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The hypothalamus is an important physiologic center of the vertebrate brain involved
in the elaboration of individual and species survival responses. To better understand
the ancestral organization of the alar hypothalamus we revisit previous data on
ScOtp, ScDlx2/5, ScTbr1, ScNkx2.1 expression and Pax6 immunoreactivity jointly with
new data on ScNeurog2, ScLhx9, ScLhx5, and ScNkx2.8 expression, in addition
to immunoreactivity to serotonin (5-HT) and doublecortin (DCX) in the catshark
Scyliorhinus canicula, a key species for this purpose since cartilaginous fishes are basal
representatives of gnathostomes (jawed vertebrates). Our study revealed a complex
genoarchitecture for the chondrichthyan alar hypothalamus. We identified terminal
(rostral) and peduncular (caudal) subdivisions in the prosomeric paraventricular and
subparaventricular areas (TPa/PPa and TSPa/PSPa, respectively) evidenced by the
expression pattern of developmental genes like ScLhx5 (TPa) and immunoreactivity
against Pax6 (PSPa) and 5-HT (PPa and PSPa). Dorso-ventral subdivisions were
only evidenced in the SPa (SPaD, SPaV; respectively) by means of Pax6 and
ScNkx2.8 (respectively). Interestingly, ScNkx2.8 expression overlaps over the alarbasal boundary, as Nkx2.2 does in other vertebrates. Our results reveal evidences
for the existence of different groups of tangentially migrated cells expressing ScOtp,
Pax6, and ScDlx2. The genoarchitectonic comparative analysis suggests alternative
interpretations of the rostral-most alar plate in prosomeric terms and reveals a conserved
molecular background for the vertebrate alar hypothalamus likely acquired before/during
the agnathan-gnathostome transition, on which Otp, Pax6, Lhx5, and Neurog2 are
expressed in the Pa while Dlx and Nkx2.2/Nkx2.8 are expressed in the SPa.
Keywords: chondrichthyan, forebrain, alar/basal boundary, evolution, development, Pax6, Otp, Dlx

INTRODUCTION
The hypothalamus is a conserved integrative center that coordinates autonomic, endocrine, and
limbic responses. Its organization is the result of complex patterning processes that converge
at the rostral-most part of the neural tube, which in turn, yields a complex structure that
has been difficult to systematize (Shimamura et al., 1995; Puelles and Rubenstein, 2003, 2015;
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Puelles et al., 2004, 2012; Medina, 2008; Szabó et al., 2009;
Shimogori et al., 2010; Alvarez-Bolado et al., 2012, 2015; Croizier
et al., 2015). As a result, its development has been recently a topic
of active research (Alvarez-Bolado et al., 2015).
Classically, the mammalian hypothalamus has been described
as consisting of a wide variety of neuronal clusters subdivided
in four regions: preoptic, anterior, tuberal, and mamillary
(Simerly, 2004). This organization relies on conceptions that
understood the brain to be organized in functional columns
(also referred as “columnar models”), in which the hypothalamus
would be located ventrally to the remaining diencephalon.
Alternative brain conceptions have understood the brain to
be divided in transverse segments (or neuromeres) yielding
segmental (or neuromeric) paradigms of brain organization
(Puelles, 2009). Modern segmental paradigms, such as the
“prosomeric model,” recognize the mentioned hypothalamic
regions under an alternative axial concept that relies on
known developmental processes and in neuromeric organization
(Puelles and Rubenstein, 2003, 2015; Puelles, 2009; Puelles et al.,
2012). Furthermore, the prosomeric model also considers that
these segments are organized in different histogenetic territories
defined by neuroepithelial transcription factor specification
codes and radial units (Puelles et al., 2012; Nieuwenhuys and
Puelles, 2016). This paradigm understands the hypothalamus
to be ventrally located with respect to the telencephalon (thus,
rostral to the remaining diencephalon) forming together a
pair of hypothalamo-telencephalic segmental units (hp1, hp2)
at the rostral-most part of the neural tube. Under these
criteria the preoptic area is recognized as part of the subpallial
telencephalon rather than belonging to the hypothalamus
(Flames et al., 2007; Medina and Abellán, 2012; Puelles et al.,
2012).
The updated prosomeric model recognizes the hypothalamus
to be subdivided in dorso-ventrally arranged histogenetic
domains. The intrahypothalamic border (IHB) divides these
histogenetic domains in rostral (hp2 or terminal) and caudal
(hp1 or peduncular) portions. As a result, in the alar plate
the hypothalamus presents at least four progenitor subdomains

(from rostral to caudal and dorsal to ventral): terminal
and peduncular paraventricular area (TPa, PPa; respectively),
terminal and peduncular subparaventricular area (TSPa, PSPa;
respectively). Further dorso-ventral subdivisions have also been
proposed (Morales-Delgado et al., 2011, 2014; Puelles et al., 2012;
Díaz et al., 2015; Ferrán et al., 2015; Puelles and Rubenstein,
2015). The relationships among these domains and hypothalamic
nuclei have been pointed out: the TPa/PPa domain gives rise to
magnocellular and parvocellular neurosecretory populations of
the supraopto-paraventricular complex; the TSPa/PSPa domain
will form mainly the suprachiasmatic nucleus, the anterior
hypothalamic nucleus, and the subparaventricular zone, while
the basal hypothalamus gives rise to classical tuberal and
mamillary derivatives (Morales-Delgado et al., 2011; Puelles
et al., 2012; Herget et al., 2014; Herget and Ryu, 2015).
Finally, additional histogenic domains are recognized in the
acroterminal territory, the rostral-most portion of the neural
tube (see Puelles et al., 2012; Ferrán et al., 2015; Puelles and
Rubenstein, 2015; Santos-Durán et al., 2015). This median
region is responsible of the development of structures such
as the lamina terminalis or the optic chiasm in the alar
hypothalamus.
Because of their phylogenetic position as out-group to
osteichthyans (the other major phylum of gnathostomes,
which includes bony fish and tetrapods), chondrichthyans are
essential to reconstruct gnathostome ancestral characteristics
through comparisons with other vertebrate models. Recently,
we have carried out a preliminary study of the molecular
histogenetic organization of the hypothalamus of an
elasmobranch representative, the catshark Scyliorhinus
canicula, and we analyzed this organization under the
updated prosomeric framework (see Santos-Durán et al.,
2015). Such analysis revealed a strikingly high degree in the
conservation of hypothalamic histogenetic compartments
between chondrichthyan and murine models. Indeed, the
alar expression of ScOtp and ScDlx2/5 revealed apparently
conserved paraventricular (Pa) and subparaventricular (SPa)
progenitor domains. The basal expression of these and
other genes lead to the identification of tuberal/retrotuberal
(Tu/RTu), perimamillary/periretromamillary (PM/PRM) and
mamillary/retromamillary (MM/RM) domains, apparently
homologous to those described in murine models. Besides,
a molecular hypothalamo-telencephalic border (HTB) and a
hypothalamo-diencephalic border (HDB), matching with those
described in the model, were identified in the shark, together
with an IHB defined, as in mouse (Puelles et al., 2012), based
on the course of ascending tracts to the telencephalon (see
Santos-Durán et al., 2015).
In such previous study some histogenetic differences
were also observed within particular subdomains, but their
significance has not been explored so far. Moreover, although
many of the boundaries and assumptions predicted by the
prosomeric model were confirmed in the chondrichthyan model,
further dorso-ventral subdivisions and genetic evidences of
rostro-caudal segmentation, particularly concerning the alar
hypothalamus, have not been previously addressed. Besides,
the meaning of the results observed in the shark remains to

Abbreviations: ABB, alar-basal boundary; Ac, acroterminal region; AHy, alar
hypothalamus; ap2, prosomere 2, alar part; ap3, prosomere 3, alar part; BHy, basal
hypothalamus; D, diencephalon; F, forebrain; HDB, hypothalamo-diencephalic
border; hp1, prosomere hp1 or peduncular; hp2, prosomere hp2 or terminal;
IHB, intrahypothalamic border; M, mesencephalon; m, mantle expression; mfb,
medial forebrain bundle; MM, mamillary area; Mz, mantle zone; os, optic stalk; p3,
prosomere 3; p3Tg, tegmental part of prosomere 3; Pa, paraventricular area; PBHy,
peduncular basal hypothalamus; PM, perimamilary area; PPa, paraventricular
area, peduncular part; PRM, periretromamillary area; PSPa, subparaventricular
area, peduncular part; PSPaD, subparaventricular area, peduncular and dorsal
part; PSPaV, subparaventricular area, peduncular and ventral part; PThE,
prethalamic eminence (ap3); R, rhombencephalon; RM, retromamillary region;
RTu, retrotuberal region; sc, spinal cord; SIBHy, basal hypothalamus, subliminal
part; SIPBHy, basal hypothalamus, subliminal and peduncular part; SITBHy,
basal hypothalamus, subliminal and terminal part; SOT, supraoptic tract; Sp,
subpallium; SPa, subparaventricular region; SPaD, subparaventricular region,
dorsal part; SPaV, subparaventricular region, ventral part; T, telencephlalon;
TBHy, basal hypothalamus, terminal part; TPa, paraventricular region, terminal
part; TPOC, tracts of the postoptic commissure; TSPa, subparaventricular area,
terminal part; TSPaD, subparaventricular area, terminal and dorsal part; TSPaV,
subparaventricular area, terminal and ventral part; Tu, tuberal region; Vz,
ventricular zone.
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Tek, Torrance, CA, USA), and frozen with liquid nitrogencooled isopentane. Parallel series of sections (12–20 µm thick)
were obtained in transverse planes on a cryostat and mounted
on Superfrost Plus (Menzel-Glasser, Madison, WI, USA) slides.

be analyzed in evolutionary context. For all these reasons,
here we have examined more deeply the molecular profile
of the alar hypothalamus of S. canicula, with three aims: (i)
to look for further prosomeric molecular subdivisions, (ii)
to better define the molecular alar-basal boundary (ABB)
and (iii) to obtain some insights on the evolution of the
alar hypothalamus by comparative analysis. To address
these questions, previous data on ScOtp, ScDlx2/5, ScTbr1,
ScNkx2.1 expression and Pax6 immunoreactivity were revised
jointly with new data on ScNeurog2, ScLhx9, ScLhx5, and
ScNkx2.8 expression and serotonin (5-HT) and doublecortin
(DCX) immunoreactivity. Further details on the rostrocaudal and dorso-ventral molecular organization of the alar
hypothalamus obtained with these genes support partially
the existence of subdomains similar to those proposed by
the prosomeric model. Particularly, terminal and peduncular
subdivisions were defined in the Pa and SPa domains, but a
dorsoventral subdivision only could be distinguished in the SPa
domain.

Single Immunohistochemistry (IHC) on
Sections
For heat-induced epitope retrieval, sections were pre-treated with
0.01 M citrate buffer (pH 6.0) for 30 min at 95◦ C and allowed
to cool for 20–30 min at room temperature (RT). Sections were
then rinsed twice in 0.05 M Tris-buffer saline (TBS; pH 7.4) for
5 min each and incubated overnight with the primary antibody
(rabbit anti-Pax6 polyclonal antiserum, Covance, Emeryville,
CA, USA, diluted 1:400; polyclonal rabbit anti-Sonic Hedgehog
[anti-Shh], Santa Cruz Biotechnology, Santa Cruz, CA, USA,
diluted 1:300; polyclonal rabbit anti-doublecortin [anti-DCX]
Cell Signaling; diluted 1:300–500; rabbit anti-serotonin [anti5-HT] polyclonal antiserum, DiaSorin, Immunostar, Hudson,
WI, USA, diluted 1:5000). Appropriate secondary antibody
(horseradish peroxidase [HRP])-conjugated goat anti-rabbit were
incubated for 2 h at RT. For immunofluorescence, appropriate
secondary antibody was used (DAR546 [Alexa 546-conjugated
donkey anti-rabbit] Molecular Probes, Eugene, OR, USA, diluted
1:100). Sections were rinsed in distilled water (twice for 30 min),
allowed to dry for 2 h at 37◦ C and mounted in MOWIOL 488 Reagent (Calbiochem, MerkKGaA, Darmstadt, Germany). All
dilutions were made with TBS containing 15% donkey normal
serum (DNS; Millipore, Billerica, MA, USA), 0.2% Triton X-100
(Sigma) and 2% bovine serum albumin (BSA, Sigma).

MATERIALS AND METHODS
Experimental Animals
Some embryos of the catshark (also known as the lesser
spotted dogfish; S. canicula) were supplied by the Marine
Biological Model Supply Service of the CNRS UPMC Roscoff
Biological Station (France) and the Estación de Bioloxía Mariña
da Graña of the University of Santiago de Compostela.
Additional embryos were kindly provided by the Aquaria
of Gijón (Asturias, Spain), O Grove (Pontevedra, Spain)
and Finisterrae (A Coruña, Spain). Embryos were staged by
their external features according to Ballard et al. (1993). For
more information about the relationship of the embryonic
stages with body size, gestation and birth, see Table 1 in
Ferreiro-Galve et al. (2010). Fifty embryos from stages 18
to 32 were used in this study. Eggs from different broods
were raised in seawater tanks in standard conditions of
temperature (15–16◦ C), pH (7.5–8.5) and salinity (35 g/L).
Adequate measures were taken to minimize animal pain
or discomfort. All procedures conformed to the guidelines
established by the European Communities Council Directive
of 22 September 2010 (2010/63/UE) and by the Spanish Royal
Decree 53/2013 for animal experimentation and were approved
by the Ethics Committee of the University of Santiago de
Compostela.

Controls and Specificity of the
Antibodies
No immunostaining was detected when primary or secondary
antibodies were omitted during incubations. For details about
the specificity of anti-5-HT and anti-DCX antibodies, see PoseMéndez et al. (2014). For details about the specificity of anti-Pax6
antibody, see Quintana-Urzainqui et al. (2014). The polyclonal
anti-Shh antibody (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA, USA) was raised in rabbit against the amino acids 41–200 of
Shh human protein. The in situ hybridization (ISH) results were
similar to those obtained by immunohistochemistry (IHC), and
therefore validate the specificity of the anti-Shh antibody used
here.

In situ Hybridization (ISH) on Sections
and Whole Mounts Embryos
We applied ISH for ScOtp (Santos-Durán et al., 2015), ScDlx2
(Quintana-Urzainqui et al., 2012, 2015; Compagnucci et al.,
2013; Debiais-Thibaud et al., 2013; Santos-Durán et al., 2015),
ScDlx5 (Compagnucci et al., 2013; Debiais-Thibaud et al., 2013;
Santos-Durán et al., 2015), ScLhx9 (Pose-Méndez et al., 2015;
Quintana-Urzainqui et al., 2015), ScLhx5, ScNkx2 (QuintanaUrzainqui et al., 2012, 2015; Santos-Durán et al., 2015), ScNkx2.8,
ScTbr1 (Quintana-Urzainqui et al., 2015; Santos-Durán et al.,
2015), and ScNeurog2 genes. These probes were selected from
a collection of S. canicula embryonic cDNA library (mixed

Tissue Processing
Embryos were deeply anesthetized with 0.5% tricaine methane
sulfonate (MS-222; Sigma, St. Louis, MO, USA) in sea water and
separated from the yolk before fixation in 4% Paraformaldehyde
(PFA) in elasmobranch’s phosphate buffered [EPB: 0.1 M
phosphate buffer (PB) containing 1,75% urea, pH 7.4] for 48–
72 h depending on the stage of development. Subsequently, they
were rinsed in phosphate buffered saline (PBS), cryoprotected
with 30% sucrose in PB, embedded in OCT compound (Tissue
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genoarchitectonic profile of this compartment, in this study we
have checked the expression of ScOtp mainly by the analysis of
transverse sections through the hypothalamus of embryos from
stage 29 to 32.
At stage 29, ScOtp is expressed in the surroundings of the
optic stalk and caudally beyond, in what mainly represents
the Pa histogenetic domain, as seen in sagittal (Figure 1A)
and transverse (Figures 1B,C) sections. ScOtp is recognized
in individual cells in the TPa domain (Figure 1B) mostly
located in the marginal zone (blue arrowhead in Figure 1B)
but also scattered through the ventricular zone. Similarly, in
the PPa domain (Figure 1C), ScOtp is mainly expressed in
the marginal zone (blue arrowheads in Figure 1C), while
scarce ScOtp-expressing cells are observed in the ventricular
zone. Furthermore, ScOtp-expressing cells are recognized in the
marginal zone of territories placed dorsal and ventral with respect
to the TPa/PPa domain, forming a continuous stream with
the marginal ScOtp-expressing cells of this domain. Particularly
noticeable are the strings of ScOtp-expressing cells dorsally
extended from the TPa domain into the subpallial territory
(black arrowheads in Figures 1A,B) and from the rostral-most
portion of the PPa domain into the pallium (red arrowheads
in Figures 1A,C). ScOtp-expressing cells are also observed in
the marginal zone ventral to the TPa/PPa domain. These cells
cannot be observed at the rostral-most TSPa domain (Figure 1B)
but they spread just caudal from this point into the remaining
TSPa/PSPa domain (yellow arrowheads in Figures 1A0 ,C). Of
note, these ventral ScOtp-expressing cells are distributed into
the dorsal-most marginal zone of TSPa/PSPa domains (yellow
arrowhead in Figure 1C) but they spread through the SPa domain
by late stage 29 (not shown).
This basic pattern is maintained until later stages of
development (Figure 1D) with minor modifications. ScOtp is
abundantly expressed in radial domains extending from the
ventricular to the marginal zone at stage 32 and also in juveniles
(data not shown).

stages S9–S22), constructed in pSPORT1, and submitted to high
throughput EST sequencing. cDNA fragments were cloned in
pSPORT vectors. Sense and antisense digoxigenin-UTP-labeled
and fluorescein-UTP-labeled probes were synthesized directly by
in vitro transcription using as templates linearized recombinant
plasmid DNA or cDNA fragments prepared by PCR amplification
of the recombinant plasmids. ISH in whole mount and on
cryostat sections was carried out following standard protocols
(Coolen et al., 2009). Briefly, sections were permeabilized with
proteinase K, hybridized with sense or antisense probes overnight
at 65◦ C and incubated with the alkaline phosphatase-coupled
anti-digoxigenin and anti-fluorescein antibody (1:2000, Roche
Applied Science, Manheim, Germany) overnight at 4◦ C. The
color reaction was performed in the presence of BM-Purple
(Roche). Control sense probes did not produce any detectable
signal. Immunohistochemistry was performed after ISH to obtain
double ISH-IHC staining as described above.

Inhibition of the Shh Pathway
Inhibition of the Shh pathway was performed by in ovo injection
of the pharmacological inhibitor cyclopamine to test if the
initiation of ScNkx2.8 expression in the forebrain, specifically in
the ABB, is dependent on Shh, similarly to other Nkx paralogs like
Nkx2.1 or Nkx2.2. First, 200 µL of a solution containing 1X PBS,
500 µM cyclopamine and 5% dimethyl sulfoxide (DMSO) were
injected through the shell of stage 15–16 S. canicula eggs. This
solution was replaced by the same volume of 5% DMSO in 1X
PBS for control embryos. The eggs were maintained for 3 days
in oxygenated sea water at 17◦ C, with viabilities higher than
90%. Embryos reached stage 18 in these conditions. They were
dissected, fixed in PFA 4%, dehydrated and stored in methanol
100% prior to ISH.

Image Acquisition and Analysis
Light field images were obtained with an Olympus BX51
microscope equipped with an Olympus DP71 color digital
camera. Fluorescent sections were photographed with an
epifluorescence photomicroscope Olympus AX70 fitted with an
Olympus DP70 color digital camera. Photographs were adjusted
for brightness and contrast and plates were prepared using Adobe
Photoshop CS4 (Adobe, San Jose, CA, USA).

ScDlx2/ScDlx5 Expression
The expression of ScDlx5 from stage 18 onward and the
expression of ScDlx2 from stage 29 onward have been previously
reported in Santos-Durán et al. (2015). Essentially identical
results were observed with both genes in the brain of S. canicula
from stage 29 onward, so we use ScDlx2/5 at these stages
to refer indistinctly to both patterns. However, differences are
also observed which will be commented where appropriate (see
below). Here, we reexamine these data to additionally analyze
the expression of ScDlx2/5 from stage 29 to 32. We further
characterize the ABB and possible dorso-ventral and rostrocaudal subdomains of the alar hypothalamus, mainly by the
analysis of transverse sections through the hypothalamus.
At stage 29, in the alar plate of the secondary prosencephalon
and rostral diencephalon, ScDlx2/5 is expressed in the
subpallium, the SPa domain, and in the prethalamus, while it is
also expressed in some subdivision in the basal plate subdivisions
(Figures 1E–G; see also Santos-Durán et al., 2015). Between
the expression domains of ScDlx2/5 in the subpallium and SPa
territory there is a negative wedge-shaped domain spreading

RESULTS
Genes whose expressions define broader domains (ScOtp and
ScDlx2/5) are described first and different subdomains are
defined by analyzing the Pax6 immunoreactivity pattern and the
expression pattern of the following genes: ScTbr1, ScNeurog2,
ScLhx9, ScLhx5, ScNkx2.1, ScNkx2.8.

ScOtp Expression
An overview of the expression of ScOtp in the hypothalamus of
S. canicula from early to late stages of development has been
previously reported (Santos-Durán et al., 2015). In the alar plate
ScOtp is mainly expressed in the Pa territory, and therefore it is
helpful in recognizing this histogenetic domain. To deepen in the
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FIGURE 1 | Regionalization of the alar hypothalamus and neighbor territories in embryos of Scyliorhinus canicula at stages 29–31 based on the
expression of ScOtp (A–D) and ScDlx2/5 (E–J) expression by means of single in situ hybridization (ISH) (A–J) and/or combined with immunohistochemistry (J) on
sagittal (A,D,E,H–J) or transverse (B,C,F,G) sections. Continuous red line: ABB. Dashed red line: IHB. Gray line: HTB. Continuous black line divides dorso-ventral
division of the alar hypothalamus into Pa (dorsal) and SPa (ventral) territories. Dashed black line represents subdivisions inside the SPa into SPa dorsal (SPaD) and
ventral (SPaV). Asterisk point the PThE (ap3). (A–D) ScOtp expression in the Pa at indicated stages. ScOtp labeling (yellow arrowheads) in the SPa corresponds to
marginal cells. Black arrowheads point to ScOtp-expressing cells in the subpallium. Red arrowheads point to ScOtp-expressing cells in the pallium. Blue arrowheads
point to marginal ScOtp-expressing cells in the Pa. Yellow arrowheads point to ScOtp-expressing cells ventral to the Pa. (A0 ) Detail of a region equivalent to that
squared area in (A) to show ScOtp-expressing cells ventral to the Pa rostrally. (E–J) ScDlx2/5 expression in the subpallium, SPa and ap3 at indicated stages. Red
arrowhead points to the lack of expression in the pallium. White arrowheads point to ScDlx2-expressing (F0 ) cells in the marginal zone of the Pa. Green arrowhead in
(G) points to ScDlx2/5 expression in the RTu. (J) Detail of a region equivalent to that squared in (I). Arrows point to 5-HT-ir tracts coursing in the marginal Pa and
SPa. For abbreviations, see list.

from the optic stalk to the pallium that contains the territory of
the Pa compartment and the adjacent diencephalic region that
corresponds to the prethalamic eminence (PThE), the dorsalmost part of the alar prosomere 3 (asterisk in Figure 1E; see also
Santos-Durán et al., 2015). On transverse sections, the expression
of ScDlx2/5 in the SPa compartment can be recognized ventrally

Frontiers in Neuroanatomy | www.frontiersin.org

to the optic stalk (Figure 1F). Interestingly, in the subpallium,
ScDlx2/5 expression occupies the whole ventricular wall while
in the SPa domain it does not (Figures 1F,G). In the PSPa
compartment, the expression of ScDlx2/5 expands ventrally
into domains of the basal hypothalamus (green arrowhead in
Figure 1G) although the extent of the ventricular expression
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Figures 2D–G with Figures 1A–C) and abuts the ScDlx2/5expressing TSPa/PSPa domain (compare Figures 2D–G with
Figures 1E–G). At odds with ScOtp, ScNeurog2-expressing cells
are not observed in the marginal zones of the TPa/PPa domain
or surrounding territories. This basic pattern is maintained until
stage 30. At stage 31, ScNeurog2 is downregulated in the alar
hypothalamus although it is maintained in the pallium (not
shown).

differs between both territories. The ventricular expression of
ScDlx2/5 between the SPa domain and rostral diencephalon also
differs (data not shown).
Noteworthy, from stage 29 onward, ScDlx2- but not ScDlx5expressing cells are observed in the marginal zone of the TPa
domain (white arrowheads in Figure 1F0 ), which is negative for
ScDlx5 expression. These cells form a continuous string with the
positive ScDlx2/5 domain in the subpallium.
This pattern is maintained until stage 31 (compare
Figures 1H,E). At this stage, marginal ScDlx2-expressing
cells form a continuous stripe between the subpallium and the
TSPa domain (white arrowheads in Figure 1I). In parasagittal
sections, 5-HT-immunoreactive (ir) fibers can be recognized
ascending to the telencephalon through the alar peduncular
hypothalamus (Figure 1J; Carrera et al., 2008). From this
stage onward, ScDlx2/5 expression is recognizable in the
subventricular zone of the SPa (data not shown). At stage 32,
ScDlx2/5 expression is maintained both in the alar and basal
hypothalamus (data not shown).

Pax6 Immunoreactivity
In the shark, the basic segmental organization of the forebrain
was examined from mid-gestation to late stages of development
based on Pax6 immunoreactivity by Ferreiro-Galve et al.
(2008). Besides, ScPax6 expression, which matched Pax6
immunoreactivity, was analyzed in the whole brain from early
to late stages of development by Ferreiro-Galve (2010). However,
none of these studies was undertaken using the updated
prosomeric model (in fact, the alar hypothalamus as such was
not considered in those studies). Here, we revisited these data in
the context of the updated prosomeric model from stage 28 until
stage 32.
At stage 28, Pax6 immunoreactivity is observed in the
ventricular zone of a domain continuous between the alar
hypothalamus and both the telencephalic pallium (Figures 2H–J)
and the rostral diencephalon including the PThE (data
not shown). Pax6 immunoreaction rather contrasts with the
ScDlx2/5-expressing TSPa/PSPa domain (compare Figure 2H
with Figure 1E), though some overlapping exists between both
developmental genes at ventricular levels in the dorsal and ventral
part of this domain (see black arrows in Figures 2I,J). Besides,
Pax6-ir cells are observed in the marginal zone of a restricted area
of the PSPa domain (black arrowheads in Figures 2H,J).
From stage 30 onward, marginal Pax6-ir cells are abundant
throughout the diencephalon, including the basal plate,
tegmental areas (Figure 2K; see also Ferreiro-Galve et al., 2008),
as well as in the peduncular alar and basal hypothalamus; in
contrast, they are largely absent at the terminal hypothalamus,
thus emphasizing the IHB (Figure 2K; see also IHB in Figure 6B
in Santos-Durán et al., 2015).
This basic pattern is maintained until late stages of
development but Pax6 immunoreactivity is intense in cells
that populate the mantle zone of alar and basal plates in
the prosencephalon. As previously reported, they are especially
abundant in the PPa area, rostral diencephalon and pallium
(Ferreiro-Galve et al., 2008; Rodríguez-Moldes, 2009; QuintanaUrzainqui et al., 2015).

ScTbr1 Expression
ScTbr1 expression was described at stage 25 in Santos-Durán
et al. (2015), revealing that, though ScTbr1 is not expressed in
any region of the alar hypothalamus of S. canicula at such stage,
it is a useful gene to define its boundaries. Here, we examine the
detailed expression of ScTbr1 from stage 29 to 32 in order to know
if such usefulness remains throughout development.
At stage 29, ScTbr1 continues to be expressed in the pallium
and the adjacent territory of the rostral alar diencephalon,
the PThE (Figures 2A–C; see also Figure 6B in Santos-Durán
et al., 2015). Such expression abuts the dorsal and caudal
border of the PPa area but not the TPa domain (Figures 2A–C;
also compare red arrowheads in Figures 2A,C and 1A,C). Its
expression is roughly complementary to that of ScDlx2/5 in
the telencephalon and rostral diencephalon (Figure 2A0 ; also
compare Figures 2A,C with 1E,G; see also Figure 6B in SantosDurán et al., 2015). Note that the expression of both genes, in
turn, is complementary to the ventricular domains of ScOtp in
the TPa/PPa area (Figure 2A0 ; also compare Figures 2A, 1E,
with 1A). Together, the distinct but complementary expression
of ScTbr1, ScDlx2/5, and ScOtp domains allow to define the
whole alar plate of the secondary prosencephalon and rostral
diencephalon, consistently with the prosomeric model.
From stage 31 this pattern is maintained in the alar
hypothalamus, and the changes observed in the telencephalon
were already reported (see Quintana-Urzainqui et al., 2015).

ScLhx9 Expression
ScNeurog2 Expression

ScLhx9 expression has been previously reported in the mesoisthmo-cerebellar region of S. canicula from stage 25 to stage 27
(Pose-Méndez et al., 2015) and in the pallium (medial, ventral)
of embryos from stage 31 onward (Quintana-Urzainqui et al.,
2015). Here, we report that at early stages (25–28), ScLhx9 is also
expressed in restricted domains of the secondary prosencephalon
and rostral diencephalon. From stage 29 onward, ScLhx9 is also
expressed in restricted domains of the secondary prosencephalon
and rostral diencephalon, i.e., it is expressed dorsal, ventral and

At stage 29, ScNeurog2 is expressed in restricted domains of
the alar and basal plates of the prosencephalon and rostral
diencephalon (Figures 2D–G). In the alar plate, ScNeurog2 is
expressed in the ventricular zone of the hypothalamus (TPa/PPa
domains; Figures 2D–G), as well as in the pallium and the PThE.
ScNeurog2 is less intensely expressed in the TPa than in the
PPa (compare Figures 2F,G). ScNeurog2 expression matches the
ventricular domains of ScOtp in the TPa/PPa domain (compare
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FIGURE 2 | Regionalization of the alar hypothalamus and neighbor territories in embryos of S. canicula at stages 28–31 based on the expression of
ScTbr1 (A–C), ScDlx2/5 (A0 ) ScNeurog2 (D–G) and Pax6 immunoreactivity (H–K) by means of single ISH on sections (A–G) and single immunoenzyme staining
(H–J) or immunofluorescence (K) on sagittal (A,D,E,H,K) or transverse (B,C,F,G,I,J) sections. (A–C) ScTbr1 expression in the pallium and PThE (asterisk). Red
arrowhead points to rostral-most expression in the pallium. (A0 ) Image results from the overlapping of two parallel sections hybridized with ScTbr1 and ScDlx2/5
probes, respectively. Color for ScTbr1 was digitally converted to pink to ease comparison. The complementary expression of ScTbr1 and ScDlx2/5 defines the Pa
domain. (D–G) ScNeurog2 expression in the Pa and pallium. Note that Figures (D,E) present artifacts corresponding to broken tissue. Red arrowhead points to the
rostral-most pallium lacking ScNeurog2. (H–K) Pax6 immunoreactivity at indicated stages. Red arrowhead points to marginal Pax6 immunoreactivity at the
rostral-most pallium. Black and white arrowheads point to marginal Pax6-ir cells in the peduncular SPa (PSPa) and PBHy. Arrows point to Pax6 immunoreactivity
dorsal and ventral to the Pa. Note that the stream of Pax6-ir cells in (K) closely follows the IHB. For other labels, see legend in Figure 1. For abbreviations, see list.

This basic pattern is maintained until late stages of
development (Figure 3E) with minor modifications concerning
marginal ScLhx9-expressing cells in the pallium (see also
Quintana-Urzainqui et al., 2015).

caudal to the alar hypothalamus but not in it, as can be seen in
sagittal (Figures 3A–C0 ,E) and transverse sections through the
hypothalamus (Figure 3D). These territories include ventricular
and/or ScLhx9-expressing marginal cells in restricted areas of the
pallium and rostral diencephalon (Figure 3A), subpallium and
basal hypothalamus (Figure 3B).
In the alar plate, ScLhx9-expressing cells are only observed in
the marginal zone of the pallium and the rostral diencephalon
(compare Figures 3A,D). In the basal hypothalamus, ScLhx9 is
expressed in a restricted longitudinal and dorsal domain that
abuts the PSPa domain (black arrowheads in Figures 3A,B,D).
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ScLhx5 Expression
At stage 29, the earliest we have studied, ScLhx5 is
expressed in many different restricted domains of the
alar and basal plates of the prosencephalon including
pallium, subpallium, alar and basal hypothalamus and
rostral diencephalon, as observed in sagittal (Figures 3F,G)
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FIGURE 3 | Regionalization of the alar hypothalamus and/or neighbor territories in embryos of S. canicula at stages 29–31 based on the expression
of ScLhx9 (A–E), and ScLhx5 (F–J) on sagittal (A–C0 ,E–G,J) or transverse (D,H,I) sections. Some of them were double labeled for immunohistochemistry against
Shh (E,G,H–J). (A–E) ScLhx9 expression in the limits of the alar hypothalamus, pallium, PThE (asterisk) and basal hypothalamus, at indicated stages. Black
arrowhead points to ScLhx9 expression in the basal hypothalamus just ventral to the SPa. Red arrowhead points to ScLhx9-expressing cells in the pallium.
(C) Section medial to (B). (C0 ) Detail of the squared region in (C) showing absence of ScLhx9 expression from the rostral-most alar hypothalamus. (F–J)
ScLhx5-expression in different regions of the prosencephalon including the alar hypothalamus. (I) Red arrowhead points to ScLhx5-expressing cells in the pallium.
(J0 ) Sagittal section lateral to (J). Black arrowhead points to a string of ScLhx5-expressing cells extending along the alar hypothalamus (PPa) and ap3. For other
labels, see legend Figure 1. For abbreviations, see list.

expression in Figure 2C). From this stage onward,
ScLhx5 is also expressed in the rostral diencephalon
(Figure 3G).
At stage 31 (Figures 3J,J0 ), ScLhx5 is expressed in the
subventricular zone and mantle of the Pa domain. Of note, it
is more extensively expressed in the TPa territory than in the
PPa. However in the PPa territory, a noticeable string of cells

and transverse (Figures 3H,I) sections through the
hypothalamus.
In the alar plate of stage 29 and 30 specimens,
ScLhx5-expressing cells are observed in the marginal
zone of pallial territories dorsal to the PPa, similar to
ScLhx9 pattern (red arrowhead in Figure 3I; compare
with ScLhx9 in Figure 3D and also with ScTbr1
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intense domain corresponds to the dorsal-most Tu/RTu area
or subliminal basal area (Figures 4D,E). Furthermore, Shh
immunoreactivity abuts the ventral portion of ScNkx2.8 but not
the ABB (Figures 4D–D00 ), at least at ventricular levels.
The mentioned pattern is maintained at later stages of
development. However, the expression in the forebrain becomes
downregulated (although still recognizable) from stage 31
onward (data not shown).

continuous with that of the rostral diencephalon is observed
(black arrowhead in Figure 3J0 ). At stage 32, intense ScLhx5
signal was observed only in the telencephalon while it decreases
in the hypothalamus (data not shown).

ScNkx2.1 Expression
ScNkx2.1 expression and its comparison with that of Shh were
previously reported from early stages of development up to stage
29 in Santos-Durán et al. (2015). Though both genes are not
observed in the alar hypothalamus, they are useful to determine
boundaries with neighbor territories of the basal hypothalamus
and/or the subpallium. Here, we have additionally analyzed the
expression of ScNkx2.1 from stage 29 to 32 to further characterize
the ABB later in development and the possible dorso-ventral and
rostro-caudal subdomains of the alar hypothalamus, mainly by
the analysis of transverse sections through the hypothalamus.
With the same aim, we have comparatively analyzed ScNkx2.1
expression and Shh immunoreactivity at stage 29.
At stage 29, ScNkx2.1 is expressed ventral to the optic stalk
through the basal hypothalamus except in the RM compartment
(not shown), forming a sharp limit with the ABB (see continuous
red line in Figures 4A–C; see also Santos-Durán et al., 2015).
Furthermore, ScNkx2.1 and Shh immunoreactivity co-distribute
in the Tu region (Figures 4B,C), though Shh immunoreactivity
does not match the dorsal border of ScNkx2.1 expression.
Notably, the dorsal border of ScNkx2.1 appears to abut the
ventral border of ScDlx2/5 in the TSPa/PSPa area (Figure 4C0 ).
Dorsal to the alar hypothalamus, ScNkx2.1 expression and Shh
immunoreactivity also co-distribute in the preoptic subpallium
(data not shown; see Quintana-Urzainqui et al., 2012, 2015).
Both genes abut the dorsal limit of the alar hypothalamus
(Figures 4A,B).
This basic pattern is maintained until late stages of
development.

DISCUSSION
We have identified terminal (rostral) and peduncular
(caudal) subdivisions in the prosomeric paraventricular
and subparaventricular areas by analyzing the expression pattern
of various developmental genes (ScOtp, ScDlx2/5, ScTbr1,
ScNkx2.1, ScNeurog2, ScLhx9, ScLhx5, and ScNkx2.8) and
immunoreactivity against molecular markers such as Pax6, 5-HT
and DCX. While we are aware that those molecular markers do
not define per se histological domains, their expressions have
been described in homologous regions in different species, and
then, they have been largely shown to be useful in the attempt
of recognizing particular domains. However, the functional role
of many of the genes considered and the biological significance
of their expressions are not always deeply understood and
thus we cannot discard that their expression dynamics in late
embryos could not account for different subdomains but rather
for functions unrelated to patterning.

Alar-Basal Boundary
The ABB is an important landmark continuously defined in the
prosomeric model (Puelles and Rubenstein, 1993, 2003, 2015;
Puelles et al., 2012). In mice, this linear forebrain boundary is
defined between the early Pax6-positive alar plate and the Shhand Nkx2.1-positive basal plate (Puelles et al., 2012). Therefore,
it is a virtual or lineal boundary located between the plasma
membrane of cells located in alar and basal plates. Moreover, it is
well-known that the gene Nkx2.2 (and other genes co-expressing
with it such as Nkx2.9, Ptc and Gsx) overlap over this boundary
being expressed in restricted domains within alar and basal plates
(Puelles et al., 2012).
Although, in a previous work we defined the shark ABB
mainly based on the expression of ScShh (Santos-Durán et al.,
2015), our present data made us to reconsider this boundary
since we found that ScDlx2/5 and ScNkx2.1 were the unique
pairs of alar-basal markers that abut at a certain point
(Figures 5A,B). Moreover, as described for Nkx2.2 in other
vertebrates, we found that ScNkx2.8 overlap the virtual line
defined by ScDlx2/5 and ScNkx2.1 (Figures 5A,B). Furthermore,
in the alar plate, ScNkx2.8 abuts Pax6 immunoreactivity dorsally
and co-distributes with ScDlx2/5 (Figure 5B) while in the
basal plate, ScNkx2.8 co-distributes with ScNkx2.1 and abuts
Shh immunoreactivity ventrally (Figure 5B), invalidating our
previous definition. Therefore, we think that in the shark the
abutted expression of ScDlx2/5-ScNkx2.1, which can also be
followed by the expression of ScNkx2.8 in a band overlapping this
linear boundary, represents best the ABB.

ScNkx2.8 Expression
The expression of Nkx2.8 ortholog has not been described
during brain development of other vertebrates. However, its
expression pattern fairly coincides with that of other genes
overlapping over the ABB such as Nkx2.2 or Nkx2.9 (Puelles et al.,
2012). To characterize ScNkx2.8 expression here we analyzed
the expression patterns of ScNkx2.8 through development
and, particularly, its expression at stage 25 combined with
anti-doublecortin (DCX) immunohistochemistry to identify
pioneering tracts.
The expression of ScNkx2.8 was analyzed from stage 18
until midgestation of development in supplemental material (see
Supplementary Figure S2). From stage 28 onward, two dorsoventrally arranged subdomains can be differentiated throughout
the longitudinal expression of ScNkx2.8, the dorsal subdomain
being more intense than the ventral one (see continuous red
line in Figures 4D,E). ScNkx2.8 expression is observed ventral
to the optic stalk (Figures 4D,E), overlapping the territory
where the basal expression of ScNkx2.1 appears to abut the
alar expression of ScDlx2/5 (see Figure 4C0 ). The dorsal intense
domain is expressed in the ventral-most TSPa/PSPa domain
or supraliminal alar area (Figures 4D,E). The ventral less
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FIGURE 4 | Regionalization of the alar hypothalamus and neighbor territories in embryos of S. canicula at stages 29–30 based on the expression of
ScNkx2.1 (A–C,D0 0 ) and ScNkx2.8 (D,E) on sagittal (A) and transverse (B,E) sections. Some sections were labeled (D0 ) or double labeled for immunohistochemistry
against Shh (B–D0 ). (C0 ) Detail of the squared regions in Figure (C). It results from the overlapping of two parallel sections hybridized with ScDlx2/5andScNkx2.1
probes, respectively. Color for ScDlx2/5 and ScNkx2.1 was digitally converted to brown and purple to ease comparison. (A–C) ScNkx2.1 expression at indicated
stages. (D,E) ScNkx2.8 expression at indicated stages. Note that Shh immunoreactivity does not reach the ABB (D0 ,D0 0 ). For other labels, see legend Figure 1. For
abbreviations, see list.

Although more evidences coming from studies in other
vertebrates are needed, the following observations in shark
support that the Nkx2.8 ortholog is likely expressed over the
ABB: (i) ScNkx2.8 expression closely resembles the pattern of
Nkx2.2 in other vertebrates over the ABB (Barth and Wilson,
1995; Sugahara et al., 2011; Puelles et al., 2012; Ware et al.,
2014; Domínguez et al., 2015), (ii) it co-distributes with the
course of the tract of the postoptic commisure (TPOC), which
is also assumed to overlap the ABB (see Supplementary Figures
S1D,D0 ; Barth and Wilson, 1995; Shimamura et al., 1995; Puelles
et al., 2012; Ware et al., 2014); (iii) it is expressed partly in the
alar plate and partly in the basal plate, as shown by Nkx2.2
in the mouse (see Figures 4D,E; see also Puelles et al., 2012;
Ware et al., 2014; Puelles and Rubenstein, 2015); and (iv) its
expression is induced by the Shh pathway (see Supplementary
Figures S2A,B) as other paralogs of Nkx family in the forebrain
(see Santos-Durán et al., 2015).

Frontiers in Neuroanatomy | www.frontiersin.org

Prosomeric Compartments and
Subcompartments of the Alar
Hypothalamus
Based on the alar complementary expression of ScOtp
and ScDlx2/5, we have previously identified the shark alar
hypothalamus harboring a Pa and SPa domains and tentatively
defined its rostro-caudal subdivision by the course of the
medial forebrain bundle (mfb) through the rostral border of
hp1, just caudal to the optic stalk (Santos-Durán et al., 2015).
However, we did not find molecular evidence for further
rostro-caudal or dorso-ventral subdivisions. Here, we deepen
in the genoarchitectonic profile of the shark alar hypothalamus
providing molecular insights of their dorso-ventral and
rostro-caudal subdivisions, and further analyzing histogenetic
implications of the genes expressed. Noteworthy, in the stages
considered, the developmental control genes here studied did
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2011, 2014; Puelles et al., 2012; Ferrán et al., 2015; Puelles and
Rubenstein, 2015). Moreover, the course of ascending tracts
to the telencephalon through the rostral-most portion of the
peduncular hypothalamus supports the existence of rostro-caudal
subdivisions (Puelles et al., 2012; Puelles and Rubenstein, 2015).
We have previously characterized the shark Pa domain
by the expression of ScOtp and we distinguished its rostrocaudal subdivisions by the course of the mfb caudal to the
rostral border of hp1 (Santos-Durán et al., 2015). Here we
show that in this domain, similarly to what was reported
in mice and other tetrapods (Stoykova et al., 1996; Medina,
2008; Abellán et al., 2010; Osório et al., 2010; Puelles et al.,
2012; Domínguez et al., 2013, 2015), ScOtp co-distributes with
Pax6, ScNeurog2 and ScLhx5 (see Figures 5A,B). We have not
found evidences supporting dorso-ventral subdivision. Terminalpeduncular subdomains can be sketched by the restricted
expression of ScLhx5, but not based on Tbr1-expressing cells,
as in mice (Figure 6A; Puelles et al., 2012; Ferrán et al., 2015),
neither on Nkx2.2 expression, as suggested in other vertebrates
(Domínguez et al., 2015). In the shark, from stage 30 onward,
ScLhx5 seems to be more abundantly expressed in the TPa than in
the PPa (Figure 6B). It forms an evident border (see Figures 3J,J0 ;
see also Figure 6B) located rostrally with respect to the 5-HT-ir
tracts that course along the mfb (compare Figures 3J,J0 with 1J) in
hp1. These facts support the existence of molecular rostro-caudal
differences in the Pa territory (Figure 6B; see also Figure 6B in
Santos-Durán et al., 2015; see also Puelles et al., 2012) but also
of the IHB as suggested by the prosomeric model. These data
also evidence a striking high degree of conservation between the
expression patterns found in chondrichthyans and mammals.

FIGURE 5 | Schematic representation of various gene expressions in
the telencephalon, hypothalamus and rostral diencephalon of
S. canicula at stage 29. (A) Domains and subdomains defined by ScDlx2/5,
ScOtp, ScLhx9, ScNeurog2, ScTbr1, and ScNkx2.1 expression patterns.
Some of these genes define subdivisions in the pallium. (B) Domains and
subdomains defined by ScDlx2/5, ScOtp, ScLhx9, ScLhx5, Pax6
immunoreactivity, Shh immunoreactivity and ScNkx2.8 expression.
Continuous red line represents ABB. Discontinuous black line represents IHB.
Dotted line limits acroterminal region. Domains: (1) Subpallium, (2) Pallium, (3)
Pa, (4) SPa, (5) PThE, (6) Alar p3, (7) Basal hypothalamus, (8)
Pallium-Subpallium boundary, (9) SPaD, (10) SPaV (or supraliminal), (11)
SIBHy (or subliminal). For abbreviations, see list.

SPa: Further Prosomeric Subdivisions
The updated prosomeric model defined the SPa as a domain
characterized by the expression of Dlx2/5 adjacent to the ABB
(Morales-Delgado et al., 2011; Puelles et al., 2012; Puelles and
Rubenstein, 2015). Gene markers like Lhx1, Nkx2.1 or Nkx2.2,
among others are co-expressed with Dlx2/5 in this territory
(Shimogori et al., 2010; Puelles et al., 2012; Ferrán et al., 2015).
As for the Pa, restricted expression patterns and other evidences
suggest that the SPa has a rostro-caudal (terminal TSPa and
peduncular PSP) and a dorso-ventral (dorsal SPa [SPaD] and
ventral SPa [SPaV] or supraliminal) regionalization (MoralesDelgado et al., 2011; Puelles et al., 2012; Díaz et al., 2015; see also
Figure 5B).
In the shark, we have previously identified the SPa domain by
the expression of ScDlx2/5, the lack of ScOtp, and characterized
its rostro-caudal subdivisions by the course of the mfb caudal
to the rostral border of hp1 (Santos-Durán et al., 2015). Our
present results reveal that Pax6, ScNkx2.8 and ScOtp co-distribute
with ScDlx2/5 in the SPa (Figure 6B). However, these makers are
not expressed homogenously through this area, which lead us to
recognize four microzones as predicted by the prosomeric model
(Morales-Delgado et al., 2011; Puelles et al., 2012; Puelles and
Rubenstein, 2015).
A SPaD can be defined by the co-distribution of ScDlx2/5
and Pax6, the latter extending ventralward beyond Pa into SPaD
(see continuous and dashed black lines in Figures 1F,G and

not reveal further details of the acroterminal territory although
the updated prosomeric model (Puelles et al., 2012; Ferrán et al.,
2015) proposes that the optic stalk and the optic chiasm belong
to acroterminal subdivisions of the Pa and SPa, respectively.

Pa: Genoarchitectonic Profile and Further
Subdivisions
The updated prosomeric model defined the Pa as a domain
characterized by the expression of Otp and the lack of Dlx2/5
(Morales-Delgado et al., 2011; Puelles et al., 2012; Puelles
and Rubenstein, 2015). In this territory, Otp expression codistributes with that of Pax6, Neurog2, Lhx5 or Tbr1 genes
(Stoykova et al., 1996; Medina, 2008; Abellán et al., 2010; Osório
et al., 2010; Puelles et al., 2012; Ferrán et al., 2015) among
others. Restricted expression patterns and certain progenitor
subdomains led the authors of the model to divide the Pa
into terminal or peduncular (Figure 6A; TPa, PPa; respectively)
and different dorso-ventral subdomains (Morales-Delgado et al.,
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FIGURE 6 | Schematic representation of various gene expression patterns in the telencephalon, hypothalamus and rostral diencephalon of (A)
developing mouse adapted from Puelles et al. (2012); (B) S. canicula at stage 31; (C) lamprey adapted from Martínez-de-la-Torre et al. (2011). Domains and
subdomains defined by Otp, Dlx2, Pax6, Neurog2, Lhx9, Lhx5, Tbr1, Nkx2.8, Nkx2.2, Shh, Hh, and Nkx2.1 orthologs. Continuous red line represents ABB.
Discontinuous black line represents IHB. Dotted line limits acroterminal region. For abbreviations, see list.

SPaV compartment (compare Figures 6A,B). Moreover, a rostrocaudal regionalization based on the differential distribution of
presumed tangentially migrated cells is consistent with the model
proposal of terminal (TSPa) and peduncular (PSPa) subdomains
by the intersection of dorso-ventral and rostro-caudal differences
(TSPaD and TSPaV; PSPaD, and PSPaV, respectively; see below).

2I,J, respectively; see also Figure 6B). In this subdomain, Pax6
immunoreactivity is not detected through the whole ventricular
surface and characteristically shows a weak labeling (see black
arrow in Figures 2I,J; see also Figure 6B), which appears to be
common in regions where Pax6 and Dlx co-distribute (like the
pallium-subpallium boundary; see below). Moreover, a SPaV (or
supraliminal) territory can be defined in shark by the ventricular
co-distribution of ScDlx2/5 and ScNkx2.8 (compare Figures 1F,G
with 4H,I; see also Figures 5B and 6B). As discussed above,
ScNkx2.8 overlaps the ABB, being expressed in the alar and
basal plates. So it abuts Pax6 immunoreactivity dorsally (compare
Figures 4H,I with 2I,J; see also Figures 5B and 6B) and Shh
immunoreactivity ventrally in the rostral basal hypothalamus
(Figures 4D,D0 ; see also Figures 5B and 6B). Taking these
data together, the dorso-ventral compartmentalization in the
shark SPa territory seems evident, but slight differences with
respect to that described in mammals are noted, especially in the
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Tangential Migrations Involving the SPa and Basal
Hypothalamus
In the mouse, tangential migrations involving the hypothalamus
as source and/or recipient territory have been characterized
by means of immunohistochemistry, autoradiography and ISH
techniques (Morales-Delgado et al., 2011; Puelles et al., 2012;
Morales-Delgado et al., 2014; Croizier et al., 2015; Díaz et al.,
2015). The study of some of these intra-hypothalamic migrations
led to the identification of three dorso-ventral progenitor
subdomains (with their respective rostro-caudal subdivisions) in
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although using a different terminology). Notably, similar cells
have been found in the mouse addressed to the “posterior
entopeduncular area” which parsimoniously fit with the updated
hp1 prosomere (see Figures 6A,B) (Stoykova et al., 1996; Puelles
et al., 2012). From stage 30 onward these cells spread into
the hypothalamic basal plate (white arrowheads in Figure 2K)
forming a striking stream that closely abuts the IHB recognized
in Santos-Durán et al., 2015). Besides, these cells apparently
reach the MM/RM border, and thus, the hp2/hp1 limit (Puelles
et al., 2012; Santos-Durán et al., 2015), which again fits with
the model. Thus we interpret that these Pax6-ir cells are
caudal to the IHB likely accompanying tracts coursing by the
rostral border of hp1 (of note, the updated model provided
an explanatory framework for this observation). In fact, Pax6
expression has been involved in the correct pathfinding of
different tract systems through the prosencephalon by means
of both, indirect and local mechanisms, which supports this
idea (Mastick et al., 1997; Vitalis et al., 2000; Jones et al.,
2002; Prestoz et al., 2012). Taking together these observations,
we interpret that TSPa can be differentiated from PSPa
based on these cells both in the mouse and the shark (see
Figure 6B; see also Stoykova et al., 1996; Puelles et al.,
2012).
Finally, we also have observed a group of ScDlx2-expressing
cells continuous with the subpallium in the marginal zone of
the TPa region (arrows Figure 1F0 ). As discussed above, since
Dlx and Otp expression are the result of different developmental
processes we interpret that these cells migrate tangentially. Of
note, at later stages and in an equivalent position, ScDlx2expressing cells form a continuous string between the ScDlx2/5
expressing subpallium and the TSPa domain suggesting the
existence of a telencephalic-hypothalamic stream (arrowheads in
Figure 1I; see Figure 6B). Interestingly, Tripodi et al. (2004)
and Shimogori et al. (2010) respectively detected COUP-TFexpressing and Foxg1-expressing cells likely emanating from
the ventral telencephalon into the anterior hypothalamus.
Furthermore, one of the migrating streams described by
Tripodi et al. (2004) seems to course from the subpallium
to the suprachiasmatic region (equivalent to the SPa) through
the marginal anterior hypothalamus (equivalent to the Pa)
resembling what we observed in the shark (see their Figure 6B).
Thus, the existence of a tangential telencephalic-hypothalamic
stream could be conserved among vertebrates similarly to other
migrations that have been recently identified in the telencephalon
of the shark (Quintana-Urzainqui et al., 2015).

the Pa of the mouse (Morales-Delgado et al., 2011, 2014; Puelles
et al., 2012). Furthermore, tangentially migrated cells derived
from the Pa have been also described as contributing to extrahypothalamic territories such as the amygdala (García-Moreno
et al., 2010).
Although further studies using cell-tracking/tracing
techniques should be needed to confirm it, in the present
study we have identified putative pathways of tangential
migrations based on the spatio-temporal patterns of different
genes widely used to identify tangentially migrating neurons,
including cells expressing ScDlx2, ScOtp and cells showing Pax6
immunoreactivity. Although, these cells seem to involve the
hypothalamus as source or recipient territories, here, we consider
those restricted inside the hypothalamic territory leading us to
further characterize the SPa but not the Pa domain. Because the
specification process that leads to the expression of these genes
is different from those of the recipient territories, we interpret
that these cells in fact could have migrated tangentially as also
suggested by Morales-Delgado et al. (2011) in mouse.
In the Pa territory, ScOtp expression is continuous with
ScOtp-expressing cells that spread into the marginal zone of the
SPaD region (see yellow arrowheads in Figures 1A0 ,C,D; see
also Figure 6B) excepting at the rostral-most portion of the
TSPa region (see Figure 1B) a fact compatible with the idea of
acroterminal subdivisions (Ferrán et al., 2015). However, by late
stage 29 ScOtp-expressing cells are observed in the subventricular
zone of the ScDlx2/5-positive SPaD/SPaV domain (data not
shown). Taking into account their spatio-temporal distribution,
as argued above, we consider that such Otp-expressing cells may
have migrated tangentially from the Pa to the SPa territories.
Similar Otp-positive cells have been also observed in the Spa
region of the mouse (Bardet et al., 2008; Morales-Delgado et al.,
2011). Moreover, Otp has been involved in the development of
the catecholaminergic phenotype in the zebrafish hypothalamus
(Del Giacco et al., 2006, 2008; Blechman et al., 2007; Ryu et al.,
2007), suggesting a correlation among ScOtp-expressing cells and
TH-ir cells in the GAD-ir SPa area of the shark (see Figure 1A in
Ferreiro-Galve et al., 2008; note that the alar hypothalamus is not
described in prosomeric terms).
Furthermore, a rostro-caudal regionalization in the SPa
domain can be distinguished based on cells showing Pax6
immunoreactivity presumed to be tangentially migrated cells.
These cells are observed in the mantle zone of Pax6and ScDlx2/5-positive domains in the PSPaD territory (black
arrowheads in Figures 2H,J; compare with Figures 1F,G; see also
Figure 6B). Similar Pax6-positive cells can be observed at the
pallial-subpallial boundary, in the mantle of the dorsal lateral
ganglionic eminence (LGE) and other Dlx territories pointing
that the presence of Pax6-ir cells in the mantle is common in
regions where Pax6 and Dlx co-distribute (Puelles et al., 2000;
Flames et al., 2007; Ferreiro-Galve et al., 2008; Medina et al.,
2011; Quintana-Urzainqui et al., 2015). Although at stage 28,
these cells seem to occupy both the PSPaD and the PSPaV
territories (Figure 2J) they are only observed caudal to the
TSPa domain forming a continuous stream with diencephalic
marginal Pax6-ir cells (black arrowheads in Figures 2H,J;
agreeing with previous descriptions in Ferreiro-Galve (2010)
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Alternative Interpretations of the Alar Hypothalamus
In a previous work, we defined the HTB based on the
complementary expression of ScOtp and ScFoxg1a and the HDB
based on the complementary expression of ScOtp and ScTbr1
(see Santos-Durán et al., 2015). Here, we show that additional
developmental control genes can also define these borders. The
abutted expression of ScOtp in the hypothalamus with ScDlx2/5
in the subpallium and ScTbr1/ScLhx9 in the pallium outlines the
HTB (Figures 5A,B). The HDB can be also sketched based on
the expression of ScOtp in the hypothalamus abutting ScLhx9
or ScLhx5 in the alar p3 (Figures 5A,B). These results further
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general assumptions and further details of the prosomeric model
together with an important part of the data described in mouse
(see above; see also Puelles et al., 2012; Santos-Durán et al.,
2015). These facts support the early acquisition of these traits
in development and evolution, which explain the similarities
observed across vertebrates at a certain level of analysis, being
also the base of the establishment of homologies (Puelles and
Medina, 2002; Nieuwenhuys and Puelles, 2016). Differences are
also observed but they mainly correspond to terminal phenotype
and not the organization (rostro-caudal; ventro-dorsal) of
subcompartments, which could explain local differences in
proliferation and differentiation patterns across organisms,
yielding different morphologies and neuronal subtypes.
To better understand the evolutionary meaning of these
observations, here we have comparatively reviewed our findings
with data described in other vertebrates. A similar analysis was
made by other authors in the context of precedent prosomeric
conceptions (Wullimann et al., 2005; van den Akker et al.,
2008; Osório et al., 2010; Moreno and González, 2011; Moreno
et al., 2012; Domínguez et al., 2013) and a recent work reviewed
data on the anamniote-amniote transition under the updated
paradigm (Domínguez et al., 2015). The analysis of our data in
shark, based on comparing the presence/absence of expression
of certain genes in equivalent topological regions, disagree with
some of their interpretations concerning some acquisitions at the
anamniote-amniote transition. To shed light on this matter, we
have performed a further review of available results in bony fishes
and agnathans to better know the anamniote scenario. We are
aware of the difficulties to carry out such comparison (mainly
because of the scarce number of detailed works specifically
addressing the alar hypothalamus, the misleading hypothalamic
nomenclature found in the literature, or interpretative differences
of the model among authors, to name some).

support the genoarchitectonic subdivisions proposed by the
prosomeric model.
However, an alternative interpretation of these data could
yield different conclusions concerning the HTB, the HDB and
the genoarchitectonic organization of the alar and rostral-most
prosencephalon. Firstly, although the abutted expression of
Foxg1/Otp is assumed to define the HTB, Foxg1 has also been
described beyond the telencephalic stalk (Pratt et al., 2004;
Affaticati et al., 2015; Santos-Durán et al., 2015) questioning
its telencephalon-restricted identity and thus the existence of
the HTB at this place. Besides, in Foxg1 null mutant mice the
ventral, but not the dorsal, telencephalon is lost (Xuan et al.,
1995; Martynoga et al., 2005), which suggests it is required for
the development of the subpallium but maybe not for the whole
telencephalon.
In this line of thought, the continuous ventricular expression
of Pax6 and Neurog2 through the alar hypothalamus, pallium
and rostral diencephalon (Figure 5A; see also Stoykova et al.,
1996; Osório et al., 2010) also questions the expression of Foxg1
defining the HTB and also the HDB. Strikingly, the fact that in
the updated prosomeric model neither the Pa nor the HTB reach
the HDB at the roof plate (see Figure 8.5B in Puelles et al., 2012),
implicitly supports a continuity between hypothalamus, pallium
and rostral diencephalon.
Besides, having taken into account data from mouse lacking
neural Shh (Szabó et al., 2009), the continuous expression
of Lhx5 through the Pa-rostral diencephalon (PThE) and the
continuous lack of Dlx2 through the SPa-rostral diencephalon
(excepting PThE) suggest: (i) a continuum between the alar
hypothalamus and the alar rostral diencephalon; (ii) a dorsoventral organization of this territory into Pax6 (dorsal) and Dlx2
(ventral) domains; and (iii) the lack of the HDB.
Together, these evidences suggest an alternative interpretation
of the alar prosencephalon (up to the zli) organized in a Pax6-ir
domain (Pa, pallium and PThE) separating two Dlx-expressing
domains (subpallium, and SPa besides the remaining rostralmost diencephalon; see Figure 5A) without a HTB and a
HDB. Noteworthy, recently Affaticati et al. (2015) propose the
orr (optic recess region) as a morphogenetic entity including
Dlx2 subdomains dorsal and ventral to Otp expression in the
alar hypothalamus. These Dlx-expresing subdomains likely codistribute with Pax6 as has been described in the palliumsubpallium boundary (Flames et al., 2007; Ferreiro-Galve et al.,
2008) and in the SPaD (present results) pointing to Pax6
as an important factor patterning the alar and rostral-most
prosencephalon. Nevertheless, Pax6 downregulation in the Pa
territory of amphibians (Moreno et al., 2008) contradicts these
observations although it could be an acquired trait since it is
likely expressed in other anamniotes (see below). However, our
unorthodox proposal should be considered as an open question
to be pursued further in future studies.

Vertebrate Pa
The available information about genes expressed in the Pa of
vertebrates as mouse, chick, Xenopus, zebrafish and lamprey
reveals the following scenario: Otp is suggested to be expressed
in the Pa territory of all the vertebrates studied so far, Lhx5 seems
to be expressed only in tetrapods, and Pax6 and Neurog2 seem to
be an amniote acquisition (Frowein et al., 2002; Wullimann et al.,
2005; Joly et al., 2007; Osório et al., 2010; Moreno and González,
2011; Moreno et al., 2012; Domínguez et al., 2013, 2015). Our
present data in a shark representative of basal gnathostomes
support the early acquisition of Otp and also reveal an acquisition
of Neurog2, Pax6 and Lhx5 earlier than previously suggested.
Our data clearly support that the expression of Lhx5 is
present in early gnathostomes besides mammals (Shimogori
et al., 2010), birds (Abellán et al., 2010), and amphibians
(see “rostral supraoptoparaventricular area” in Domínguez
et al., 2013, 2015). Moreover, Lhx5 expression has been also
described in the alar hypothalamus of other fishes (see “preoptic
supraoptoparaventricular area” in Manoli et al., 2014). However,
its expression appears to be already present in agnathans
since Lhx1/5 has been clearly described in the magnocellular
preoptic nucleus of Petromyzon marinus (Osório et al., 2006) and
Lampetra fluviatilis (see Figure 5B in Osorio et al., 2005). Taking

Evo-Devo Considerations Concerning
the Alar Hypothalamus
Our analysis reveals that the data described for the
chondrychthyan model, S. canicula, globally fit with the
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Ngn2. However, as other members of the neurogenin family are
abundantly expressed through larval stage (Guérin et al., 2009),
its expression in the alar hypothalamus must not be disregarded.
Together these facts suggest that the presence of neurogenin in
the Pa territory could be an early acquisition of gnathostomes.

together these observations, we interpret that, likely, Lhx5-like
expression was early acquired in the Pa domain of vertebrates.
Pax6 has been described in the alar hypothalamus of amniotes
(Li et al., 1994; Stoykova and Gruss, 1994; Stoykova et al., 1996;
Puelles et al., 2000; Moreno et al., 2012; Robertshaw et al., 2013
and their supplemental material) but not in Xenopus (Bachy et al.,
2002; Moreno et al., 2008). The expression of Pax6 in shark
(Ferreiro-Galve et al., 2008; present results) supports an early
acquisition in the alar hypothalamus of basal gnathostomes. The
distribution of Pax6 data in zebrafish suggest that its distribution
in the caudal-most preoptic area (Wullimann and Rink, 2001;
Wullimann and Mueller, 2004), likely corresponds to the updated
Pa domain and, similarly, the distribution of cells showing Pax6
immunoreactivity in the trout Salmo trutta fario (unpublished
observations) is compatible with this idea. In lampreys, Pax6 is
likely to be expressed in the Pa domain (Figure 6C) (Murakami
et al., 2001; Derobert et al., 2002; Uchida et al., 2003; Osorio et al.,
2005; Sugahara et al., 2011; Suzuki et al., 2015). Its expression
has not been necessarily described in the alar hypothalamus but
can be recognized by the abutted (dorsal and ventral) expression
of Dlx1/6 (see Murakami et al., 2001). Moreover, the developing
SOT (equivalent to the mfb as suggested by Puelles et al., 2012)
divide the mentioned Pax6 domain in rostral and caudal portions
(see Figures 2B and 4C2,C3 in Suzuki et al., 2015; for more
data concerning the course of this tract in lamprey see BarreiroIglesias et al., 2008), as described for the shark (present results).
Sugahara et al. (2011) also demonstrated that Pax6 expression in
the rostral secondary prosencephalon of Lethenteron japonicum
seems to be regulated by the Shh and Fgf pathways. Noteworthy,
the inhibition of such pathways performed by Sugahara et al.
(2011) yield a Pax6 expression pattern similar to that found
in Lampetra japonica by Murakami et al. (2001) (compare
Figures 5E and 7E in the first, with 7E in the second). Thus, Pax6
seems to be acquired but differentially expressed in lampreys.
Together, all these data point that a Pax6 expressing Pa domain
seems to be present in early vertebrates being an early conserved
trait of vertebrates.
Members of the neurogenin family have been reported in
the forebrain of different vertebrate groups, including lampreys
(Wullimann et al., 2005; Guérin et al., 2009; Nieber et al.,
2009; Osório et al., 2010; Robertshaw et al., 2013). Neurog2
has been described in the pallium, prethalamic eminence and
Pa territory of amniotes (see “supraoptic/paraventricular” and
anterior hypothalamus in Medina et al., 2004; Osório et al., 2010;
see also Puelles et al., 2012). In chick, there are no detailed data
though it has been described in an equivalent region to the Pa
domain during a short developmental window (see Robertshaw
et al., 2013, and their supplemental material). In Xenopus, Ngnr1
(neurogenin related 1), the closest to mammalian Neurog2 (Nieber
et al., 2009; Osório et al., 2010), is not expressed in the Pa domain
(see “preoptic area” in Wullimann et al., 2005; Osório et al., 2010),
a fact likely related to the absence of Pax6 (Medina, 2008; Moreno
et al., 2008, 2009; Domínguez et al., 2013). In zebrafish, only one
member of the neurogenin family (Neurog1) has been identified in
the pallium and prethalamic eminence but not in the Pa territory
(see “preoptic area” in Wullimann and Mueller, 2004; Jeong et al.,
2006; Osório et al., 2010). In agnathans, there are no data about
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Vertebrate SPa
The expression of Dlx, Arx, and Islet genes in the SPa territory of
vertebrates seems to be a common and early acquired trait since
such expression has been documented in all vertebrates studied
so far (Martínez-de-la-Torre et al., 2011; Moreno et al., 2012;
Domínguez et al., 2013, 2015; Herget et al., 2014). Variability
across vertebrate groups involves the co-expression, or not, with
other genes such as Nkx2.2, Shh, and Nkx2.1 in the SPa domain
(Moreno and González, 2011; Moreno et al., 2012; Domínguez
et al., 2013).
In lampreys, Nkx2.1 and Nkx2.2 are likely to co-distribute
with Dlx in the SPa territory while not with Hh (homologs of
Shh) (Myojin et al., 2001; Sugahara et al., 2011; also reviewed
in Moreno and González, 2011; Domínguez et al., 2015). In
zebrafish Nkx2.1, Shh and Nkx2.2 are also likely to co-distribute
without subdividing the SPa domain (Barth and Wilson, 1995;
Rohr et al., 2001; van den Akker et al., 2008; Domínguez et al.,
2013). However, data on zebrafish Nkx2.1 expression must be
taken with care since, recently, the orthologs previously defined
as Nkx2.1a and Nkx2.1b have been renamed as Nkx2.4b and
Nkx2.1 respectively (Manoli et al., 2014).
Furthermore, two subcompartments have also been described
in the Dlx-expressing alar hypothalamus of different tetrapods
based on Nkx2.2, Nkx2.1 and Shh expression (Moreno et al.,
2012; Domínguez et al., 2013, 2015). One subdomain seems to
co-express Nkx2.1, Nkx2.2 and Shh while the other not. From
amphibians to mammals, the domain expressing these genes
seems to be almost reduced in favor of the other (Moreno
et al., 2012; Domínguez et al., 2015). In amphibians and reptiles
these subdomains were defined as rostro-caudal (Domínguez
et al., 2015), however, a dorso-ventral interpretation was made in
other vertebrates. Taking these into account, it can be concluded
that in tetrapods the SPa territory is divided in dorso-ventral
subdomains (SPaD and SPaV) as the updated prosomeric model
proposes (Puelles et al., 2012; Domínguez et al., 2013, 2015). With
all, there seems to be a tendency to the reduction of Nkx2.2 and
Nkx2.1 from the SPa compartment in favor of the formation
and or reduction of dorso-ventral compartments from fishes to
mammals.
Strikingly, the data obtained in the shark apparently contradict
this tendency. On one hand, only ScNkx2.8 expression (likely to
match Nkx2.2 expression in mammals) seems to be expressed
in the SPa compartment while ScNkx2.1 and ScShh/Shh
immunoreactivity seem to be absent, resembling a situation
closer to mammals than to other vertebrate groups. In mammals,
Nkx2.1 seems to be expressed only in mantle cells of the alar
hypothalamus (Shimogori et al., 2010; Puelles et al., 2012) further
supporting this idea. This fact can be explained by the size of the
shark pallium compared with that of other fishes. The balance
among Pax6/Nkx2.1 is believed to regulate the size of alar/basal
compartments (van den Akker et al., 2008; Moreno et al., 2012;
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Puelles et al., 2012; Domínguez et al., 2013). Thus, the expanded
expression of Pax6 in the shark could determine a bigger pallium
over the basal hypothalamus and, consequently, a ScNkx2.1
restriction. Noteworthy, the basal restriction of Nkx2.1 and the
co-distribution of Dlx/Pax6 in a hypothetic SPa compartment
could also be an ancestral trait as claimed by Murakami et al.
(2001).
On the other hand, our data also support the
existence of dorso-ventral subcompartments based on Pax6
immunoreactivity or ScNkx2.8 co-distribution with ScDlx2/5 but
not with ScShh or ScNkx2.1. This fact raises the possibility that
dorso-ventral compartments could also be addressed in fishes.
Moreover, as in shark, a population of Pax6-positive cells
restricted to the PSPa compartment and continuous into the
hypothalamus and the diencephalon has also been described
in mouse (Stoykova et al., 1996). Populations of Pax6-positive
cells have also been described in zebrafish under other
prosomeric conceptions (Wullimann and Rink, 2001; Wullimann
and Mueller, 2004) that could also support a rostro-caudal
regionalization of the SPa territory in bony fishes. Together this
data suggest that the presence of these cells is a conserved trait in
vertebrates.
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FIGURE S1 | Early expression of ScNkx2.8 in whole-mounts and sections.
At stage 18 ScNkx2.8 is expressed in a longitudinal band that spreads caudally
from the rostral-most point of the neural tube without reaching the spinal cord (A).
The expression is more intense in a restricted domain ventrally to the optic stalk
(arrowhead in A). This intense domain closely resembles that of ScNkx2.1 at the
same developmental stage (see Figure 3J in Santos-Durán et al., 2015). This
pattern is fairly maintained at stage 21, but in the rostral prosencephalon,
ScNkx2.8 expands ventrally in the prospective territory of the basal hypothalamus
(B). The expression is extended through the whole basal hypothalamus except in
its caudal and ventral-most portion, a pattern that also closely resembles that of
ScNkx2.1 at early stages of development (see also Figure 4K in Santos-Durán
et al., 2015). At this stage, the expression expands up to the spinal cord (B). At
stage 23 the expression is downregulated in the basal hypothalamus except in a
rostral subdomain (black arrowhead in C). Of note, the expression observed before
in the longitudinal axis is maintained, and is continuous with the rostral subdomain
(C). Besides, ScNkx2.8 expression is slightly downregulated in a restricted territory
rostral to the diencephalon (white arrowhead in C). Noteworthy, ScShh is also
downregulated at this point at the same developmental stage (see Figures 3E,F in
Santos-Durán et al., 2015). At stage 25, the expression of ScNkx2.8 combined
with DCX immunoreactivity reveals a co-distribution of ScNkx2.8-expressing cells
with pioneering tracts as the postoptic commissure tract (TPOC). On transverse
sections this tracts are observed as round dots at the marginal zone of ScNkx2.8
domains (see D and white arrowhead in D0 ). At this point, TPOC has been
observed in S. canicula, which course at the convergence of the alar and basal
plates (see Santos-Durán et al., 2015). For abbreviations, see list.

CONCLUSION
Our present data suggest the existence of molecular rostrocaudal and dorso-ventral subdivisions in the alar hypothalamus
of the shark equivalent to those proposed by the prosomeric
model and observed in the mouse. A detailed comparative
review of data among different vertebrates reveals a striking
degree of conservation for the genes studied here, although
there are minimal differences, which involve the phenotype of
the compartments but not their organization. Concerning the
shark ABB, it may be defined by the alar or basal expression of
ScDlx2/5 or ScNkx2.1, respectively. Besides, ScNkx2.8-expression
overlaps over the ABB as markers like Nkx2.2 does in other
vertebrates. This revisited comparative analysis also supports
that a Pa compartment positive for Otp, Neurog2, Pax6, Lhx5
and a SPa territory positive for Dlx, Nkx2.8/Nkx2.2 were already
present before the agnathan-gnathostome transition.

FIGURE S2 | Loss of ScNkx2.8 early expression following cyclopamine
treatment. Lateral view of the cephalic region of stage 18 catshark embryos
following whole-mount in situ hybridization (ISH) with the ScNkx2.8 probe. Control
(A) and cyclopamine-treated (B) embryos as described in Section “Materials and
Methods.” The number (n) of embryos used is indicated in each case. The signal is
lost in the latter.

AUTHOR CONTRIBUTIONS
GS-D, IR-M, EC designed the study; SM contributed to data
acquisition; GS-D, AM, IQ-U, SF-G performed the experiments;

REFERENCES

Alvarez-Bolado, G., Grinevich, V., and Puelles, L. (2015). Editorial: development
of the hypothalamus. Front. Neuroanat. 9:83. doi: 10.3389/fnana.2015.00083
Alvarez-Bolado, G., Paul, F. A., and Blaess, S. (2012). Sonic hedgehog lineage in
the mouse hypothalamus: from progenitor domains to hypothalamic regions.
Neural Dev. 7:4. doi: 10.1186/1749-8104-7-4
Bachy, I., Berthon, J., and Rétaux, S. (2002). Defining pallial and subpallial divisions
in the developing Xenopus forebrain. Mech. Dev. 117, 163–172. doi: 10.1016/
S0925-4773(02)00199-5
Ballard, W. W., Mellinger, J., and Lechenault, H. (1993). A series of normal
stages for development of Scyliorhinus canicula, the lesser spotted dogfish

Abellán, A., Vernier, B., Rétaux, S., and Medina, L. (2010). Similarities
and differences in the forebrain expression of Lhx1 and Lhx5 between
chicken and mouse: insights for understanding telencephalic development
and evolution. J. Comp. Neurol. 518, 3512–3528. doi: 10.1002/cne.
22410
Affaticati, P., Yamamoto, K., Rizzi, B., Bureau, C., Peyriéras, N., Pasqualini, C., et al.
(2015). Identification of the optic recess region as a morphogenetic entity in the
zebrafish forebrain. Sci. Rep. 5:8738. doi: 10.1038/srep08738

Frontiers in Neuroanatomy | www.frontiersin.org

16

November 2016 | Volume 10 | Article 113

Santos-Durán et al.

Development and Evolution of the Shark Alar Hypothalamus

(Chondrichthyes: Scyliorhinidae). J. Exp. Zool. 267, 318–336. doi: 10.1002/jez.
1402670309
Bardet, S. M., Martinez-de-la-Torre, M., Northcutt, R. G., Rubenstein, J. L. R.,
and Puelles, L. (2008). Conserved pattern of OTP-positive cells in the
paraventricular nucleus and other hypothalamic sites of tetrapods. Brain Res.
Bull. 75, 231–235. doi: 10.1016/j.brainresbull.2007.10.037
Barreiro-Iglesias, A., Villar-Cheda, B., Abalo, X.-M., Anadón, R., and Rodicio,
M. C. (2008). The early scaffold of axon tracts in the brain of a primitive
vertebrate, the sea lamprey. Brain Res. Bull. 75, 42–52. doi: 10.1016/j.
brainresbull.2007.07.020
Barth, K. A., and Wilson, S. W. (1995). Expression of zebrafish nk2.2 is influenced
by sonic hedgehog/vertebrate hedgehog-1 and demarcates a zone of neuronal
differentiation in the embryonic forebrain. Development 121, 1755–1768.
Blechman, J., Borodovsky, N., Eisenberg, M., Nabel-Rosen, H., Grimm, J., and
Levkowitz, G. (2007). Specification of hypothalamic neurons by dual regulation
of the homeodomain protein Orthopedia. Development 134, 4417–4426. doi:
10.1242/dev.011262
Carrera, I., Ferreiro-Galve, S., Sueiro, C., Anadón, R., and Rodríguez-Moldes, I.
(2008). Tangentially migrating GABAergic cells of subpallial origin invade
massively the pallium in developing sharks. Brain Res. Bull. 75, 405–409.
Compagnucci, C., Debiais-Thibaud, M., Coolen, M., Fish, J., Griffin, J. N.,
Bertocchini, D., et al. (2013). Pattern and polarity in the development and
evolution of the gnathostome jaw: both conservation and heterotopy in the
branchial arches of the shark, Scyliorhinus canicula. Dev. Biol. 377, 428–448.
doi: 10.1016/j.ydbio.2013.02.022
Coolen, M., Menuet, A., Chassoux, D., Compagnucci, C., Henry, S., Lévèque, L.,
et al. (2009). “The dogfish Scyliorhinus canicula, a reference in jawed
vertebrates,” in Emerging Model Organisms: A Laboratory Manual, eds R. R.
Behringer, A. D. Johnson, and R. E. Rrumlauf (Cold Spring Harbor, NY: Cold
Spring Harbor Laboratory Press), 431–446.
Croizier, S., Chometton, S., Fellmann, D., and Risold, P. (2015). Characterization
of a mammalian prosencephalic functional plan. Front. Neuroanat. 8:161. doi:
10.3389/fnana.2014.00161
Debiais-Thibaud, M., Metcalfe, C. J., Pollack, J., Germon, I., Ekker, M., Depew, M.,
et al. (2013). Heterogeneous conservation of Dlx paralog co-expression in jawed
vertebrates. PLoS ONE 8:e68182. doi: 10.1371/journal.pone.0068182
Del Giacco, L., Pistocchi, A., Cotelli, F., Fortunato, A. E., and Sordino, P. (2008).
A peek inside the neurosecretory brain through Orthopedia lenses. Dev. Dyn.
237, 2295–2303. doi: 10.1002/dvdy.21668
Del Giacco, L., Sordino, P., Pistocchi, A., Andreakis, N., Tarallo, R., Di
Benedetto, B., et al. (2006). Differential regulation of the zebrafish orthopedia
1 gene during fate determination of diencephalic neurons. BMC Dev. Biol. 6:50.
doi: 10.1186/1471-213X-6-50
Derobert, Y., Baratte, B., Lepage, M., and Mazan, S. (2002). Pax6 expression
patterns in Lampetra fluviatilis and Scyliorhinus canicula embryos suggest
highly conserved roles in the early regionalization of the vertebrate brain. Brain
Res. Bull. 57, 277–280. doi: 10.1016/S0361-9230(01)00695-5
Díaz, C., Morales-Delgado, N., and Puelles, L. (2015). Ontogenesis of peptidergic
neurons within the genoarchitectonic map of the mouse hypothalamus. Front.
Neuroanat. 8:162. doi: 10.3389/fnana.2014.00162
Domínguez, L., González, A., and Moreno, N. (2015). Patterns of hypothalamic
regionalization in amphibians and reptiles: common traits revealed by a
genoarchitectonic approach. Front. Neuroanat. 9:3. doi: 10.3389/fnana.2015.
00003
Domínguez, L., Morona, R., González, A., and Moreno, N. (2013). Characterization
of the hypothalamus of Xenopus laevis during development. I. The alar regions.
J. Comp. Neurol. 521, 725–759. doi: 10.1002/cne.23222
Ferrán, J. L., Puelles, L., and Rubenstein, J. L. R. (2015). Molecular codes
defining rostrocaudal domains in the embryonic mouse hypothalamus. Front.
Neuroanat. 9:46. doi: 10.3389/fnana.2015.00046
Ferreiro-Galve, S. (2010). Brain and Rretina Regionalization in Sharks, Study Based
on the Spatiotemporal Expression Pattern of Pax6 and Other Neurochemical
Markers. Ph.D. thesis, Universidad de Santiago de Compostela, Santiago de
Compostela.
Ferreiro-Galve, S., Carrera, I., Candal, E., Villar-Cheda, B., Anadón, R., Mazan, S.,
et al. (2008). The segmental organization of the developing shark brain based
on neurochemical markers, with special attention to the prosencephalon. Brain
Res. Bull. 75, 236–240. doi: 10.1016/j.brainresbull.2007.10.048

Frontiers in Neuroanatomy | www.frontiersin.org

Ferreiro-Galve, S., Rodríguez-Moldes, I., Anadón, R., and Candal, E. (2010).
Patterns of cell proliferation and rod photoreceptor differentiation in shark
retinas. J. Chem. Neuroanat. 39, 1–14. doi: 10.1016/j.jchemneu.2009.10.001
Flames, N., Pla, R., Gelman, D. M., Rubenstein, J. L. R., Puelles, L., and
Marín, O. (2007). Delineation of multiple subpallial progenitor domains by the
combinatorial expression of transcriptional codes. J. Neurosci. 27, 9682–9695.
doi: 10.1523/JNEUROSCI.2750-07.2007
Frowein, J. V., Campbell, K., and Götz, M. (2002). Expression of Ngn1, Ngn2,
Cash1, Gsh2 and Sfrp1 in the developing chick telencephalon. Mech. Dev 110,
249–252. doi: 10.1016/S0925-4773(01)00590-1
García-Moreno, F., Pedraza, M., Di Giovannantonio, L. G., Di Salvio, M., LópezMascaraque, L., Simeone, A., et al. (2010). A neuronal migratory pathway
crossing from diencephalon to telencephalon populates amygdala nuclei. Nat.
Neurosci. 13, 680–689. doi: 10.1038/nn.2556
Guérin, A., d’Aubenton-Carafa, Y., Marrakchi, E., Da Silva, C., Wincker, P.,
Mazan, S., et al. (2009). Neurodevelopment genes in lampreys reveal trends for
forebrain evolution in craniates. PLoS ONE 4:e5374. doi: 10.1371/journal.pone.
0005374
Herget, U., and Ryu, S. (2015). Coexpression analysis of nine neuropeptides in
the neurosecretory preoptic area of larval zebrafish. Front. Neuroanat. 9:2.
doi: 10.3389/fnana.2015.00002
Herget, U., Wolf, A., Wullimann, M. F., and Ryu, S. (2014). Molecular
neuroanatomy and chemoarchitecture of the neurosecretory preoptichypothalamic area in zebrafish larvae. J. Comp. Neurol. 522, 1542–1564. doi:
10.1002/cne.23480
Jeong, J.-Y., Einhorn, Z., Mercurio, S., Lee, S., Lau, B., Mione, M., et al. (2006).
Neurogenin1 is a determinant of zebrafish basal forebrain dopaminergic
neurons and is regulated by the conserved zinc finger protein Tof/Fezl. Proc.
Natl. Acad. Sci. U.S.A. 103, 5143–5148. doi: 10.1073/pnas.0600337103
Joly, J. S., Osório, J., Alunni, A., Auger, H., Kano, S., and Rétaux, S. (2007).
Windows of the brain: towards a developmental biology of circumventricular
and other neurohemal organs. Semin. Cell Dev. Biol. 18, 512–524. doi: 10.1016/
j.semcdb.2007.06.001
Jones, L., López-Bendito, G., Gruss, P., Stoykova, A., and Molnár, Z. (2002). Pax6
is required for the normal development of the forebrain axonal connections.
Development 129, 5041–5052.
Li, H. S., Yang, J. M., Jacobson, R. D., Pasko, D., and Sundin, O. (1994). Pax-6
is first expressed in a region of ectoderm anterior to the early neural plate:
implications for stepwise determination of the lens. Dev. Biol. 162, 181–194.
doi: 10.1006/dbio.1994.1077
Manoli, M., Driever, W., and Scholpp, S. (2014). during development of the
zebrafish hypothalamus, preoptic region, and pallidum. Front. Neuroanat.
8:145. doi: 10.3389/fnana.2014.00145
Martínez-de-la-Torre, M., Pombal, M. A., and Puelles, L. (2011). Distal-less-like
protein distribution in the larval lamprey forebrain. Neuroscience 178, 270–284.
doi: 10.1016/j.neuroscience.2010.12.030
Martynoga, B., Morrison, H., Price, D. J., and Mason, J. O. (2005). Foxg1 is required
for specification of ventral telencephalon and region-specific regulation of
dorsal telencephalic precursor proliferation and apoptosis. Dev. Biol. 283,
113–127. doi: 10.1016/j.ydbio.2005.04.005
Mastick, G. S., Davis, N. M., Andrew, G. L., and Easter, S. S. (1997). Pax-6 functions
in boundary formation and axon guidance in the embryonic mouse forebrain.
Development 124, 1985–1997.
Medina, L. (2008). “Evolution and embryological development of the forebrain,” in
Encyclopedia of Neuroscience, eds M. D. Binder, N. Hirokawa, and U. Windhorst
(Berlin: Springer-Verlag), 1172–1192.
Medina, L., and Abellán, A. (2012). “Subpallial structures,” in The Mouse Nervous
System, eds C. Watson, G. Paxinos, and L. Puelles (San Diego, CA: Academic
Press), 173–220.
Medina, L., Bupesh, M., and Abellán, A. (2011). Contribution of genoarchitecture
to understanding forebrain evolution and development, with particular
emphasis on the amygdala. Brain. Behav. Evol. 78, 216–236. doi: 10.1159/
000330056
Medina, L., Legaz, I., González, G., De Castro, F., Rubenstein, J. L. R., and Puelles, L.
(2004). Expression of Dbx1, Neurogenin 2, Semaphorin 5A, Cadherin 8,
and Emx1 distinguish ventral and lateral pallial histogenetic divisions in the
developing mouse claustroamygdaloid complex. J. Comp. Neurol. 474, 504–523.
doi: 10.1002/cne.20141

17

November 2016 | Volume 10 | Article 113

Santos-Durán et al.

Development and Evolution of the Shark Alar Hypothalamus

in The Rat Nervous System, ed. G. Paxinos (San Diego, CA: Academic Press),
3–25.
Puelles, L., Martínez, S., Martínez-de-la-Torre, M. S., and Rubenstein, J. (2012).
“Hypothalamus,” in The Mouse Nervous System, eds C. Watson, G. Paxinos, and
L. Puelles (San Diego, CA: Academic Press), 221–312.
Puelles, L., and Medina, L. (2002). Field homology as a way to reconcile genetic and
developmental variability with adult homology. Brain Res. Bull. 57, 243–255.
doi: 10.1016/S0361-9230(01)00693-1
Puelles, L., and Rubenstein, J. L. R. (1993). Expression patterns of homeobox and
other putative regulatory genes in the embryonic mouse forebrain suggest a
neuromeric organization. Trends Neurosci. 16, 472–479. doi: 10.1016/01662236(93)90080-6
Puelles, L., and Rubenstein, J. L. R. (2003). Forebrain gene expression domains and
the evolving prosomeric model. Trends Neurosci. 26, 469–476. doi: 10.1016/
S0166-2236(03)00234-0
Puelles, L., and Rubenstein, J. L. R. (2015). A new scenario of hypothalamic
organization: rationale of new hypotheses introduced in the updated
prosomeric model. Front. Neuroanat. 9:27. doi: 10.3389/fnana.2015.00027
Quintana-Urzainqui, I., Rodríguez-Moldes, I., and Candal, E. (2014).
Developmental, tract-tracing and immunohistochemical study of the
peripheral olfactory system in a basal vertebrate: insights on Pax6 neurons
migrating along the olfactory nerve. Brain Struct. Funct. 219, 85–104.
doi: 10.1007/s00429-012-0486-2
Quintana-Urzainqui, I., Rodríguez-Moldes, I., Mazan, S., and Candal, E.
(2015). Tangential migratory pathways of subpallial origin in the embryonic
telencephalon of sharks: evolutionary implications. Brain Struct. Funct. 220,
2905–2926. doi: 10.1007/s00429-014-0834-5
Quintana-Urzainqui, I., Sueiro, C., Carrera, I., Ferreiro-Galve, S., SantosDurán, G., Pose-Méndez, S., et al. (2012). Contributions of developmental
studies in the dogfish Scyliorhinus canicula to the brain anatomy of
elasmobranchs: insights on the basal ganglia. Brain. Behav. Evol. 80, 127–141.
doi: 10.1159/000339871
Robertshaw, E., Matsumoto, K., Lumsden, A., and Kiecker, C. (2013). Irx3 and Pax6
establish differential competence for Shh-mediated induction of GABAergic
and glutamatergic neurons of the thalamus. Proc. Natl. Acad. Sci. U.S.A. 110,
E3919–E3926. doi: 10.1073/pnas.1304311110
Rodríguez-Moldes, I. (2009). A developmental approach to forebrain organization
in elasmobranchs: new perspectives on the regionalization of the telencephalon.
Brain Behav. Evol. 74, 20–29. doi: 10.1159/000229010
Rohr, K. B., Barth, K. A., Varga, Z. M., and Wilson, S. W. (2001). The Nodal
pathway acts upstream of Hedgehog signaling to specify ventral telencephalic
identity. Neuron 29, 341–351. doi: 10.1016/S0896-6273(01)00210-0
Ryu, S., Mahler, J., Acampora, D., Holzschuh, J., Erhardt, S., Omodei, D.,
et al. (2007). Orthopedia homeodomain protein is essential for diencephalic
dopaminergic neuron development. Curr. Biol. 17, 873–880. doi: 10.1016/j.cub.
2007.04.003
Santos-Durán, G. N., Menuet, A., Lagadec, R., Mayeur, H., Ferreiro-Galve, S.,
Mazan, S., et al. (2015). Prosomeric organization of the hypothalamus in an
elasmobranch, the catshark Scyliorhinus canicula. Front. Neuroanat. 9:37. doi:
10.3389/fnana.2015.00037
Shimamura, K., Hartigan, D. J., Martinez, S., Puelles, L., and Rubenstein, J. L.
(1995). Longitudinal organization of the anterior neural plate and neural tube.
Development 121, 3923–3933.
Shimogori, T., Lee, D. A., Miranda-Angulo, A., Yang, Y., Wang, H., Jiang, L., et al.
(2010). A genomic atlas of mouse hypothalamic development. Nat. Neurosci.
13, 767–775. doi: 10.1038/nn.2545
Simerly, R. B. (2004). “Anatomical Substrates of Hypothalamic Integration,” in
The Rat Nervous System, ed. G. Paxinos (San Diego, CA: Academic Press),
336–351.
Stoykova, A., Fritsch, R., Walther, C., and Gruss, P. (1996). Forebrain patterning
defects in Small eye mutant mice. Development 122, 3453–3465.
Stoykova, A., and Gruss, P. (1994). Roles of Pax-genes in developing and adult
brain as suggested by expression patterns. J. Neurosci. 14, 1395–1412.
Sugahara, F., Aota, S., Kuraku, S., Murakami, Y., Takio-Ogawa, Y., Hirano, S.,
et al. (2011). Involvement of Hedgehog and FGF signalling in the lamprey
telencephalon: evolution of regionalization and dorsoventral patterning of
the vertebrate forebrain. Development 138, 1217–1226. doi: 10.1242/dev.
059360

Morales-Delgado, N., Castro-Robles, B., Ferrán, J. L., Martinez-de-la-Torre, M.,
Puelles, L., and Díaz, C. (2014). Regionalized differentiation of CRH, TRH, and
GHRH peptidergic neurons in the mouse hypothalamus. Brain Struct. Funct.
219, 1083–1111. doi: 10.1007/s00429-013-0554-2
Morales-Delgado, N., Merchan, P., Bardet, S. M., Ferrán, J. L., Puelles, L., and
Díaz, C. (2011). Topography of somatostatin gene expression relative to
molecular progenitor domains during ontogeny of the mouse yypothalamus.
Front. Neuroanat. 5:10. doi: 10.3389/fnana.2011.00010
Moreno, N., Domínguez, L., Morona, R., and González, A. (2012). Subdivisions
of the turtle Pseudemys scripta hypothalamus based on the expression of
regulatory genes and neuronal markers. J. Comp. Neurol. 520, 453–478. doi:
10.1002/cne.22762
Moreno, N., and González, A. (2011). The non-evaginated secondary
prosencephalon of vertebrates. Front. Neuroanat. 5:12. doi: 10.3389/fnana.
2011.00012
Moreno, N., González, A., and Rétaux, S. (2009). Development and evolution
of the subpallium. Semin. Cell Dev. Biol. 20, 735–743. doi: 10.1016/j.semcdb.
2009.04.007
Moreno, N., Rétaux, S., and González, A. (2008). Spatio-temporal expression of
Pax6 in Xenopus forebrain. Brain Res. 1239, 92–99. doi: 10.1016/j.brainres.
2008.08.052
Murakami, Y., Ogasawara, M., Sugahara, F., Hirano, S., Satoh, N., and Kuratani, S.
(2001). Identification and expression of the lamprey Pax6 gene: evolutionary
origin of the segmented brain of vertebrates. Development 128, 3521–3531.
Myojin, M., Ueki, T., Sugahara, F., Murakami, Y., Shigetani, Y., Aizawa, S.,
et al. (2001). Isolation of Dlx and Emx gene cognates in an agnathan species,
Lampetra japonica, and their expression patterns during embryonic and larval
development: conserved and diversified regulatory patterns of homeobox genes
in vertebrate head evolution. J. Exp. Zool. 291, 68–84.
Nieber, F., Pieler, T., and Henningfeld, K. A. (2009). Comparative expression
analysis of the Neurogenins in Xenopus tropicalis and Xenopus laevis. Dev. Dyn
238, 451–458. doi: 10.1002/dvdy.21845
Nieuwenhuys, R., and Puelles, L. (2016). Towards a New Neuromorphology.
Heidelberg: Springer.
Osorio, J., Mazan, S., and Rétaux, S. (2005). Organisation of the lamprey
(Lampetra fluviatilis) embryonic brain: insights from LIM-homeodomain, Pax
and hedgehog genes. Dev. Biol. 288, 100–112. doi: 10.1016/j.ydbio.2005.08.042
Osório, J., Megías, M., Pombal, M. A., and Rétaux, S. (2006). Dynamic expression
of the LIM-homeodomain gene Lhx15 through larval brain development of
the sea lamprey (Petromyzon marinus). Gene Expr. Patterns 6, 873–878. doi:
10.1016/j.modgep.2006.02.007
Osório, J., Mueller, T., Rétaux, S., Vernier, P., and Wullimann, M. F. (2010).
Phylotypic expression of the bHLH genes Neurogenin2, NeuroD, and Mash1 in
the mouse embryonic forebrain. J. Comp. Neurol. 518, 851–871. doi: 10.1002/
cne.22247
Pose-Méndez, S., Candal, E., Adrio, F., and Rodríguez-Moldes, I. (2014).
Development of the cerebellar afferent system in the shark Scyliorhinus canicula:
insights into the basal organization of precerebellar nuclei in gnathostomes.
J. Comp. Neurol. 522, 131–168. doi: 10.1002/cne.23393
Pose-Méndez, S., Candal, E., Mazan, S., and Rodríguez-Moldes, I. (2015).
Genoarchitecture of the rostral hindbrain of a shark: basis for understanding
the emergence of the cerebellum at the agnathan-gnathostome transition. Brain
Struct. Funct. 552, 131–168. doi: 10.1007/s00429-014-0973-8
Pratt, T., Tian, N. M. M.-L., Simpson, T. I., Mason, J. O., and Price, D. J. (2004).
The winged helix transcription factor Foxg1 facilitates retinal ganglion cell axon
crossing of the ventral midline in the mouse. Development 131, 3773–3784.
doi: 10.1242/dev.01246
Prestoz, L., Jaber, M., and Gaillard, A. (2012). Dopaminergic axon guidance: Which
makes what? Front. Cell. Neurosci. 6:32. doi: 10.3389/fncel.2012.00032
Puelles, L. (2009). “Forebrain development: prosomere model,” in Developmental
Neurobiology, ed. G. Lemke (SanDiego, CA: Academic Press), 315–319.
Puelles, L., Kuwana, E., Puelles, E., Bulfone, A., Shimamura, K., Keleher, J., et al.
(2000). Pallial and subpallial derivatives in the embryonic chick and mouse
telencephalon, traced by the expression of the genes Dlx-2, Emx-1, Nkx2. 1, Pax-6, and Tbr-1. J Comp Neurol. 438, 409–438. doi: 10.1002/10969861(20000828)424:3$<$409::AID-CNE3$>$3.0.CO;2-7
Puelles, L., Martínez, S., Martínez-de-la-Torre, M., and Rubenstein, J. (2004).
“Gene maps and related histogenetic domains in the forebrain and midbrain,”

Frontiers in Neuroanatomy | www.frontiersin.org

18

November 2016 | Volume 10 | Article 113

Santos-Durán et al.

Development and Evolution of the Shark Alar Hypothalamus

Suzuki, D. G., Murakami, Y., Escriva, H., and Wada, H. (2015). A comparative
examination of neural circuit and brain patterning between the lamprey and
amphioxus reveals the evolutionary origin of the vertebrate visual center.
J. Comp. Neurol. 523, 251–261. doi: 10.1002/cne.23679
Szabó, N.-E., Zhao, T., Cankaya, M., Theil, T., Zhou, X., and Alvarez-Bolado, G.
(2009). Role of neuroepithelial Sonic hedgehog in hypothalamic patterning.
J. Neurosci. 29, 6989–7002. doi: 10.1523/JNEUROSCI.1089-09.2009
Tripodi, M., Filosa, A., Armentano, M., and Studer, M. (2004). The COUP-TF
nuclear receptors regulate cell migration in the mammalian basal forebrain.
Development 131, 6119–6129. doi: 10.1242/dev.01530
Uchida, K., Murakami, Y., Kuraku, S., Hirano, S., and Kuratani, S. (2003).
Development of the adenohypophysis in the lamprey: evolution of epigenetic
patterning programs in organogenesis. J. Exp. Zool. B Mol. Dev. Evol. 300,
32–47. doi: 10.1002/jez.b.44
van den Akker, W. M. R., Brox, A., Puelles, L., Durston, A. J., and Medina, L.
(2008). Comparative functional analysis provides evidence for a crucial role for
the homeobox gene Nkx2.1/Titf-1 in forebrain evolution. J. Comp. Neurol. 506,
211–223. doi: 10.1002/cne.21542
Vitalis, T., Cases, O., Engelkamp, D., Verney, C., and Price, D. J.
(2000). Defect of tyrosine hydroxylase-immunoreactive neurons in the
brains of mice lacking the transcription factor Pax6. J. Neurosci. 20,
6501–6516.
Ware, M., Hamdi-Rozé, H., and Dupé, V. (2014). Notch signaling and proneural
genes work together to control the neural building blocks for the initial
scaffold in the hypothalamus. Front. Neuroanat. 8:140. doi: 10.3389/fnana.2014.
00140

Frontiers in Neuroanatomy | www.frontiersin.org

Wullimann, M. F., and Mueller, T. (2004). Identification and morphogenesis of the
eminentia thalami in the Zebrafish. J. Comp. Neurol. 471, 37–48. doi: 10.1002/
cne.20011
Wullimann, M. F., and Rink, E. (2001). Detailed immunohistology of Pax6 protein
and tyrosine hydroxylase in the early zebrafish brain suggests role of Pax6 gene
in development of dopaminergic diencephalic neurons. Dev. Brain Res. 131,
173–191. doi: 10.1016/S0165-3806(01)00270-X
Wullimann, M. F., Rink, E., Vernier, P., and Schlosser, G. (2005). Secondary
neurogenesis in the brain of the african clawed frog, Xenopus laevis, as revealed
by PCNA, Delta-1, Neurogenin-related-1, and NeuroD expression. J. Comp.
Neurol. 489, 387–402. doi: 10.1002/cne.20634
Xuan, S., Baptista, C. A., Balas, G., Tao, W., Soares, V. C., and Lai, E. (1995). Winged
helix transcription factor BF-1 is essential for the development of the cerebral
hemispheres. Neuron 14, 1141–1152. doi: 10.1016/0896-6273(95)90262-7
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Santos-Durán, Ferreiro-Galve, Menuet, Quintana-Urzainqui,
Mazan, Rodríguez-Moldes and Candal. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

19

November 2016 | Volume 10 | Article 113

