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Based on the coexpression of the transcription factors Foxgl and Otp, we recently
identified in the mouse a new radial embryonic division named the telencephalon-opto-
hypothalamic (TOH) domain that produces the vast majority of glutamatergic neurons
found in the medial extended amygdala. To know whether a similar division exists in
other amniotes, we carried out double labeling of Foxg1 and Otp in embryonic brain
sections of two species of sauropsids, the domestic chicken (Gallus gallus domesticus),
and the long-tailed lacertid lizard (Psammodromus algirus). Since in mice Otp overlaps
with the transcription factor Sim1, we also analyzed the coexpression of Foxg1 and
Sim1 and compared it to the glutamatergic cell marker VGLUT2. Our results showed
that the TOH domain is also present in sauropsids and produces subpopulations of
Otp/Foxg1 and Sim1/Foxg1 cells for the medial extended amygdala. In addition, we
found Sim1/Foxg1 cells that invade the central extended amygdala, and other Otp and
Sim1 cells not coexpressing Foxg1 that invade the extended and the pallial amygdala.
These different Otp and Sim1 cell subpopulations, with or without Foxg1, are likely
glutamatergic. Our results highlight the complex divisional organization of telencephalon-
hypothalamic transition, which contributes to the heterogeneity of amygdalar cells. In
addition, our results open new venues to study further the amygdalar cells derived from
different divisions around this transition zone and their relationship to other cells derived
from the pallium or the subpallium.

Keywords: extended amygdala, preoptic area, subpreoptic area, paraventricular hypothalamus, glutamatergic
neurons, chicken, lizard

Abbreviations: 3v, third ventricle; ac, anterior commissure; Arc, arcopallium; BST, bed nucleus of the stria terminalis;
BSTL, lateral BST; BSTM, medial BST; BSTM1-3, subdivisions 1-3 of BSTM; CeC, capsular central amygdala; DVR, dorsal
ventricular ridge; EA, extended amygdala; EAme, medial EA; Hb, habenula; Hy, hypothalamus; Hyb, basal Hy; lac, lateral
branch of ac; 1fb, lateral forebrain bundle; LOT, nucleus of the lateral olfactory tract; LSt, lateral striatum; Me, medial
amygdala; oc, optic chiasm; ot, optic tract; p, peduncular prosomere; p3, prosomere 3; Pa, paraventricular hypothalamic
nucleus; PaR, rostral (terminal prosomeric) part of Pa; PM, peri-mammillary area; PO, preoptic area; PRM, peri-
retromammillary area; PT, pretectum; PTh, prethalamus; PThE, prethalamic eminence; Se, septum; SOt, terminal prosomeric
division of the supraoptic nucleus; SPa, subparaventricular nucleus; SPV, supraopto-paraventricular hypothalamic domain;
SuPO, subpreoptic area; t, terminal prosomere; Tel, telencephalon; Th, thalamus; TOH, telencephalon-opto-hypothalamic
domain; TuD, dorsal tuberal region; vaf, ventral amygdalofugal tract.
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INTRODUCTION

The telencephalon is considered the most complex and divergent
brain region and includes centers and networks that play key
roles in regulating goal-directed behaviors based on contextual
information, experience, motivation, and emotion (Striedter,
2005, 2016). Understanding the location of this region within
the brain Bauplan, its major divisions and subdivisions, and
the location and phenotype of neurons derived from each
fundamental morphogenetic unit are critical to disentangling its
structural and functional organization. Studying the development
of this region in different vertebrates is also essential to better
understand its evolution and to distinguish between conserved,
divergent, and convergent evolutionary patterns. According to
the prosomeric model, the telencephalon is derived from the
dorsal most part of the secondary prosencephalon (Puelles and
Rubenstein, 2003, 2015). In particular, it is derived from a
territory that expresses the transcription factor Foxgl from very
early developmental stages in all vertebrates (Xuan et al., 1995;
Toresson et al., 1998; Dou et al., 1999; Wilson and Rubenstein,
20005 Zhao et al,, 2009). Inactivation of Foxgl leads to severe
hypoplasia of the telencephalon, which points to a critical role
of this transcription factor in telencephalic development (Xuan
et al., 1995; Dou et al,, 1999; Martynoga et al., 2005; Manuel
et al,, 2010, 2011). During development, this territory divides
into two major compartments: (1) a pallium, which expresses
the transcription factors Emx1/2, Pax6, and Tbrl/2 (among
others) (Fernandez et al., 1998; Puelles et al., 2000; Bishop
et al, 2002; Muzio and Mallamaci, 2003) and produces the
glutamatergic neurons of the cerebral cortex and part of the
amygdala (Hevner et al, 2001; Gorski et al,, 2002); and (2)
a subpallium that expresses the transcription factors Gsx1/2,
DIx1/2/5/6, and Nkx2.1 (among others) (Eisenstat et al., 1999;
Sussel et al., 1999; Puelles et al., 2000; Yun et al., 2001; Xu et al,,
2008; Long et al., 2009; Wang et al., 2011) and produces mostly
GABAergic neurons for the ventral telencephalon, including the
basal ganglia and the centromedial-extended amygdala (Stithmer
et al., 2002; Lindtner et al., 2019) as well as a subpopulation of
GABAergic interneurons that migrate tangentially to the pallium
(Anderson et al., 2001; Marin and Rubenstein, 2001; Nadarajah
and Parnavelas, 2002; Nery et al., 2002). Pallial and subpallial
telencephalic divisions, with similar molecular profiles, have been
identified in different vertebrates (for example, Fernandez et al.,
1998; Puelles et al., 2000; Bachy et al., 2002; Abellan and Medina,
2009; Abelldn et al., 2009; Moreno et al.,, 2009; Mueller and
Wullimann, 2009; Osorio et al., 2010; Gonzélez et al., 2014). Until
recently, the telencephalon was thought to be bounded ventrally
by a hypothalamic division that expresses the transcription
factors Otp (Orthopedia) and Sim1/2 (Drosophila single-minded
gene homologs), named the supraopto-hypothalamic domain
(SPV) or simply the paraventricular domain (Acampora et al.,
2000; Puelles and Rubenstein, 2003, 2015), which is highly
conserved in vertebrates (Caqueret et al., 2005; Bardet et al,
2008; Moreno et al., 2012; Dominguez et al., 2013, 2015; Herget
et al.,, 2014; Santos-Durdn et al., 2016; Lopez et al., 2022). Otp
and Sim1/2 are essential for the development of basically all

neurons of the paraventricular and supraoptic nuclei, including
all neuroendocrine cell types (Michaud et al., 1998; Acampora
et al., 2000; Caqueret et al., 2005). However, this view has been
recently challenged based on the discovery of an overlapping
expression area between Foxgl and Otp in the transition between
the telencephalon and the hypothalamus in zebrafish (Affaticati
et al, 2015) and mice (Morales et al., 2021). In mice, this
frontier region is a distinct radial histogenetic division that
produces cells coexpressing both transcription factors, and this
division was called the telencephalon-opto-hypothalamic (TOH)
domain because it gives rise to parts of the extended amygdala,
eye vesicle, and paraventricular hypothalamus (Morales et al.,
2021). The newly-defined TOH was previously included in the
dorsal part of the paraventricular hypothalamic region (Puelles
et al., 2012; Diaz et al., 2015; Ferran et al., 2015). However,
based on its expression of Foxgl in both progenitor cells and
mantle, this Foxgl/Otp coexpressing sector was proposed to
rather represent the ventral most division of the telencephalon
(Morales et al., 2021). Interestingly, this division produces a large
subpopulation of glutamatergic neurons of the medial extended
amygdala, previously thought to originate in the hypothalamus
(Garcia-Moreno et al., 2010). The TOH domain and the central
part of SPV also appear to produce minor subpopulations
of cells that invade tangentially the telencephalic subpallium
and pallium (Garcia-Calero et al., 2021; Morales et al., 2021,
2022).

As noted above, an overlapping area between the Foxgl and
Otp expression domains was recently found in the developing
forebrain of zebrafish (Affaticati et al., 2015), which resembles
the mouse TOH domain (Morales et al., 2021). However, the
study on zebrafish did not analyze the coexpression in cells
of the Foxgl/Otp overlapping area and did not study its
relationship to the extended amygdala. Moreover, data on the
overlap of Foxgl and Otp in other vertebrates are missing,
making it unclear whether the TOH domain is a conserved,
fundamental compartment of the vertebrate forebrain or whether
it appeared only during the evolution of particular lineages.
The aim of this study was to investigate the existence of a
TOH domain, coexpressing Foxgl and Otp, in the frontier
between the telencephalic subpallium and the paraventricular
hypothalamus in two sauropsids: the domestic chicken (Gallus
gallus domesticus) and the long-tailed lacertid lizard (the large
Algerian Psammodromus, Psammodromus algirus). In addition,
we aimed to evaluate if the TOH domain produces Foxgl/Otp
coexpressing cells for the extended amygdala in sauropsids. In
mice and chickens, the transcription factor Siml is expressed
in the alar hypothalamus overlapping Otp expression (Michaud
et al, 1998; Acampora et al., 2000; Caqueret et al., 2005),
and at least in mice, a population of Siml cells appears to
reach the amygdala (Garcia-Calero et al,, 2021). Based on these
findings, we also analyzed the expression of Sim1 in combination
with Foxgl in chickens. We compared these results to the
expression of VGLUT?2, which marks glutamatergic neurons in
the pallium and paraventricular hypothalamus and is present
in cell subpopulations of the extended amygdala in chickens
(Abellan and Medina, 2009; Abelldn et al., 2009).
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MATERIALS AND METHODS

Tissue Collection and Fixation

In this study, we used chicken and lizard embryos. The chicken
embryos (N = 37) were obtained from fertilized eggs of the Gallus
gallus domesticus (Leghorn) and were incubated in a draft-free
incubator at the humidity of 50-60% until the desired Hamburger
and Hamilton (HH) stages (1992), from HH34-35 (equivalent to
8 incubation days or E8) to HH44 (E18).

The lizard embryos (N = 10) were extracted from fertilized
eggs of Psammodromus algirus (Linnaeus, 1758) (Sauria:
Lacertidae), which were incubated at 26-27°C and 70% humidity
until the desired stage. In order to obtain them, pregnant females
were captured during late spring in the mountains near Madrid
(under permission from Direccion General del Medio Ambiente
of Madrid, reference numbers: 10/193908.9/11, 10/179954.9/12,
and 10/068493.9/16) and in LAlbi (Lleida) (permission from
Direccié General de Medi Natural i Biodiversitat of Catalonia,
reference number SF/282-284). The lizards were kept in captivity
at the Animal Facilities of the University of Lleida until they laid
eggs. Following this, females were kept in captivity during a short
recovery period and then released at the same point of capture.

All the animals were treated according to the regulations
and laws of the European Union (Directive 2010/63/EU) and
the Spanish government (Spanish Law 32/2007; Royal Decrees
53/2013 and 118/2021) for the care and handling of animals
in research. The experimental protocols used were approved
by the Committees of Ethics for Animal Experimentation and
Biosecurity of the University of Lleida (reference no. 6127 and
CEEA 08-02/19), as well as that of the Catalonian government
(reference no. CEA/9960_MRI1/P3/1).

After dissection, the brains were fixed at 4°C in 4%
paraformaldehyde (PFA, pH 7.4) for 24 h, washed with
0.1 M phosphate-buffered saline (PBS, 0.1 M, pH 74),
and cryopreserved at —20°C in a hybridization buffer [50%
formamide molecular (Thermo Fisher Scientific, Waltham,
MA, United States), 1.3% standard saline citrate (pH 5),
5 mM ethylenediaminetetraacetic acid (pH 8) (Sigma-Aldrich,
Darmstadt, Germany)], 1 mg/ml of yeast tRNA (Sigma-Aldrich),
0.2% Tween-20, and 100 pg/ml of heparin (Sigma-Aldrich),
completed with water (free of RNAase and DNAase; Sigma-
Aldrich), until further use.

In situ Hybridization

Previously obtained brains were embedded in a 4% low-melt
agarose matrix and sectioned in frontal, sagittal, and horizontal
planes using a vibratome (Leica VT 10008, thickness 80-100 pum).
While sectioning, the samples were maintained in the PBS at 4°C.
Prehybridization was performed in the hybridization buffer for
2 h at 58°C. After this step, the sections were then hybridized
in the hybridization buffer [50% formamide molecular (Thermo
Fisher Scientific), 10% dextran sulfate (Sigma-Aldrich), 1 mg/ml
of yeast tRNA (Sigma-Aldrich), 0.2% Tween-20, 2% Denhardt
solution (Sigma-Aldrich), and a 10% salt solution completed
with water free of RNAase and DNAase (Sigma-Aldrich)],
containing the selected riboprobe (0.5-1 pg/ml depending on

the probe) overnight at 63°C for the chickens and 58°C for the
lizards (information on genes and ¢cDNA templates to prepare
riboprobes is shown in Table 1). After the hybridization, the
sections were washed abundantly first with a 1:1 mix of MABT
(1.2% maleic acid, 0.8%; NaOH, 0.84% NaCl, and 0.1% Tween-
20) and hybridization buffer at 58°C (2 washes of 20 and
15 min) at room temperature (RT), and then with MABT for
2 h at RT while exchanging the MABT buffer every 15 min.
The sections were then blocked in a blocking solution [10%
blocking reagent (Roche Diagnostics, Basel, Switzerland) and
10% sheep serum (Sigma-Aldrich) in MABT] for 4 h at RT,
and then incubated with an alkaline-phosphatase (AP)-coupled
anti-digoxigenin antibody (Roche; diluted 1:3,500) overnight at
4°C, followed by washing with MABT. Signaling was revealed
by incubation with nitroblue tetrazolium/5-bromo-4-chloro-3-
indolyl phosphate (NBT/CIP, Roche). The sections were then
fixed with 4% PFA, and selected sections were further processed
for immunohistochemistry.

Immunohistochemistry

Free-floating sections were processed for immunohistochemistry
to detect either Otp or Foxgl (as described in previous
publications of our laboratory, such as Vicario et al., 2017; Desfilis
et al.,, 2018; Morales et al., 2021) (see details on antibodies in
Tables 2, 3). Some of the sections were processed for single
immunohistochemistry, while other sections were processed for
immunohistochemistry after previous hybridization. Briefly, the
sections were treated for peroxidase deactivation (incubation
in 0.1 M Tris buffer containing 1% H202 and 2% methanol)
for 30 min under gentle shaking, washed with 0.1 M PBS,
permeabilized with PBST (0.1 M PBS, 0.3% Triton X-100)
for 20 min, and followed by incubation with a blocking
solution containing 10% normal goat serum and 2% bovine
serum albumin, for 1 h at RT. Subsequently, the sections were
incubated in the primary antibody (rabbit anti-Foxgl IgG diluted
1:1,000 in the blocking buffer for the chickens and 1:4,000
for the lizards) for 48-72 h under gentle shaking at 4°C.
Then, the sections were rinsed with 0.1 M PBS for 10 min
at RT, followed by incubation in the secondary antibody (goat
anti-rabbit IgG, biotinylated, diluted 1:200 in PBST) for 2 h
at RT. The sections were then washed in PBS for 10 min
and incubated with the avidin-biotin complex for 1 h at RT
under gentle shaking. Finally, the sections were rinsed with
0.1 M Tris buffer and incubated in diaminobenzidine (DAB,
SIGMAFAST, 3,3 diaminobenzidine tablets; Sigma-Aldrich)
diluted in a Tris-buffered solution also containing urea and
H202 until the signal of sufficient quality was achieved. The
reaction was stopped with several rinses in a 0.1 M Tris
buffer. Then, sections were placed in 4% PFA before being
mounted. Afterward, the sections were dehydrated with ethanol
(sequential steps in 70, 96, and 100%), cleared in xylol,
and finally coverslipped with a permount medium (Thermo
Fisher Scientific).

Fluorescence in situ Hybridization
The tissue was permeabilized with PBST for 30 min, followed
by prehybridization for 2 h at 58°C. Sections were hybridized
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overnight at 63°C in a hybridization buffer containing the
riboprobe (0.5-1 pg/ml depending on the probe). Then, the
sections were thoroughly washed with the prehybridization
buffer for 30 min at 58°C, followed by a wash in a sodium-citrate
buffer (SSC, 0.2 M, pH 7.5) for 10 min at RT. Next, sections
were treated with the peroxidase deactivation buffer described
above, followed by washes in TNT (10% Tris, pH 8, 0.1 M; 0.9%
NaCl; 0.05% Tween-20) for 15 min. Subsequently, the samples
were treated with the blocking buffer (2% blocking reagent and
20% sheep serum in TNT) for 2 h under gentle shaking. After
the blocking, sections were incubated in the primary antibody
anti-DIG POD (sheep anti-digoxigenin peroxidase conjugated
antibody diluted 1:200 in the blocking buffer; Roche) overnight
under gentle shaking at 4°C in the dark. The next day, samples
were thoroughly rinsed with a TNT bulffer, then treated with a
TSA working solution (tyramide conjugated to Cy3, diluted 1:50,
and freshly prepared before the reaction; PerkinElmer, Waltham,
MA, United States) for 10 min in the dark. The reaction was
stopped by a thorough wash with the 0.1 M Tris buffer. Sections
were maintained in dark, in the 0.1 M Tris buffer, at 4°C until
further use (for immunofluorescence).

Immunofluorescence
Sections previously processed for indirect FISH were
permeabilized with PBST and treated with blocking buffers

as described in the section on immunohistochemistry. Then, the
sections were incubated with the anti-Foxgl antibody (diluted
1:1,000 in blocking buffer) for 72 h under gentle shaking at
4°C in the dark. Subsequently, the sections were thoroughly
washed as described before and incubated with a secondary
fluorescent antibody (donkey anti-rabbit coupled to Alexa
488, 1:500; Invitrogen) for 2 h at RT in the dark. Then, the
sections were thoroughly washed with PBS and maintained in
the dark before mounting. Finally, they were coverslipped with
an antifading mounting medium (VectashieldHardset Antifade
mounting medium with DAPI; Vector Laboratories, Ingold Road
Burlingame, CA, United States).

Image Acquisition

Digital microphotographs from conventional in  situ
hybridization and immunohistochemistry were obtained
with a Leica microscope (DMR HC; Leica Microsystems GmbH,
Germany) equipped with a Zeiss Axiovision Digital Camera (Carl
Zeiss, Germany). Serial images from a fluorescent material were
taken with a confocal microscope (Olympus FV1000; Olympus
Corporation, Japan). Selected digital immunohistochemical
images were adjusted for brightness and contrast with Corel
PHOTO-PAINT 2012 (Corel Corporation, Canada), while
fluorescent images were adjusted and extracted using Olympus

TABLE 1 | Genes and cDNAs employed for in situ hybridization.

Gene name GenBank accession no. Insert size Obtained from

Chicken Orthopedia Homeobox (cOtp; AYB51764.1 851 bp (1-851) Caqueret et al., 2005

here referred as Otp)

Chicken single-minded homolog 1 BU292855.1 (ChEST57909.1 BBSRC 874 bp (33-907) BBSRC ChickEST database
(cSim1; here referred as Sim1) ChickEST database) (Boardman et al., 2002)
Chicken vesicular glutamate transporter XM_001234284 (ChEST45417 BBSRC 619 bp (4,098-3,479) BBSRC ChickEST database

2 (VGIut2) ChickEST database)

(Boardman et al., 2002)

Lizard Orthopedia Homeobox (Otp) Newly cloned from tissue of Psammodromus 186 bp Produced at the Molecular
algirus, using degenerate primers based on the Marker Service (SCSIE) of the
genome of Anolis carolinensis (GenBank University of Valencia (Spain)
Assembly ID GCA_000090745.1). Forward
primer: GGSCTSCAGTCYCACCTCTA Reverse
primer: GAAGCTCATGGAGACYGTGT The
cloned fragment was inserted in: pCRII Vector
(Invitrogen/Thermo Fisher Scientific Inc.)

TABLE 2 | Primary antibodies.

Primary antibodies

Antibody name Type Immunogen Dilution Manufacturer and reference

Sheep anti-digoxigenin-AP (alkaline Polyclonal Digoxigenin 1:3500 Roche, 11093274910

phosphatase conjugate), Fab fragments

Sheep anti- digoxigenin-POD Polyclonal Digoxigenin 1:200 Roche, 11207733910

(peroxidase conjugate), Fab fragments

Rabbit anti Foxg1, IgG Polyclonal Synthetic peptide corresponding to 1:1000 Abcam antibodies, ab18259,

Human FOXG1, aa 400 to the C AB_732415 RRID
terminus, conjugated to keyhole limpet
hemocyanin
Rabbit anti Otp Polyclonal Synthetic peptide of 325 aa at the C 1:1000 Antibodies-online, ABIN183823

terminal region of human OTP
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FV10-ASW 4.2 Viewer (Olympus Corporation). Finally, figures
were mounted using CorelDraw 2012 (Corel Corporation).

RESULTS
Otp vs. Fogx1

We first compared the expression domains of Otp and Foxgl
in the forebrain of chicken and lizard embryos, in sagittal,
horizontal, and frontal sections, by conducting double labeling as
follows: for Otp, we carried out chromogenic in situ hybridization
to detect the mRNA and was followed by immunohistochemistry
to detect Foxgl protein (Figures 1, 2; Otp signal is seen in
dark blue, and Foxgl immunoreactivity is visualized in brown).
Similar findings were observed in the chickens (Figure 1) and
lizards (Figure 2). In the sagittal and horizontal sections, we
observed an Otp signal in the paraventricular hypothalamus
(the so-called supraopto-paraventricular hypothalamic domain
or SPV), while Foxgl immunoreactivity was high in the
telencephalon (Figures 1A-E, 2B,D). However, we observed an
overlapping area between both the expression domains, which
we named the TOH (Figures 1A,C,D, 2E; also, compare
Figure 2A with Figure 2B and Figure 2C with Figure 2D).
The TOH domain extended through peduncular (p) and pre-
peduncular or terminal (t) prosomeric subdivisions (Figure 1A).
At peduncular level, it included a part of the medial bed nucleus
of the stria terminalis (BSTM; Figures 1A,E, 2E) and formed
a cell corridor that extended laterally into the medial amygdala
(Me) (Figures 2D-F). At terminal level, the TOH included
a subpreoptic (SuPO) region located ventral to the subpallial
preoptic (PO) area (Figure 1C). The ventricular zone (vz) of
the TOH domain was better appreciated in horizontal and
frontal sections and showed Foxgl expressing cells adjacent
to Otp expressing periventricular cells (Figures 1D,EG). The
peduncular and pre-peduncular prosomeric divisions of the
TOH domain were sequentially observed in frontal sections,
from anterior (topologically dorsal) to posterior (topologically
ventral) levels (Figures 1E,G): at an anterior section level, only
the terminal, subpreoptic subdivision was observed (Figure 1F),
while in subsequent posterior sections, the peduncular TOH
domain was seen (Figure 1G), followed by the paraventricular
hypothalamic domain (in SPV core, Figure 1H). In these
sections, terminal and peduncular parts of the TOH domain
were ventrally flanked by the Otp-rich/Foxgl-poor SPV core
domain (Figures 1F-H). The latter included the primordium of
the paraventricular nucleus (Figures 1E,H) and at least part of the
supraoptic nucleus. In addition to a major population of Otp cells,
the SPV core was observed to contain mostly dispersed Foxgl
immunoreactive cells (Figures 1E,H).

To know if cells in the TOH domain coexpressed
both transcription factors, we carried out doubled
fluorescence labeling by way of FISH for Otp combined
with immunofluorescence for Foxgl in chicken forebrain
sections (Figures 3-7). In sagittal sections, we observed the
Otp/Foxgl overlapping domain, in the frontier between the
subpallium (dorsally) and the SPV core (ventrally) (Figures 3, 4).
Observation of the overlapping domain at higher magnification

TABLE 3 | Secondary antibodies.

Secondary antibodies

Antibody Type Dilution Manufacturer and reference
name

Goat anti-rabbit Biotinylated 1:200 Vector, Ref BA-1000

19G

Donkey Fluorescent 1:500 Invitrogen, Ref A11034
anti-rabbit

Alexa Fluor 488

showed a high density of cells apparently coexpressing Foxgl
and Otp (Figure 3B, details of the squared area in Figures 3C-
C"’; Foxgl transcription factor is seen in green in the cell
nucleus, while Otp mRNA is seen in magenta in the cytoplasm).
The TOH domain with a high density of Foxgl/Otp cellular
coexpression extended from a ventral subdivision of BSTM
(at peduncular level; Figure 4D) to the subpreoptic region
(at terminal level; Figures 4A,B; a detail of the cells in the
subpreoptic region is shown in Figure 4C). These sections also
showed ventral dispersion of Foxgl cells, without coexpression
of Otp, into the SPV core (Figures 3B, 4D), and a patch
of Foxgl cells in the paraventricular nucleus (Figure 4D,
arrow in Figure 4E). The latter Foxgl patch or island in the
paraventricular nucleus was related to a group of cells that
appeared to follow an unlabeled fornix-like fiber tract traveling
from dorsal to ventral (Figures 4A,A”). A similar patch of
Foxgl cells was also seen in the paraventricular nucleus of the
lizards (Figure 2A).

Horizontal (Figures 5, 7) and oblique frontal sections
(Figure 6) helped to better visualize the contribution of the
peduncular TOH domain to the BSTM (Figures 5, 6) and
from the terminal TOH domain to the preoptic area (PO)
(Figure 7). Regarding the BSTM, our results revealed that
this nucleus includes a dorsal part rich in Foxgl single
labeled, and a ventral part rich in Foxgl/Otp coexpressing cells
(Figures 5A,B, 6B,B,D’; details of cells in Figures 5C-C";
inset in Figure 6D). The ventral part of the BSTM rich in
double-labeled cells appeared to coincide with a subdivision
previously named BSTM3, rich in glutamatergic cells (Abellan
and Medina, 2009; see Figures 14M,N), but poor in subpallial
marker genes such as Nkx2.1, Lhx6, and Lhx7/8 (Abellan
and Medina, 2008, 2009). BSTM3 was continuous laterally
with a cell stripe of double-labeled cells that reached the
Me (Figure 5A-right side, Figures 5D,E, 6B,B’). Thus, the
peduncular TOH domain appeared to produce a continuous
cell stripe or corridor of double-labeled cells extending from
BSTM3 (medially) to a part of the Me (laterally). This corridor
continued to be observed in later embryonic stages (Figure 6F).
At terminal and peduncular levels, TOH-derived double-labeled
cells also appeared to spread tangentially into other parts of
the telencephalon, and many were observed near the preoptic
subpial surface and more dorsolaterally in a territory previously
considered part of the pallial extended amygdala (see Section
“Discussion”) (Figures 6A,C,E, 7B,C; details in Figures 7D-E).

Frontiers in Neuroanatomy | www.frontiersin.org

May 2022 | Volume 16 | Article 883537


https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroanatomy#articles

Metwalli et al. Otp and Sim1 Cells in Sauropsidian Amygdala

(0]63

? AR

FIGURE 1 | Chromogenic double labeling of Otp and Foxg1 in the chicken forebrain. (A,B) Sagittal, (C-E) horizontal, and (F-H) frontal sections of the chicken
embryonic forebrain, at E8, hybridized for Otp (blue color) and immunostained for Foxg1 (orown color). Note the overlapping expression of both transcription factors
in the telencephalon-opto-hypothalamic (TOH) domain, just dorsal to the SPV core. See text for more details. For abbreviations, see list. Scale: bar in (A) = 200 um
(applies to all).
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FIGURE 2 | Chromogenic single and double labeling of Otp and Foxg1 in the lizard forebrain. (A,B) Sagittal and (C-F) oblique horizontal adjacent sections of the
lizard embryonic forebrain, 41-45 days post-oviposition, comparing the expressions of Otp and Foxg1. Sections in panels (A-C) are immunostained for either Foxg1
or Otp (brown color). The section in panel (D) is hybridized for Otp (blue color). The section in panel (E) is double labeled for Otp (by in situ hybridization, blue) and
Foxg1 (by immunohistochemistry, brown). Note the overlapping expression of both transcription factors in the TOH domain, covering a cell corridor that extends
from part of BSTM to the medial amygdala (Me). Panel (F) shows a detail of a patch of overlapping expression in the Me. The arrow in (A) points to a patch of Foxg1
cells in the paraventricular hypothalamic nucleus (in the SPV core). See text for more details. For abbreviations, see list. Scale bars: (A,B) = 200 pm;

(C-E) = 100 pm; (F) = 50 pm.
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Some of the latter cells reached the arcopallium. The TOH-
related medial extended amygdala subdivision and other cells
near the subpallial subpial surface also contained subpopulations
of Foxgl single- and Otp single-labeled cells. The latter could be
better followed in classical horizontal sections (i.e., transversal
to the terminal prosomere) (Figure 7C; details in Figures 7D-
E’), which showed a particular subpopulation of Otp single-
labeled cells that spread dorsally from the terminal part of SPV
core, following a subpial path to reach the terminal lamina
(arrow in Figures 7B,C). Since these cells only expressed Otp
but not Foxgl, they appear to originate in the terminal part
of the SPV core. A part of the subpial Otp single labeled
cells might correspond to the terminal part of the supraoptic
nucleus previously identified in chickens based on its content
in vasotocin/mesotocin neurons and named “ventral supraoptic
nucleus” (Tennyson et al., 1985; Arnold-Aldea and Sterritt, 1996).

Sim1 vs. Fogx1

We first the analyzed sagittal, horizontal, and frontal sections
of a chicken embryonic forebrain doubled labeled for Siml
(by chromogenic in situ hybridization to detect the mRNA)
and Foxgl (by immunohistochemistry to detect the protein)
(Figure 8). A strong Sim1 signal was observed in the SPV domain
from peduncular to terminal prosomeric levels (Figure 8A),
coinciding with the expression of Otp (described in the previous
section). Double labeling of Sim1 and Foxgl showed an overlap
of both transcription factors in the TOH domain (Figures 8A,B),
similar to that observed with double labeling of Otp and Foxgl.
The Sim1/Foxgl overlapping domain extended from peduncular
prosomeric levels (where BSTM3 was found; Figures 8C,D) to
terminal prosomeric levels (where the subpreoptic region was
located; Figure 8F). At peduncular levels, Sim1 cells were found
to spread into the Me (Figure 8H), but also into the central
extended amygdala (mostly its lateral part) and the arcopallium
(arrow in Figures 8D,G,G’). Some Sim1 cells were also found
near the subpial surface of the subpallium, in a territory
previously considered part of the pallial extended amygdala (see
Section “Discussion”). At terminal levels, Sim1 cells spread in
the PO (Figure 8F), following a path similar to that of the Otp
cells. In all of these areas, Foxgl cells were also abundant, but
it was unclear whether Siml was coexpressed with Foxgl in
some of the cells.

To know whether the TOH domain and other parts of the
telencephalon contain cells coexpressing Siml and Foxgl, we
processed sagittal, horizontal, and oblique frontal sections of the
chicken embryonic forebrain for double fluorescence labeling
by using FISH for Siml and immunofluorescence for Foxgl
(Figures 9, 10). An analysis of these sections showed that the
TOH domain contains abundant cells apparently coexpressing
both transcription factors, resembling the situation of Otp and
Foxgl coexpression (Figures 9A-A", details in Figures 9B,C; the
Foxgl transcription factor is seen in green in the cell nucleus,
while the Siml mRNA is seen in magenta in the cytoplasm).
At terminal prosomeric levels, TOH domain-derived double-
labeled cells populated the subpreoptic region. In addition, we
also observed cells spreading from the TOH domain and SPV
core into the PO, where a group of subpial cells, some Sim1/Foxg1

double-labeled, and some Sim1 single-labeled, was found (small
arrow in Figure 9A).

In the peduncular prosomere, the Sim1/Foxgl coexpressing
area included BSTM3, which was located just ventral to another
part of BSTM (possibly BSTM1/2) that was rich in Foxgl
single labeled cells (Figures 9A,B). However, we also observed
another stripe of Sim1 single-labeled cells that extended from the
peduncular SPV core to BSTM (large arrow in Figures 9A,A"),
thus providing another source of cells for this complex nucleus.
Horizontal sections allowed for better visualization of the
TOH domain versus SPV core contributions to the extended
amygdala (Figure 10). TOH domain-derived double-labeled cells
populated ventral parts of the medial extended amygdala, from
medial to lateral levels (i.e., from BSTM3 to part of the Me)
(Figures 10A,B, details in Figures 10D,D’). SPV core-derived
Siml single-labeled cells formed a distinct stripe of BSTM
(Figure 10A, detail of single-labeled cells pointed with empty
arrowheads in Figure 10E), and some were also scattered in
other parts of the medial extended amygdala (Figures 10D,D’).
Sim1 cells also spread further dorsally reaching the arcopallium.
However, in contrast to Otp cells, Siml cells reaching the
arcopallium seem more abundant, and a subset of Siml cells
also invades the central extended amygdala, mainly its lateral
part (Figures 9D-F, 10C, detailed in Figure 10F). A few cells
appear to follow a medial path to reach the BSTL, while the
majority of the cells follow a lateral path and penetrate the
boundary between the arcopallium and the extended amygdala
(Figure 10C), overlapping the previously described intercalated
amygdala (Vicario et al,, 2014, 2017) from where a few cells
spread inside the capsular central amygdala (CeC). Some of
the Sim1 cells in the intercalated and capsular central extended
amygdala coexpressed Foxgl (Figures 9E,F,10F), but some Sim1
cells of these areas and many of those in the arcopallium did
not (Figure 10F). The distribution of Siml cells in the CeC
resembled that of glutamatergic cells observed in the same
location in a previous publication (Abellan and Medina, 2009;
see their Figure 16F showing VGLUT2 to be expressed in
glutamatergic cells). To better understand the molecular profile
of these glutamatergic cells and evaluate their putative origin,
we carried out double labeling of VGLUT2 and Foxgl (both
chromogenic and fluorescent) (Figure 11). According to our
observations, some VGLUT?2 cells of the CeC of the chickens
were single-labeled (without Foxgl), although we also observed
many VGLUT2/Foxgl double-labeled cells (Figures 11B,B’).
This shows that there are at least two types of glutamatergic cells
in the capsular central extended amygdala and suggests that those
without Foxgl must have an extra telencephalic origin, perhaps
the same as that of the Sim1 single-labeled cells found in the same
location (which appear to derive from the SPV core).

DISCUSSION

Our results show the existence of a TOH domain, with apparent
coexpression of Foxgl and Otp, in two species of sauropsids that
belong to two sister clades of sauropsids: Lepidosauria (including
lizards) and Archosauria (including birds). This domain was also
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FIGURE 3 | Fluorescent double labeling of Otp and Fogx1 in chicken. (A) Sagittal section of the chicken embryonic forebrain, at E8, hybridized for Otp (magenta
color) and immunostained for Foxg1 (green color). Note the overlapping expression of both transcription factors in the TOH domain, just dorsal to the SPV core.

(B) Detail of the area squared in (A) showing coexpression of Otp and Foxg1 in many cells of the TOH domain. Panels (C-C’”") show the area squared in B at higher
magnification (C: merged magenta/green channels; C’,C”": separate magenta and green channels; C’”’: DAPI staining). Arrows point to a few examples of
double-labeled cells. See text for more details. For abbreviations, see list. Scale bars: (A) = 320 wm; (B) = 80 um; (C) = 20 um (applies to C-C'"’).

previously found in mice (Morales et al., 2021), and it was likely
present in the forebrain of stem amniotes. Moreover, an area
of Foxgl/Otp overlap resembling the TOH domain has been
found in zebrafish (Affaticati et al,, 2015), suggesting that it
may be a common division in the brain of jawed vertebrates.
Like in mice, the TOH division of chickens also expresses
Siml, and our results show an apparent high level of cellular
coexpression of Foxgl and Sim1 in this domain. Given the high

abundance of Otp/Foxgl and Sim1/Foxgl cells, it is likely that
many cells in the TOH domain coexpress Otp, Sim1, and Foxgl.
However, considering the observed differences in the presence
of Foxgl/Otp versus Foxgl/Sim1 cells in parts of the extended
amygdala (as discussed below), it seems that there are at least
two different cell populations: (1) cells coexpressing Otp, Siml,
and Foxgl and (2) cells with Sim1 and Foxgl but without Otp.
The first group seems to be the more abundant (but more studies

Frontiers in Neuroanatomy | www.frontiersin.org

May 2022 | Volume 16 | Article 883537


https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroanatomy#articles

Metwalli et al.

Otp and Sim1 Cells in Sauropsidian Amygdala

FIGURE 4 | Fluorescent double labeling of Otp and Fogx1 in chicken. (A-A"",D) Sagittal sections of the chicken embryonic forebrain, at E8, hybridized for Otp
(magenta color) and immunostained for Foxg1 (green color) (merged and separate channels are shown in A-A"’). (B) Detail of the area squared in (A), showing
coexpression of Otp and Foxg1 in many cells of the subpreoptic (SUPO) area, at the terminal prosomeric part of the TOH domain. Panels (C-C’’) show the area
squared at B at higher magnification (C: merged magenta/green channels; C’,C’’: separate magenta and green channels). (E) Detail of the area squared in (D)
showing a patch of Foxg1 cells (pointed with an arrow) inside the paraventricular nucleus (in the peduncular SPV core). See text for more details. For abbreviations,
see list. Scale bars: (A) = 320 um (applies to A-A"’,D); (B) = 80 um; (C) = 20 um (applies to C-C”’).

are needed to quantify) in the TOH domain, including the SuPO
and a ventral subdivision of the medial extended amygdala. The
second cell group seems to produce a distinct population that
tangentially migrates to the central extended amygdala. Groups
of Foxgl/Otp and Foxgl/Sim1 cells also spread tangentially into
the PO, but it is unclear if they are the same or different
cell populations.

As discussed previously (Morales et al., 2021), the TOH
domain appears to correspond to the dorsal subdivision of

classical SPV (Puelles et al., 2012; Diaz et al., 2015; Ferran
et al,, 2015). The SPV domain, characterized as a domain of
the alar hypothalamus expressing Otp but free of DIx2/5 and
Nkx2.1 and mostly free of Isletl, has been found in different
amniotes and anamniotes (Bardet et al., 2008; Morales-Delgado
et al., 2011; Moreno et al., 2012; Dominguez et al., 2013, 2015;
Herget et al., 2014; Santos-Duran et al, 2016; Lopez et al,
2022). However, based on its expression of the telencephalic
Foxgl transcription factor in the ventricular zone and mantle,
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FIGURE 5 | Fluorescent double labeling of Otp and Fogx1 in chicken. (A) Horizontal section of the chicken embryonic forebrain, at E8, hybridized for Otp (magenta
color) and immunostained for Foxg1 (green color). (B) Detail of the area squared in (A) (left side) showing coexpression of Otp and Foxg1 in many cells of the ventral
part of BSTM (using topological references according to the prosomeric model). Panels (C-C’’) show the area squared at B at higher magnification (C: merged
magenta/green channels; C': magenta channel with DAPI; C’’: green channel). Arrows point to examples of double-labeled cells. (D) Detail of the area squared in (A)
(right side) showing coexpression of Otp and Foxg1 in many cells of the medial extended amygdala (a cell corridor that extends from BSTM to the Me). Panel (E)
shows the area squared at higher magnification (example of a double-labeled cell pointed with an arrow). See text for more details. For abbreviations, see list. Scale
bars: (A) = 320 um; (B) = 80 wm (applies to B,D); (C) = 20 um (applies to C-C"’,E).

we have previously proposed that the TOH domain might be
a part of the telencephalon (Morales et al., 2021). This led us
to use the term SPV core to refer to the central and ventral
parts of classical SPV that are free of Foxgl in the ventricular
zone (Morales et al., 2021). Like in mice, the TOH domain of
sauropsids also shows an expression of Foxgl in the ventricular
zone and mantle, while Otp and Sim1 are mostly expressed in

postmitotic cells. In contrast, the SPV core ventricular zone is
free of Foxgl expression, and the mantle only contains very few
Foxgl cells. In mice and chickens, the dorsal subdivision of SPV
(apparently corresponding to our TOH domain) also differs from
the SPV core, because the former does not express Brn2 (Michaud
etal, 1998; Caqueret et al., 2005). In amphibians, the ventral part
(in topological terms) of SPV expresses the transcription factors
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FIGURE 6 | Single and double labeling of Otp and Fogx1 in chickens. (A,B) Frontal section of the chicken embryonic forebrain (commissural and post-commissural
levels), at E8, hybridized for Otp (magenta color) and immunostained for Foxg1 (green color). Panel (B’) is a detail of the cell corridor extending from BSTM to the
Me, containing many double-labeled cells. (C) Detail of the area squared in (A) showing coexpression of Otp and Foxg1 in cells of the preoptic area (PO), including a
subpial group that may belong to the extended amygdala (higher magnification detail of double-labeled cells pointed with an arrow in insert). (D) Detail of the area
squared in (B) showing coexpression of Otp and Foxg1 in cells of BSTM (in particular, its BSTM3 subdivision; higher magnification detail of double-labeled cells
pointed with an arrow in insert). (E,F) Frontal sections of the chicken embryonic forebrain (commissural and post-commissural levels), at E16, hybridized for Otp.
Note the corridor of Otp cells extending from BSTM3 to the Me. See text for more details. For abbreviations, see list. Scale bars: (A) = 320 pm (applies to A,B);

(C) = 80 um (applies to C,D); (C) insert = 20 wm; (E) = 400 .wm (applies to E,F).

Nkx2.2 and Lhx5 (Dominguez et al, 2013). The relationship adding Foxgl as one of the markers. Lhx5 has also been found
between these two sectors of amphibian SPV with the TOH in the SPV domain of mice and chickens (Abellan et al., 2010),
domain and SPV core of amniotes requires further investigation, and colocalization of Otp and Lhx5 has been shown in mice
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FIGURE 7 | Fluorescent double labeling of Otp and Fogx1 in chickens. (A-C) Horizontal section of the chicken embryonic forebrain, at E8, hybridized for Otp
(magenta color) and immunostained for Foxg1 (green color). Panel (A) is at the peduncular prosomeric level, while (B,C) are at terminal levels. Arrows in (B,C) point
to a stripe of Otp cells in the PO. Panels (D-E’) are details of the areas squared in (C) (D,E: merged channels; D’,E’: green channel). Panels (D,D’) show
double-labeled cells in the SuPO (in the terminal TOH domain), and some Otp single-labeled (arrow) and Otp/Foxg1 double-labeled cells that spread into the PO.
Panels (E,E’) show a prominent group of Otp single-labeled subpial cells, which seem to correspond to the terminal part of the supraoptic (SOt) nucleus. See text for
more details. For abbreviations, see list. Scale bars: (A) = 320 um (applies to A=C); (D) = 40 um (applies to D-E’).

(Garcia-Moreno et al., 2010). However, at least in mice and zebra
finches, Lhx5 seems to cover a large part (if not all) of SPV and is
abundantly found in cells of the TOH-derived part of the medial
extended amygdala (Abellan et al., 2010; Garcia-Moreno et al.,
2010; Vicario et al., 2017).

In mice, the SPV core gives rise to the main portions of
the paraventricular and supraoptic hypothalamic nuclei (Puelles

et al., 2012; Morales et al., 2021). Based on previous studies
(Arnold-Aldea and Sterritt, 1996; Caqueret et al., 2005; Bardet
et al, 2008), combined with our results, this appears to be
similar in chickens. In addition, our results on chickens suggest
that it also produces minor subpopulations of Otp and Siml
cells, not coexpressing Foxgl, that migrate tangentially to
the PO, extended amygdala, and pallial amygdala/arcopallium.
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FIGURE 8 | Chromogenic labeling of Sim1 and Foxg1 in the chicken forebrain. (A-C) Sagittal, (D,F) horizontal, and (E) frontal sections of the chicken embryonic
forebrain, at E8, hybridized for Sim1 (blue color) and immunostained for Foxg1 (brown color). Note the overlapping expression of both transcription factors in the
TOH domain, just dorsal to the SPV core. Panel (C) shows a detail of the overlapping area covering part of BSTM (from a section a bit lateral to that seen in B).
Arrowheads in (A,B) show a stream of Sim1 cells spreading dorsally from the SPV core. This stream reaches the BST (pointed with an arrow in E). A lateral stream of
Sim1 cells (arrow in panel D) also reaches the capsular central amygdala and adjacent arcopallium (E). The arrows in (D,F) point to streams of Sim1 expressing cells
spreading from the TOH and SPV domains to the capsular (D) central amygdala or (F) the PO. Panels (G=H) show details of frontal sections hybridized for Sim1 at
the level of the (G,G’) central or the (H) medial extended amygdala in older embryos (E13 and E14). See text for more details. For abbreviations, see list. Scale bars:
(A) = 400 pm (applies to A,B,D,F); (C,E) = 200 um; (D) = 40 um (applies to D,E). (G’) = 400 pm (applies to G',H).
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FIGURE 9 | Fluorescent Sim1 and Fogx1 in the chicken forebrain. (A-A’",D) Sagittal sections of the chicken embryonic forebrain, at E8, hybridized for Sim1
(magenta color) and immunostained for Foxg1 (green color) (A shows merged channels, and A’,A”” show separate channels). Note the overlapping expression of
both transcription factors in the TOH domain, just dorsal to the SPV core. Panels (B,C) show details of the squared areas in (A), showing coexpression of Sim1 and
Foxg1 in many cells of the overlapping area, including BSTM3 (examples of double-labeled cells pointed with an arrow). The large arrow in (A,A’) points to a stripe of
Sim1 cells, spreading from the SPV core to the vicinity of BSTM. The small arrow in (A-=A"’) points to Sim1 cells in a subpial position of the PO. Panel (D) shows a
lateral section, at the level of the capsular central amygdala and adjacent arcopallium. Panel (E) is a detail of these areas, and (F) shows a higher magnification detail
of double-labeled cells in the capsular central amygdala (examples pointed with an arrow). This area also includes some Sim1 single-labeled cells. See text for more
details. For abbreviations, see list. Scale bars: (A) = 320 um (applies to A-A"’); (B) = 40 um (applies to B,C); (D) = 320 um; (E) = 40 wm; (F) = 20 wm.

The ventral-to-dorsal dispersion of SPV-domain derived cells
(posterior to anterior in topographic terms) was previously
suggested in chickens based on an analysis of the distribution of
vasotocin/mesotocin immunoreactive cells during development
(Arnold-Aldea and Sterritt, 1996). From their site of origin
in the anterior (alar) hypothalamus, Arnold-Aldea and Sterritt
(1996) described two migratory pathways for these cells: (1)

a dorsolateral pathway, which produces the main supraoptic
nucleus (named “dorsolateral anterior nucleus, magnocellular
component”) by radial migration based on comparison with
vimentin, and cells that spread into the BST and the external
supraoptic nucleus; (2) a ventrolateral pathway that appears to
produce the ventral division of the supraoptic nucleus. Our
results partially agree with this suggestion but clarify that the
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FIGURE 10 | Fluorescent Sim1 and Fogx1 in the chicken forebrain. (A-C) Horizontal sections of the chicken embryonic forebrain, at E8, hybridized for Sim1
(magenta color) and immunostained for Foxg1 (green color) (left to right goes from bottom to top). Panels (D,D’) are a detail of the area squared in (B), showing Sim1
single-labeled (empty arrow) and Sim1/Foxg1 double-labeled (filled arrow) cells in the medial extended amygdala. Panels (E,E’) are a detail of the area squared in
(A), showing Sim1 single-labeled (empty arrow) and Sim1/Foxg1 double-labeled (filled arrow) cells in BSTM3 or ventral to it. Panel (F) is a detail of the capsular
central amygdala from the section shown in (C). Sim1 single-labeled (empty arrow) and Sim1/Foxg1 double-labeled (filled arrows) cells are observed. See text for
more details. For abbreviations, see list. Scale bars: (A) = 200 um (applies to A=C); (D) = 40 wm (applies to D-E’); (F) = 20 um (applies to FF’).

dorsolateral pathway occurs within the peduncular prosomere
and that the ventrolateral pathway occurs within the terminal
prosomere. In both cases, cells first migrate radially to the subpial
surface, and then some appear to take a tangent to continue

dorsally (such as those of the external and ventral supraoptic
nuclei). Moreover, based on double labeling of Otp/Foxgl and
Sim1/Foxgl, it appears that cells that produce different parts
of the supraoptic nucleus do not coexpress Foxgl and might
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FIGURE 11 | Fluorescent VGLUT2 and Foxg1 in the chicken central extended amygdala. (A) Frontal section of the chicken embryonic forebrain (commissural level),
at E18, hybridized for VGLUT2 (magenta color) and immunostained for Foxg1 (green color). In addition to those in the pallium, note the presence of a group of
VGLUT2 cells in the capsular central amygdala. Panels (B,B’) are a detail of this area showing the presence of two types of VGLUT2 cells based on the coexpression
of Foxg1 (B: merged channels; B’: green channel). The filled arrow points to an example of a VGLUT2/Foxg1 double-labeled cell, while the empty arrow points to an
example of a VGLUT2 single-labeled cell. See text for more details. For abbreviations, see list. Scale bars: (A) = 400 wm; (B) = 40 um (applies to B,B’).

/Foxg1

specifically originate in the peduncular and terminal parts of
the SPV core. In addition, the TOH domain gives rise to
double-labeled Otp/Foxgl and Sim1/Foxgl cells of the extended
amygdala and subpreoptic/preoptic areas (some radially, some
tangentially, as discussed below). In chickens, TOH and SPV
core-derived cells also appear to reach the arcopallium. The
presence of these various migration routes from the TOH domain
and SPV core toward the PO, extended amygdala, and pallial
amygdala agrees with previous descriptions in mice based on
Otp/Foxgl double labeling (Morales et al., 2021, 2022), as well
as with descriptions based on Otp and Siml single labeling
(Garcia-Calero et al., 2021).

Otp and Sim1 Cells of the Medial
Extended Amygdala

As noted above, part of the medial extended amygdala contains
numerous cells expressing Otp and Siml. Otp cells have been
previously found in the medial extended amygdala of amniotes
and anamniotes (for example, Bardet et al., 2008; Moreno et al.,
2010; Abellan et al., 2013; Herget et al., 2014; Biechl et al,
2017; Porter and Mueller, 2020; Lépez et al., 2022), but more

data on Sim1 in different species are needed. Our results show
that many Otp and Sim1 cells of the medial extended amygdala
coexpress Foxgl and appear to derive from the TOH domain.
In the avian BSTM, Otp/Foxgl and Sim1/Foxgl cells occupy
a ventrolateral division called BSTM3 (included as part of the
hypothalamic BSTM in zebra finches; Vicario et al., 2017). In
contrast, BSTM1 and 2 are rich in Foxgl single-labeled cells
and seem to correspond to the nuclear subdivisions rich in
subpallial cells, such as those expressing Lhx6 (derived from the
ventrocaudal pallidal/diagonal domain) and those expressing Shh
(derived from the commissural preoptic domain) (Abelldn and
Medina, 2009; Vicario et al., 2017). While cells of subpallial origin
found in BSTM1/2 are GABAergic (Abellin and Medina, 2009),
those found in BSTM3 are mostly glutamatergic (Abellan and
Medina, 2008, 2009). BSTM also includes subpopulations of cells
expressing vasotocin and mesotocin (Aste et al., 1998; Jurkevich
etal., 1999; Vicario et al., 2017), and we have previously suggested
that these likely originate in SPV (Abellan et al., 2013; Medina
et al.,, 2017) based on the critical role of Otp and Sim1 in the
differentiation of these cells (Acampora et al., 2000). However,
this needs to be reexamined to discern between contributions of
the TOH domain and/or the SPV core, since BSTM does not
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only include Otp/Foxgl and Sim1/Foxgl cells [from the TOH
domain, but also Otp and Sim1 single-labeled cells (likely derived
from the SPV core)].

In contrast to the clear delimitation of sectors in the avian
BSTM and in the mouse Me, the Me of birds is quite small,
and cells of different origins are rather intermingled (Abellan
and Medina, 2009; Medina et al., 2017; Vicario et al., 2017). At
least in the early and middle embryonic stages, Otp/Foxgl and
Sim1/Foxgl cells of the avian Me form a clear continuum with
those of BSTM3, following the ventral amygdalofugal tract. Like
that of other amniotes, the avian medial extended amygdala has
been involved in social behaviors (Panzica et al., 2001; Xie et al.,
2010; Goodson, 2013; Mayer et al., 2017, 2019; Medina et al,,
2019). More studies will be required to know more about Otp and
Sim1 cells of the medial extended amygdala and their specific role
in different aspects of social behavior.

Sim1 Cells of the Central Extended
Amygdala and Adjacent Pallium

We found Siml1 cells in the central extended amygdala and the
adjacent pallium of chickens. Regarding the pallium, the finding
of Sim1 in the arcopallium and LOT area resembles that of the
mouse pallial amygdala, proposed to derive from the SPV core
(in particular central SPV; Garcia-Calero et al, 2021). Many
Sim1 cells of the chicken pallium did not coexpress Foxgl, which
would agree with an extra telencephalic origin in the SPV core.
In mice, SPV-derived Sim1 cells appear to populate layer 2 of the
nucleus of the lateral olfactory tract after putative long migration
through the posterior pole of the pallium to end in the subpallium
(Garcia-Calero et al.,, 2021). In chickens, Sim1 cells may also
contribute to populating the LOT nucleus, suggested to be located
near the surface, under the end of the lateral branch of the
anterior commissure (Puelles et al., 2018, see Figure 14 in the 2nd
edition of the Atlas of the Chicken Brain). In agreement with this
proposal, this area receives an olfactory input (Reiner and Karten,
1985) and contains Sim1 cells (present results; Figures 8G,G').
The LOT appears to be part of a larger subpial area rich in
glutamatergic cells that is continuous laterally with those in the
arcopallium and other parts of the avian pallial amygdala (present
results, Figure 11A; Abellan et al., 2009). This area also extends a
bit rostral to commissural levels, always close to the pial surface,
and has been identified in our previous publications as part
of the pallial extended amygdala, a glutamatergic cell corridor
extending from the SPV to the pallial amygdala (Abelldn et al.,
2009, 2010). A comparison of Sim1 with Foxgl shows that this
area contains Sim1/Foxgl double-labeled and Sim1 single-labeled
cells (present results), indicating an external origin of at least
some of the cells of this corridor. Moreover, this ample area also
contains Otp cells (part of them coexpressing Foxgl, as noted in
the results) and other cell types with different molecular profiles
and apparent origins, such as those with Lhx5 and Tbr1 derived
from the prethalamic eminence (PThE) and those with Lhx9 of
pallial origin (as discussed previously by Abellan et al., 2009; see
also Abellan and Medina, 2009; Abellan et al., 2010; Vicario et al,,
2017; Alonso et al., 2020, 2021). The LOT of mice also appears
to include a variety of cell subtypes with different molecular

profiles and embryonic origins (discussed by Garcia-Lopez et al.,
2008, Garcia-Calero et al., 2021). Siml cells are located in its
layer 2 (Garcia-Calero et al., 2021), and our previous data have
suggested that the mouse LOT also contains and/or is surrounded
by scattered Otp cells, which avoid layer 2 (Morales et al., 2021).
Thus, Otp and Sim1 cells seem to occupy different layers in this
pallial nucleus in mice.

One striking finding of our study is the observation of a group
of Siml cells in the chicken central extended amygdala. This
subpallial complex comprises BSTL and additional subdivisions
interposed between BSTL and arcopallium, which include the
CeC (Vicario et al,, 2014, 2015, 2017). A few Siml cells were
found in BSTL, but a large subpopulation was found in the CeC.
Our results show that some of the Sim1 cells of this capsular area
coexpress Foxgl and some do not. It is unclear whether similar
cell populations are present in other vertebrates. In the early
embryonic stages, most Simlcells are found in the intercalated
cell area, interposed between the CeC and the arcopallium. The
majority of Siml cells found in the intercalated area in early
stages may be in transit to neighboring areas, including the
capsular central extended amygdala since the amount of capsular
Sim1 cells seems to increase during subsequent stages and the
cells resemble a subset of glutamatergic cells observed in this
area (Abellan and Medina, 2009; present results). Based on the
presence of a subset of Lhx9 cells in this same location, we have
previously proposed that they likely originate in the Lhx9-rich
amygdalar pallium (Abellan et al., 2009). However, our results
on Siml cells suggest that at least some glutamatergic cells of
the central extended amygdala originate in the TOH domain
and the SPV core and migrate tangentially to the subpallium
during development. Further investigation will be required to
know the exact origin of the different glutamatergic cells found in
the central extended amygdala and their functional relationship
to the predominant GABAergic cells found in this same territory.
The central extended amygdala of mammals plays a key role
in triggering and regulating fear and anxiety responses (Phelps
and LeDoux, 2005; Davis et al., 2010). In birds, the BSTL
also plays a role in fear and anxiety (Nagarajan et al., 2014;
reviewed by Smulders, 2021), but the implication of other parts
of the central extended amygdala is unknown. The finding of
subsets of glutamatergic cells in the BSTL and the capsular
part of the central extended amygdala raises questions on the
possible interactions of these glutamatergic cells with the typical
GABAergic cells found in this nuclear complex.

Glutamatergic vs. GABAergic Cells of the

Telencephalon

Telencephalic function in the regulation of goal-directed
behaviors by contextual information, motivation, and emotions
depends on exquisite modulation of glutamatergic and
GABAergic networks. Unbalance in these excitatory/inhibitory
networks is behind many mental and neurodevelopmental
disorders (Gao and Penzes, 2015; Sohal and Rubenstein, 2019).
Most telencephalic nuclei and areas contain a mixture of both
cell subtypes in different proportions. In the cerebral cortex,
basolateral amygdala, and cortical amygdala, the predominant
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cells are glutamatergic, while in the septum, basal ganglia,
and centromedial extended amygdala, the predominant cells
are GABAergic (reviewed by Medina and Abellan, 2009, 2012;
Moreno et al,, 2009). Glutamatergic and GABAergic neurons of
the telencephalon are considered to be primarily derived from
one of the two major embryonic divisions of the telencephalon,
the pallium and the subpallium, respectively (Hevner et al.,
2001; Stithmer et al., 2002; Osorio et al., 2010). Until now, only
minor cell subpopulations were thought to originate outside,
in the PThE and alar hypothalamus, and migrate tangentially
to the telencephalon during development. Our study challenges
this view with the identification of a new embryonic domain,
the TOH domain, which expresses Otp, Siml, and Foxgl,
and is located in the ventral most part of the telencephalon.
This domain, observed in sauropsids (present results) and
mice (Morales et al., 2021), produces a large population of
glutamatergic cells for the medial extended amygdala, and
subsets of glutamatergic cells for the subpallium and pallium.
This new division contributes to the heterogeneity of cells
found in the amygdala and other telencephalic areas and
opens new venues to further study the relationship of TOH
domain-derived cells to other cells derived from the pallium
or the subpallium.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by Committees
of Ethics for Animal Experimentation and Biosecurity of the
University of Lleida (reference no. 6127 and CEEA 08-02/19),
as well as that of the Catalonian Government (reference no.
CEA/9960_MR1/P3/1).

REFERENCES

Abellan, A., Desfilis, E., and Medina, L. (2013). The olfactory amygdala in amniotes:
an evo-devo approach. Anat. Rec. 296, 1317-1332. doi: 10.1002/ar.22744

Abellan, A., Legaz, I., Vernier, B., Rétaux, S., and Medina, L. (2009). Olfactory and
amygdalar structures of the chicken ventral pallium based on the combinatorial
expression patterns of LIM and other developmental regulatory genes. J. Comp.
Neurol. 516, 166-186. doi: 10.1002/cne.22102

Abellan, A., and Medina, L. (2008). Expression of cLhx6 and cLhx7/8 suggests a
pallido-pedunculo-preoptic origin for the lateral and medial parts of the avian
bed nucleus of the stria terminalis. Brain Res. Bull. 75, 299-304. doi: 10.1016/j.
brainresbull.2007.10.034

Abellan, A., and Medina, L. (2009). Subdivisions and derivatives of the chicken
subpallium based on expression of LIM and other regulatory genes and markers
of neuron subpopulations during development. J. Comp. Neurol. 515, 465-501.
doi: 10.1002/cne.22083

Abelldn, A., Vernier, B., Rétaux, S., and Medina, L. (2010). Similarities
and differences in the forebrain expression of Lhxl and Lhx5
between chicken and mouse: insights for understanding telencephalic

AUTHOR CONTRIBUTIONS

AM processed most of the chicken embryonic brain material
(including all early stages of embryonic brains) as part of
his Ph.D. research project. AA and AP contributed to the
processing. AA produced the additional material from older
chicken embryos. AM photographed and prepared many of the
study figures and analyzed the material with the help of AA and
LM. JF and ED processed the lizard embryonic brains, analyzed
the material, and obtained the digital photographs. AM, LM,
JE and ED prepared the figures for the article. AM and LM
produced the first draft of the manuscript. All authors revised and
approved it.

FUNDING

This study was funded by grants from the Spanish Ministerio
de Ciencia e Innovaciéon (Agencia Estatal de Investigacion,
Grant No: PID2019-108725RB-100) and the European Union’s
Horizon 2020 Research and Innovation Programme under Marie
Sktodowska-Curie grant agreement no. 812777 (H2020-MSCA-
ITN-2018-812777). AM and AP have contracts as early-stage
researchers paid by the H2020-MSCA-ITN-2018-812777 project.
JF had a training fellowship for undergraduate students from the
Spanish Ministry of Education, Culture and Sports. The authors
declare that the funders were not involved in the study design,
collection, analysis, interpretation of data, the writing of this
article or the decision to submit it for publication.

ACKNOWLEDGMENTS

We deeply thank all the agencies that funded our research and
J. L. Michaud for kindly providing the ¢cDNA of the chicken
Otp gene. We also thank the technicians and other staff of the
Department of Experimental Medicine, the Confocal Microscopy
Facility, and the Proteomics and Genomics Service of the
University of Lleida for their continuous professional support.

development and evolution. J. Comp. Neurol. 518, 3512-3528. doi: 10.10
02/cne.22410

Acampora, D., Postiglione, M. P., Avantaggiato, V., Di Bonito, M., and Simeone, A.
(2000). The role of Otx and Otp genes in brain development. Internat. J. Dev.
Biol. 44, 669-677.

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

Alonso, A., Trujillo, C. M., and Puelles, L. (2020). Longitudinal developmental
analysis of prethalamic eminence derivatives in the chick by mapping of Tbr1l
in situ expression. Brain Struct. Funct. 225, 481-510. doi: 10.1007/s00429-019-
02015-3

Alonso, A., Trujillo, C. M., and Puelles, L. (2021). Quail-chick grafting experiments
corroborate that Tbrl-positive eminential prethalamic neurons migrate along
three streams into hypothalamus, subpallium and septocommissural areas.
Brain Struct. Funct. 226, 759-785. doi: 10.1007/s00429-020-02206-3

Anderson, S. A., Marin, O., Horn, C,, Jennings, K., and Rubenstein, J. L. R. (2001).
Distinct cortical migrations from the medial and lateral ganglionic eminences.
Development 128, 353-363. doi: 10.1242/dev.128.3.353

Frontiers in Neuroanatomy | www.frontiersin.org

May 2022 | Volume 16 | Article 883537


https://doi.org/10.1002/ar.22744
https://doi.org/10.1002/cne.22102
https://doi.org/10.1016/j.brainresbull.2007.10.034
https://doi.org/10.1016/j.brainresbull.2007.10.034
https://doi.org/10.1002/cne.22083
https://doi.org/10.1002/cne.22410
https://doi.org/10.1002/cne.22410
https://doi.org/10.1038/srep08738
https://doi.org/10.1007/s00429-019-02015-3
https://doi.org/10.1007/s00429-019-02015-3
https://doi.org/10.1007/s00429-020-02206-3
https://doi.org/10.1242/dev.128.3.353
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroanatomy#articles

Metwalli et al.

Otp and Sim1 Cells in Sauropsidian Amygdala

Arnold-Aldea, S. A., and Sterritt, C. (1996). Sites of origin and patterns of migration
of vasotocin/mesotocin neurons in developing brain of the chick. . Neurobiol.
31, 103-116. doi: 10.1002/(SICI)1097-4695(199609)31:1<103::AID-NEU9<3.0.
COs2-6

Aste, N., Balthazart, J., Absil, P., Grossmann, R., Miilhbauer, E., Viglietti-Panzica,
C., et al. (1998). Anatomical and neurochemical definition of the nucleus of
the stria terminalis in Japanese quail (Coturnix japonica). J. Comp. Neurol.
396, 141-157. doi: 10.1002/(sici)1096-9861(19980629)396:2< 141::aid-cnel>3.
0.c0;2-0

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/
$0925-4773(02)00199-5

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

Biechl, D., Tietje, K., Ryu, S., Grothe, B., Gerlach, G., and Wullimann, M. F.
(2017). Identification of accessory olfactory system and medial amygdala in the
zebrafish. Sci. Rep. 7:44295. doi: 10.1038/srep44295

Bishop, K. M., Rubenstein, J. L. R., and O’Leary, D. D. (2002). Distinct actions of
Emx1, Emx2, and Pax6 in regulating the specification of areas in the developing
neocortex. J. Neurosci. 22, 7627-7638. doi: 10.1523/JNEUROSCI.22-17-07627.
2002

Boardman, P. E., Sanz-Ezquerro, J., Overton, I. M., Burt, D. W., Bosch, E., Fong,
W. T, etal. (2002). A comprehensive collection of chicken cDNAs. Curr. Biol.
12, 1965-1969. doi: 10.1016/s0960-9822(02)01296-4

Caqueret, A., Coumailleau, P., and Michaud, J. L. (2005). Regionalization of the
anterior hypothalamus in the chick embryo. Dev. Dyn. 233, 652-658. doi: 10.
1002/dvdy.20372

Davis, M., Walker, D. L., Miles, L., and Grillon, C. (2010). Phasic vs
sustained fear in rats and humans: role of the extended amygdala in
fear vs anxiety. Neuropsychopharmacology 35, 105-135. doi: 10.1038/npp.200
9.109

Desfilis, E., Abellan, A., Sentandreu, V., and Medina, L. (2018). Expression of
regulatory genes in the embryonic brain of a lizard and implications for
understanding pallial organization and evolution. J. Comp. Neurol. 526, 166-
202. doi: 10.1002/cne.24329

Diaz, 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

Dominguez, L., Gonzalez, 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

Dominguez, L., Morona, R., Gonzélez, A., and Moreno, N. (2013). Characterization
of the hypothalamus of Xenopus laevis during development. I. The alar
regsions. J. Comp. Neurol. 521, 725-759. doi: 10.1002/cne.23222

Dou, C. L., Li, S., and Lai, E. (1999). Dual role of brain factor-1 in regulating
growth and patterning of the cerebral hemispheres. Cereb. Cort. 9, 543-550.
doi: 10.1093/cercor/9.6.543

Eisenstat, D. D., Liu, J. K., Mione, M., Zhong, W., Yu, G., Anderson, S. A,, et al.
(1999). DLX-1, DLX-2, and DLX-5 expression define distinct stages of basal
forebrain differentiation. J. Comp. Neurol. 414, 217-237. doi: 10.1002/(sici)
1096-9861(19991115)414:2<217::aid-cne6<3.0.co;2-1

Fernandez, A. S., Pieau, C., Repérant, J., Boncinelli, E., and Wassef, M. (1998).
Expression of the Emx-1 and Dlx-1 homeobox genes define three molecularly
distinct domains in the telencephalon of mouse, chick, turtle and frog embryos:
implications for the evolution of telencephalic subdivisions in amniotes.
Development 125, 2099-2111. doi: 10.1242/dev.125.11.2099

Ferran, 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

Gao, R, and Penzes, P. (2015). Common mechanisms of excitatory and inhibitory
imbalance in schizophrenia and autism spectrum disorders. Curr. Mole. Med.
15, 146-167. doi: 10.2174/1566524015666150303003028

Garcia-Calero, E., Lopez-Gonzalez, L., Martinez-de-la-Torre, M., Fan, C. M., and
Puelles, L. (2021). Sim1-expressing cells illuminate the origin and course of

migration of the nucleus of the lateral olfactory tract in the mouse amygdala.
Brain Struct. Funct. 226, 519-562. doi: 10.1007/s00429-020-02197- 1

Garcia-Lopez, M., Abellan, A., Legaz, 1., Rubenstein, J. L., Puelles, L., and Medina,
L. (2008). Histogenetic compartments of the mouse centromedial and extended
amygdala based on gene expression patterns during development. J. Comp.
Neurol. 506, 46-74. doi: 10.1002/cne.21524

Garcia-Moreno, F., Pedraza, M., Di Giovannantonio, L. G., Di Salvio, M., Lépez-
Mascaraque, 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

Gonzélez, A., Morona, R., Moreno, N., Bandin, S., and Ldpez, J. M. (2014).
Identification of striatal and pallidal regions in the subpallium of anamniotes.
Brain Behav. Evol. 83, 93-103. doi: 10.1159/000357754

Goodson, J. L. (2013). Deconstructing sociality, social evolution and relevant
nonapeptide functions. Psychoneuroendocrinology 38, 465-478. doi: 10.1016/j.
psyneuen.2012.12.005

Gorski, J. A., Talley, T., Qiu, M., Puelles, L., Rubenstein, J. L. R., and Jones, K. R.
(2002). Cortical excitatory neurons and glia, but not GABAergic neurons, are
produced in the Emx1-expressing lineage. J. Neurosci. 22, 6309-6314. doi: 10.
1523/JNEUROSCI.22-15-06309.2002

Herget, U, Wolf, A, Wullimann, M. F., and Ryu, S. (2014). Molecular
neuroanatomy and chemoarchitecture of the neurosecretory preoptic-
hypothalamic area in zebrafish larvae. J. Comp. Neurol. 522, 1542-1564. doi:
10.1002/cne.23480

Hevner, R. F., Shi, L., Justice, N., Hsueh, Y., Sheng, M., Smiga, S., et al. (2001).
Tbr1 regulates differentiation of the preplate and layer 6. Neuron 29, 353-366.
doi: 10.1016/s0896-6273(01)00211-2

Jurkevich, A., Barth, S. W., Kuenzel, W. J., Kohler, A., and Grossmann, R. (1999).
Development of sexually dimorphic vasotocinergic system in the bed nucleus
of stria terminalis in chickens. J. Comp. Neurol. 408, 46-60. doi: 10.1002/(sici)
1096-9861(19990524)408:1<46::aid-cne4<3.0.co;2-5

Lindtner, S., Catta-Preta, R., Tian, H., Su-Feher, L., Price, J. D., Dickel, D. E., et al.
(2019). Genomic Resolution of DLX-Orchestrated Transcriptional Circuits
Driving Development of Forebrain GABAergic Neurons. Cell Rep. 28, 2048.e-
2063.e. doi: 10.1016/j.celrep.2019.07.022

Long, J. E., Swan, C,, Liang, W. S., Cobos, I, Potter, G. B., and Rubenstein, J. L. R.
(2009). DIx1&2 and Mash1 transcription factors control striatal patterning and
differentiation through parallel and overlapping pathways. J. Comp. Neurol.
512, 556-572. doi: 10.1002/cne.21854

Loépez, J. M., Jiménez, S., Morona, R., Lozano, D., and Moreno, N. (2022). Analysis
of Islet-1, Nkx2.1, Pax6, and Orthopedia in the forebrain of the sturgeon
Acipenser ruthenus identifies conserved prosomeric characteristics. J. Comp.
Neurol. 530, 834-855. doi: 10.1002/cne.25249

Manuel, M., Martynoga, B., Yu, T., West, J. D., Mason, J. O., and Price, D. J. (2010).
The transcription factor Foxgl regulates the competence of telencephalic cells
to adopt subpallial fates in mice. Development 137, 487-497. doi: 10.1242/dev.
039800

Manuel, M. N., Martynoga, B., Molinek, M. D., Quinn, J. C., Kroemmer,
C., Mason, J. O., et al. (2011). The transcription factor Foxgl regulates
telencephalic progenitor proliferation cell autonomously, in part by
controlling Pax6 expression levels. Neur. Dev. 6:9. doi: 10.1186/1749-
8104-6-9

Marin, O., and Rubenstein, J. L. R. (2001). A long, remarkable journey: tangential
migration in the telencephalon. Nat. Rev. Neurosci. 2, 780-790. doi: 10.1038/
35097509

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

Mayer, U., Rosa-Salva, O., Loveland, J. L., and Vallortigara, G. (2019). Selective
response of the nucleus taeniae of the amygdala to a naturalistic social stimulus
in visually naive domestic chicks. Scientific Reports 9, 9849. doi: 10.1038/
541598-019-46322-5

Mayer, U., Rosa-Salva, O., and Vallortigara, G. (2017). First exposure to an alive
conspecific activates septal and amygdaloid nuclei in visually-naive domestic
chicks (Gallus gallus). Behav. Brain Res. 317, 71-81. doi: 10.1016/j.bbr.2016.09.
031

Frontiers in Neuroanatomy | www.frontiersin.org

May 2022 | Volume 16 | Article 883537


https://doi.org/10.1002/(SICI)1097-4695(199609)31:1<103::AID-NEU9<3.0.CO;2-6
https://doi.org/10.1002/(SICI)1097-4695(199609)31:1<103::AID-NEU9<3.0.CO;2-6
https://doi.org/10.1002/(sici)1096-9861(19980629)396:2<141::aid-cne1>3.0.co;2-0
https://doi.org/10.1002/(sici)1096-9861(19980629)396:2<141::aid-cne1>3.0.co;2-0
https://doi.org/10.1016/s0925-4773(02)00199-5
https://doi.org/10.1016/s0925-4773(02)00199-5
https://doi.org/10.1016/j.brainresbull.2007.10.037
https://doi.org/10.1038/srep44295
https://doi.org/10.1523/JNEUROSCI.22-17-07627.2002
https://doi.org/10.1523/JNEUROSCI.22-17-07627.2002
https://doi.org/10.1016/s0960-9822(02)01296-4
https://doi.org/10.1002/dvdy.20372
https://doi.org/10.1002/dvdy.20372
https://doi.org/10.1038/npp.2009.109
https://doi.org/10.1038/npp.2009.109
https://doi.org/10.1002/cne.24329
https://doi.org/10.3389/fnana.2014.00162
https://doi.org/10.3389/fnana.2015.00003
https://doi.org/10.3389/fnana.2015.00003
https://doi.org/10.1002/cne.23222
https://doi.org/10.1093/cercor/9.6.543
https://doi.org/10.1002/(sici)1096-9861(19991115)414:2<217::aid-cne6<3.0.co;2-i
https://doi.org/10.1002/(sici)1096-9861(19991115)414:2<217::aid-cne6<3.0.co;2-i
https://doi.org/10.1242/dev.125.11.2099
https://doi.org/10.3389/fnana.2015.00046
https://doi.org/10.2174/1566524015666150303003028
https://doi.org/10.1007/s00429-020-02197-1
https://doi.org/10.1002/cne.21524
https://doi.org/10.1038/nn.2556
https://doi.org/10.1159/000357754
https://doi.org/10.1016/j.psyneuen.2012.12.005
https://doi.org/10.1016/j.psyneuen.2012.12.005
https://doi.org/10.1523/JNEUROSCI.22-15-06309.2002
https://doi.org/10.1523/JNEUROSCI.22-15-06309.2002
https://doi.org/10.1002/cne.23480
https://doi.org/10.1002/cne.23480
https://doi.org/10.1016/s0896-6273(01)00211-2
https://doi.org/10.1002/(sici)1096-9861(19990524)408:1<46::aid-cne4<3.0.co;2-5
https://doi.org/10.1002/(sici)1096-9861(19990524)408:1<46::aid-cne4<3.0.co;2-5
https://doi.org/10.1016/j.celrep.2019.07.022
https://doi.org/10.1002/cne.21854
https://doi.org/10.1002/cne.25249
https://doi.org/10.1242/dev.039800
https://doi.org/10.1242/dev.039800
https://doi.org/10.1186/1749-8104-6-9
https://doi.org/10.1186/1749-8104-6-9
https://doi.org/10.1038/35097509
https://doi.org/10.1038/35097509
https://doi.org/10.1016/j.ydbio.2005.04.005
https://doi.org/10.1038/s41598-019-46322-5
https://doi.org/10.1038/s41598-019-46322-5
https://doi.org/10.1016/j.bbr.2016.09.031
https://doi.org/10.1016/j.bbr.2016.09.031
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroanatomy#articles

Metwalli et al.

Otp and Sim1 Cells in Sauropsidian Amygdala

Medina, L., and Abelldn, A. (2009). Development and evolution of the pallium.
Semin. Cell Dev. Biol. 20, 698-711. doi: 10.1016/j.semcdb.2009.04.008

Medina, L., and Abellén, A. (2012). “Subpallial structures,” in The Mouse Nervous
System, eds C. Watson, G. Paxinos, and L. Puelles (Amsterdam: Elsevier-
Academic Press), 173-220. doi: 10.1016/b978-0-12-369497-3.10007-x

Medina, L., Abellian, A., and Desfilis, E. (2019). Evolution of Pallial Areas and
Networks Involved in Sociality: comparison Between Mammals and Sauropsids.
Front. Physiol. 10:894. doi: 10.3389/fphys.2019.00894

Medina, L., Abellan, A., Vicario, A., Castro-Robles, B., and Desfilis, E. (2017). “The
Amygdala,” in Evolution of Nervous Systems, 2nd Edn, ed. J. H. Kaas (Oxford:
Elsevier), 1. doi: 10.1016/B978-0-12-804042-3.00019-1

Michaud, J. L., Rosenquist, T., May, N. R., and Fan, C. M. (1998). Development
of neuroendocrine lineages requires the bHLH-PAS transcription factor SIMI.
Genes Dev. 12, 3264-3275. doi: 10.1101/gad.12.20.3264

Morales-Delgado, N., Merchan, P., Bardet, S. M., Ferrén, J. L., Puelles, L., and Diaz,
C. (2011). Topography of somatostatin gene expression relative to molecular
progenitor domains during ontogeny of the mouse hypothalamus. Front.
Neuroanat. 5:10. doi: 10.3389/fnana.2011.00010

Morales, L., Castro-Robles, B., Abellan, A., Desfilis, E., and Medina, L. (2021). A
novel telencephalon-opto-hypothalamic morphogenetic domain coexpressing
Foxgl and Otp produces most of the glutamatergic neurons of the medial
extended amygdala. J. Comp. Neurol. 529, 2418-2449. doi: 10.1002/cne.25103

Morales, L., Gonzdlez-Alonso, A., Desfilis, E., and Medina, L. (2022). Precise
Mapping of Otp Expressing Cells Across Different Pallial Regions Throughout
Ontogenesis Using Otp-Specific Reporter Transgenic Mice. Front. Neur. Circ.
17:2022. doi: 10.3389/fncir.2022.831074

Moreno, N., Dominguez, L., Morona, R., and Gonzalez, 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., Gonzdlez, 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., Morona, R., Lopez, J. M., and Gonzélez, A. (2010). Subdivisions of the
turtle Pseudemys scripta subpallium based on the expression of regulatory genes
and neuronal markers. J. Comp. Neurol. 518, 4877-4902. doi: 10.1002/cne.22493

Mueller, T., and Wullimann, M. E. (2009). An evolutionary interpretation of
teleostean forebrain anatomy. Brain Behav. Evol. 74, 30-42. doi: 10.1159/
000229011

Muzio, L., and Mallamaci, A. (2003). Emx1, emx2 and pax6 in specification,
regionalization and arealization of the cerebral cortex. Cereb. Cort. 13, 641-647.
doi: 10.1093/cercor/13.6.641

Nadarajah, B., and Parnavelas, J. G. (2002). Modes of neuronal migration in the
developing cerebral cortex. Nat. Rev. Neurosci. 3, 423-432. doi: 10.1038/nrn845

Nagarajan, G., Tessaro, B. A., Kang, S. W., and Kuenzel, W. J. (2014). Identification
of arginine vasotocin (AVT) neurons activated by acute and chronic restraint
stress in the avian septum and anterior diencephalon. Gen. Comp. Endocrinol.
202, 59-68. doi: 10.1016/j.ygcen.2014.04.012

Nery, S., Fishell, G., and Corbin, J. G. (2002). The caudal ganglionic eminence is
a source of distinct cortical and subcortical cell populations. Nat. Neurosci. 5,
1279-1287. doi: 10.1038/nn971

Osorio, 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

Panzica, G. C.,, Aste, N., Castagna, C., Viglietti-Panzica, C., and Balthazart, J. (2001).
Steroid-induced plasticity in the sexually dimorphic vasotocinergic innervation
of the avian brain: behavioral implications. Brain Res. Rev. 37, 178-200. doi:
10.1016/s0165-0173(01)00118-7

Phelps, E. A., and LeDoux, J. E. (2005). Contributions of the amygdala to emotion
processing: from animal models to human behavior. Neuron 48, 175-187. doi:
10.1016/j.neuron.2005.09.025

Porter, B. A., and Mueller, T. (2020). The Zebrafish Amygdaloid Complex -
Functional Ground Plan, Molecular Delineation, and Everted Topology. Front.
Neurosci. 14:608. doi: 10.3389/fnins.2020.00608

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, Nkx-
2.1, Pax-6, and Tbr-1. J. Comp. Neurol. 424, 409-438. doi: 10.1002/1096-
9861(20000828)424:3<409::aid-cne3<3.0.co;2-7

Puelles, L., Martinez-de-la-Torre, M., Bardet, S., and Rubenstein, J. L. R. (2012).
“Hypothalamus,” in The Mouse Nervous System, eds C. Watson, G. Paxinos, and
L. Puelles (Amsterdam: Elsevier-Academic Press), 221-311.

Puelles, L., Martinez-de-la-Torre, M., Martinez, S., Watson, C., and Paxinos,
G. (2018). The Chick Brain in Stereotaxic Coordinates and Alternate Stains
Featuring Neuromeric Divisions and Mammalian Homologies, 2nd Edn.
Amsterdam: Elsevier.

Puelles, L., and Rubenstein, J. L. R. (2003). Forebrain gene expression domains
and the evolving prosomeric model. Trends Neurosci. 6, 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/fna
na.2015.00027

Reiner, A., and Karten, H. J. (1985). Comparison of olfactory bulb projections in
pigeons and turtles. Brain, Behav. Evol. 27, 11-27. doi: 10.1159/000118717

Santos-Durdn, G. N., Ferreiro-Galve, S., Menuet, A., Quintana-Urzainqui, I.,
Rodriguez-Moldes, I., and Candal, E. (2016). The Shark Alar Hypothalamus:
molecular Characterization of Prosomeric Subdivisions and Evolutionary
Trends. Front. Neuroanat. 10:113. doi: 10.3389/fnana.2016.00113

Smulders, T. V. (2021). Telencephalic regulation of the HPA axis in birds.
Neurobiol. Stress 15:100351. doi: 10.1016/j.ynstr.2021.100351

Sohal, V. S., and Rubenstein, J. L. R. (2019). Excitation-inhibition balance as a
framework for investigating mechanisms in neuropsychiatric disorders. Mole.
Psychiatry 24, 1248-1257. doi: 10.1038/s41380-019-0426-0

Striedter, G. F. (2005). Principles of brain evolution. Sunderland, MA: Sinauer
Associates Inc.

Striedter, G. F. (2016). Neurobiology: A Functional Approach. Oxford: Oxford
University Press.

Stithmer, T., Puelles, L., Ekker, M., and Rubenstein, J. L. R. (2002). Expression from
a DIx gene enhancer marks adult mouse cortical GABAergic neurons. Cereb.
Cort. 12, 75-85. doi: 10.1093/cercor/12.1.75

Sussel, L., Marin, O., Kimura, S., and Rubenstein, J. L. R. (1999). Loss of Nkx2.1
homeobox gene function results in a ventral to dorsal molecular respecification
within the basal telencephalon: evidence for a transformation of the pallidum
into the striatum. Development 126, 3359-3370. doi: 10.1242/dev.126.1
5.3359

Tennyson, V. M., Hou-Yu, A., Nilaver, G., and Zimmerman, E. A. (1985).
Immunocytochemical studies of vasotocin and mesotocin in the hypothalamo-
hypophysial system of the chicken. Cell Tissue Res. 239, 279-291. doi: 10.1007/
BF00218005

Toresson, H., Martinez-Barbera, J. P., Bardsley, A., Caubit, X., and Krauss, S.
(1998). Conservation of BF-1 expression in amphioxus and zebrafish suggests
evolutionary ancestry of anterior cell types that contribute to the vertebrate
telencephalon. Dev. Genes Evol. 208, 431-439. doi: 10.1007/s00427005
0200

Vicario, A., Abellan, A., Desfilis, E., and Medina, L. (2014). Genetic identification of
the central nucleus and other components of the central extended amygdala in
chicken during development. Front. Neuroanat. 8:90. doi: 10.3389/fnana.2014.
00090

Vicario, A., Abelldn, A., and Medina, L. (2015). Embryonic Origin of the Islet] and
Pax6 Neurons of the Chicken Central Extended Amygdala Using Cell Migration
Assays and Relation to Different Neuropeptide-Containing Cells. Brain Behav.
Evol. 85, 139-169. doi: 10.1159/000381004

Vicario, A., Mendoza, E., Abellan, A., Scharff, C., and Medina, L. (2017).
Genoarchitecture of the extended amygdala in zebra finch, and expression of
FoxP2 in cell corridors of different genetic profile. Brain Struct. Funct. 222,
481-514. doi: 10.1007/s00429-016-1229-6

Wang, B., Lufkin, T., and Rubenstein, J. L. R. (2011). DIx6 regulates molecular
properties of the striatum and central nucleus of the amygdala. J. Comp. Neurol.
519, 2320-2334. doi: 10.1002/cne.22618

Wilson, S. W., and Rubenstein, J. L. R. (2000). Induction and dorsoventral
patterning of the telencephalon. Neuron 28, 641-651. doi: 10.1016/s0896-
6273(00)00171-9

Frontiers in Neuroanatomy | www.frontiersin.org

May 2022 | Volume 16 | Article 883537


https://doi.org/10.1016/j.semcdb.2009.04.008
https://doi.org/10.1016/b978-0-12-369497-3.10007-x
https://doi.org/10.3389/fphys.2019.00894
https://doi.org/10.1016/B978-0-12-804042-3.00019-1
https://doi.org/10.1101/gad.12.20.3264
https://doi.org/10.3389/fnana.2011.00010
https://doi.org/10.1002/cne.25103
https://doi.org/10.3389/fncir.2022.831074
https://doi.org/10.1002/cne.22762
https://doi.org/10.1002/cne.22762
https://doi.org/10.1016/j.semcdb.2009.04.007
https://doi.org/10.1016/j.semcdb.2009.04.007
https://doi.org/10.1002/cne.22493
https://doi.org/10.1159/000229011
https://doi.org/10.1159/000229011
https://doi.org/10.1093/cercor/13.6.641
https://doi.org/10.1038/nrn845
https://doi.org/10.1016/j.ygcen.2014.04.012
https://doi.org/10.1038/nn971
https://doi.org/10.1002/cne.22247
https://doi.org/10.1002/cne.22247
https://doi.org/10.1016/s0165-0173(01)00118-7
https://doi.org/10.1016/s0165-0173(01)00118-7
https://doi.org/10.1016/j.neuron.2005.09.025
https://doi.org/10.1016/j.neuron.2005.09.025
https://doi.org/10.3389/fnins.2020.00608
https://doi.org/10.1002/1096-9861(20000828)424:3<409::aid-cne3<3.0.co;2-7
https://doi.org/10.1002/1096-9861(20000828)424:3<409::aid-cne3<3.0.co;2-7
https://doi.org/10.1016/S0166-2236(03)00234-0
https://doi.org/10.1016/S0166-2236(03)00234-0
https://doi.org/10.3389/fnana.2015.00027
https://doi.org/10.3389/fnana.2015.00027
https://doi.org/10.1159/000118717
https://doi.org/10.3389/fnana.2016.00113
https://doi.org/10.1016/j.ynstr.2021.100351
https://doi.org/10.1038/s41380-019-0426-0
https://doi.org/10.1093/cercor/12.1.75
https://doi.org/10.1242/dev.126.15.3359
https://doi.org/10.1242/dev.126.15.3359
https://doi.org/10.1007/BF00218005
https://doi.org/10.1007/BF00218005
https://doi.org/10.1007/s004270050200
https://doi.org/10.1007/s004270050200
https://doi.org/10.3389/fnana.2014.00090
https://doi.org/10.3389/fnana.2014.00090
https://doi.org/10.1159/000381004
https://doi.org/10.1007/s00429-016-1229-6
https://doi.org/10.1002/cne.22618
https://doi.org/10.1016/s0896-6273(00)00171-9
https://doi.org/10.1016/s0896-6273(00)00171-9
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroanatomy#articles

Metwalli et al.

Otp and Sim1 Cells in Sauropsidian Amygdala

Xie, J., Kuenzel, W. J., Anthony, N. B., and Jurkevich, A. (2010). Subpallial
and hypothalamic areas activated following sexual and agonistic encounters
in male chickens. Physiol. Behav. 101, 344-359. doi: 10.1016/j.physbeh.2010.0
6.004

Xu, Q., Tam, M., and Anderson, S. A. (2008). Fate mapping Nkx2.1-lineage cells
in the mouse telencephalon. J. Comp. Neurol. 506, 16-29. doi: 10.1002/cne.
21529

Xuan, S., Baptista, C. A., Balas, G., Tao, W., Soares, V. C., and Lai, E. (1995). Winged
helix transcription factor BE-1 is essential for the development of the cerebral
hemispheres. Neuron 14, 1141-1152. doi: 10.1016/0896-6273(95)90262-7

Yun, K., Potter, S., and Rubenstein, J. L. R. (2001). Gsh2 and Pax6 play
complementary roles in dorsoventral patterning of the mammalian
telencephalon.  Development 128, 193-205.  doi:  10.1242/dev.128.
2.193

Zhao, X. F.,, Suh, C. S,, Prat, C. R, Ellingsen, S., and Fjose, A. (2009). Distinct
expression of two foxgl paralogues in zebrafish. Gene Expr. Patt. 9, 266-272.
doi: 10.1016/j.gep.2009.04.001

Conflict of Interest: 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.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Metwalli, Abelldn, Freixes, Pross, Desfilis and Medina. 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) and the copyright owner(s) 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.

Frontiers in Neuroanatomy | www.frontiersin.org

22

May 2022 | Volume 16 | Article 883537


https://doi.org/10.1016/j.physbeh.2010.06.004
https://doi.org/10.1016/j.physbeh.2010.06.004
https://doi.org/10.1002/cne.21529
https://doi.org/10.1002/cne.21529
https://doi.org/10.1016/0896-6273(95)90262-7
https://doi.org/10.1242/dev.128.2.193
https://doi.org/10.1242/dev.128.2.193
https://doi.org/10.1016/j.gep.2009.04.001
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroanatomy#articles

	Distinct Subdivisions in the Transition Between Telencephalon and Hypothalamus Produce Otp and Sim1 Cells for the Extended Amygdala in Sauropsids
	Introduction
	Materials and Methods
	Tissue Collection and Fixation
	In situ Hybridization
	Immunohistochemistry
	Fluorescence in situ Hybridization
	Immunofluorescence
	Image Acquisition

	Results
	Otp vs. Fogx1
	Sim1 vs. Fogx1

	Discussion
	Otp and Sim1 Cells of the Medial Extended Amygdala
	Sim1 Cells of the Central Extended Amygdala and Adjacent Pallium
	Glutamatergic vs. GABAergic Cells of the Telencephalon

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


