
network responsible for AHP specification and differentiation, which
have not been so far considered. The TFs Lhx1 and Lmx1a might be

Fig. 7. Median PPE precursors can be replaced
by both rostrolateral PPE and neural
ectodermal cells. Phase contrast (A-D) and
fluorescent (A′-D′) dorsal views of HH4/5 embryos
with or without ablation of the median PPE,
followed by DiI and DiO labelling of the adjacent
lateral (n=6) or dorso/ectodermal-ventral/
neuroepithelial (n=5) cells, as indicated in the
panels. Phase contrast (E-H) and fluorescent
(E′-H′) dorsal views of the same embryos grown at
HH6/7 showing how lateral (G,G′) and
neuroepithelial (H,H′), but not ectodermal, cells
replenish the ablated tissue. (I-L) Transverse
sections of the AHP from the same embryos grown
at HH11. In controls, left/DiI- and right/DiO-labelled
cells remain in the hemi-side, whereas in ablated
embryos left- and right-derived cells intermingle (I).
Only neuroepithelial-derived DiI-labelled cells
contribute to the AHP (L). AHP, adenohypophysis;
c-m, caudo-median; rlPPE, rostrolateral
preplacodal ectoderm; mPPE, median preplacodal
ectoderm; r-m, rostro-median. Scale bars: 100 µm.
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of particular interest. In mouse embryos, Lhx1 is essential for
gastrulation and its genetic inactivation causes early lethality
(Shawlot and Behringer, 1995; Shawlot et al., 1999), precluding the
analysis of its possible role in AHP specification. However,
conditional inactivation of Lhx1 in the epiblast showed that its
function is essential for midline morphogenesis (Costello et al.,
2015). Furthermore, Lhx1 binds and activates the regulatory region of
Hesx1 (Chou et al., 2006), maintaining its expression (Costello et al.,
2015). Thus, it is tempting to speculate that Lhx1 might have similar
functions in the midline-positioned AHP, the development of which
requires Hesx1 (Dattani et al., 1998). Much less is known about the
possible function of Lmx1a during early embryonic development.
Lmx1a acts downstream of Shh signalling in the specification of a
number of hindbrain and cerebellar neurons (Chizhikov et al., 2010;
Mishima et al., 2009), raising the possibility that its functionmight be
also activated in the AHP by this signalling.
In conclusion, we propose that, by virtue of their position at the

PPE midline, AHP precursors adopt characteristics that set them
apart from the remaining PPE precursors. These features might be
imposed by spatial constrains, perhaps interaction with the
underlying mesendoderm and early exposure and response to
midline signals such as Shh or Nodal. Whether similar restrictions
apply to other placodal progenitors needs to be clearly determined
but the existence of a lineage bias that precedes segregation has been
recently proposed for chick OP and LP (Bhattacharyya and Bronner,
2013). Our study also emphasises that in an apparently
homogeneous population of precursor cells there is an early
cellular and molecular heterogeneity, which might be relevant to
further understand the rare congenital defect associated to the
adenohypophysis development (Prince et al., 2011).

MATERIALS AND METHODS
Chick embryos and embryo cultures
Fertilized chick embryos (Santa Isabel Farm, Cordoba, Spain) were
incubated at 38°C in a humidified rotating incubator until the desired
stage. Embryos were inspected for normal development, staged according to
Hamburger and Hamilton (1951) and randomly allocated to the different
experimental groups. Poorly developed embryos were discarded at any time
during the course of the experiments. When needed, embryos were cultured
according to the ‘New culture method’ (Stern and Bachvarova, 1997),
starting from aminimum of 30-40 embryos to assure that at least 10 embryos
finally met appropriate conditions for analysis. Each type of experiment was
independently repeated at least three times. The precise position of median
and lateral rostral PPE was identified using a calibrated ocular grid
(Sánchez-Arrones et al., 2015). All experiments were performed according
to European and Spanish guidelines for animal experimentation ethical
regulations.

DiI/DiO injections
Fate-mapping experiments were performed in HH4/5 New-cultured chick
embryos using DiI/DiO injections, which were precisely positioned using an
ocular grid displaying cartesian and angular coordinates centred on the
node. This allowed us to score the distance from the node, the angle from the
midline and the size for each one of the injections (Table S1; Sanchez-
Arrones et al., 2012), which were also photographed under fluorescent
illumination. Embryos were cultured until HH10-12 stages, fixed in 4%
paraformaldehyde (PFA) in 0.1 M phosphate-buffered saline (PBS) (pH
7.4) at 4°C and the presence and abundance (defined as +, ++ or +++) of
labelled cells in the AHP, OP and LP were recorded in whole-mount embryo
and transverse cryosections (Table S1).

Tissue ablations
The presumptive median PPE zone was removed at stages HH4, HH5/6 and
HH7/8 using insect pins. Embryos were allowed to develop until they

reached stage HH11-13, fixed as above, cryo-protected overnight in 15%
sucrose solution in PBS and cryosectioned in the sagittal plane at 15 µm.

BrdU labelling
New-cultured embryos were incubated in a BrdU solution (10 µM) for 1 h,
washed in PBS and fixed in ice-cold 4% PFA. Embryos were processed for in
toto immunolabelling using a mouse monoclonal antibody against BrdU
(1:200;HybridomaBank,G3G4) as described previously (Trousse et al., 2001).

Electroporation and time-lapse imaging
The pCAGGS-Kaede-NLS vector (1 mg/ml; Mendes et al., 2014) was
electroporated in HH3+/4 New-cultured embryos (Voiculescu et al., 2008).
Kaede photo-conversion was obtained by illuminating the region of interest
with a UV (405 nm) laser beam for 10-20 interactions. The behaviour of
labelled cells was followed with time-lapse confocal microscopy using a dry
20×0.8 NA objective for 8 h, taking one image every 5 min.

In situ hybridization and immunohistochemistry
Embryos were hybridized in toto as described (Sánchez-Arrones et al., 2015)
using probes specific for the following chick mRNAs: Shh, Ptc2, Hesx1, Pax6,
Lhx1 (gifts from L. Medina, University of Lleida, Spain), Cdh20 (a gift from
C. Redies, University of Jena School of Medicine, Germany) and Sp8 (a gift
from Dr J. J. Sanz-Ezquerro, CNB-CSIC, Madrid, Spain). Probes for Tfpa2a
and Lmx1a were obtained by RT-PCR amplification from cDNA of
HH24 embryos with the following primers: Tfap2a fwd,
5′-ATGCTCTGGAAGCTGACGG-3′; Tfap2a rev, 5′-CGGTGACGGCAG
CGCATAC-3′; Lmx1a fwd, 5′-GGACGGCTTGAAGATGGAGG-3′; Lmx1a
rev, 5′-ATGCTCAGGAGGTGAAGTAG-3′. Immunohistochemistry was
performed following standard protocols on cryostat sections or intact
embryos. Primary antibodies used were as follows: mouse monoclonal
against Lim3 [1:100; Hybridoma Bank, 67.4E12; (Prince et al., 2011)], ZO-1
(1:300; Invitrogen, 33-9100; clone, ZO1-A12) and β-catenin (1:500; Abcam,
ab16051); and rabbit antiserum against laminin (1:100; Sigma, L-9393).
Appropriate secondary antibodies coupled to either Alexa-488, -594 or -647
(Jackson ImmunoResearch, 1:500) were used. Sections were counterstained
with Hoechst (1:1000; Molecular Probes) and mounted with Mowiol.

RNA-seq analysis
A total of 150 median and 300 lateral rPPE regions were dissected from
HH5/6 chick embryos. These regions were divided in three different pools,
and processed and sequenced in parallel in order to obtain experimental
triplicates. A total of 1 µg of RNA per sample was extracted using ReliaPrep
RNA Tissue Miniprep System Protocol (Promega). RNA quality was
determined with RNA Analysis Kit and a Bioanalyzer (Agilent) (RIN>8).
Separate mRNA libraries were prepared using the mRNA-Seq Sample
Preparation kit (Illumina, RS-122-2001x2), according to the manufacturer’s
protocol. First-strand cDNA synthesis using random hexamers and reverse
transcriptase was followed by second-strand cDNA synthesis. Quality
analysis was performed over reads using FastQC software (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/). Each library was
sequenced using the HiSeq2000 instrument (Illumina). Reads were
aligned against the reference G. gallus genome (gga_ref_Gallus_gallus-
4.0), downloaded from NCBI (http://ftp.ncbi.nih.gov/genomes/Gallus_
gallus/), with TopHat aligner (http://tophat.cbcb.umd.edu). Differentially
expressed genes were identified with Cuffdiff (http://cufflinks.cbcb.umd.
edu/index.html) software. A total of 239 genes were found as differentially
expressed with a P-value ≤0.05. Of these 186 and 53 were medial and
laterally overrepresented, respectively. Genes were selected when their log2
fold change was higher than 1 (absolute value). Data have been deposited in
the European Nucleotide Archive with the following accession numbers:
ERS1781601-ERS1781612.

Scanning electron microscopy (SEM)
Embryos at the desired stages were washed in saline to remove yolk and
vitelline membrane, fixed for 2 h in 4% glutaraldehyde in 0.1 M sodium
cacodylate buffer at room temperature and processed as described
previously (Bancroft and Bellairs, 1976). Samples were analysed with a
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SEM Hitachi S-3000N equipped with an INCAx-sight energy-dispersive
X-ray (EDX) analyser (Oxford Instruments).

Image analysis
Whole embryos were photographed using a stereomicroscope and sections
using a DMmicroscope (Leica Microsystems). Digital images were obtained
using DFC500 and DFC350 FX cameras (Leica) or using confocal
microscopic analysis (Zeiss). Images were processed using Photoshop CS5,
Illustrator CS5 or ImageJ (Fiji) software. Representative images were used as
imported templates in Adobe Illustrator to draw vectorial schemes.

Quantification and statistical analysis
Quantitative analysis of all experiments was performed using Image J
(NIH), using only well-developed embryos. Differences between averages
were considered significant when *P<0.05, **P<0.01, ***P<0.001 using
Student’s t-test. The fate-map analysis shown in Fig. 1M,N was obtained
with the MATLAB software using the ‘polarplot’ function and using as
coordinates the initial and final angles and distances from the node reported
in Table S1. The estimate of the PPE region occupied by AHP precursors
was determined by calculating the area contained between the two arcs, in
which the injections originating labelled cell in the AHP fell, according to
the formula: total area=πr2max (angle/360)−πr2min (angle/360).
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