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Abstract
The dorsal part of the developing telencephalon is one of the brain areas that has suffered most drastic changes throughout 
vertebrate evolution. Its evolutionary increase in complexity was thought to be partly achieved by the appearance of a new 
neurogenic niche in the embryonic subventricular zone (SVZ). Here, a new kind of amplifying progenitors (basal progeni-
tors) expressing Tbr2, undergo a second round of divisions, which is believed to have contributed to the expansion of the 
neocortex. Accordingly, the existence of a pallial SVZ has been classically considered exclusive of mammals. However, 
the lack of studies in ancient vertebrates precludes any clear conclusion about the evolutionary origin of the SVZ and the 
neurogenic mechanisms that rule pallial development. In this work, we explore pallial neurogenesis in a basal vertebrate, the 
shark Scyliorhinus canicula, through the study of the expression patterns of several neurogenic markers. We found that apical 
progenitors and radial migration are present in sharks, and therefore, their presence must be highly conserved throughout 
evolution. Surprisingly, we detected a subventricular band of ScTbr2-expressing cells, some of which also expressed mitotic 
markers, indicating that the existence of basal progenitors should be considered an ancestral condition rather than a novelty 
of mammals or amniotes. Finally, we report that the transcriptional program for the specification of glutamatergic pallial 
cells (Pax6, Tbr2, NeuroD, Tbr1) is also present in sharks. However, the segregation of these markers into different cell types 
is not clear yet, which may be linked to the lack of layering in anamniotes.

Keywords Pallium · Apical progenitors · Radial migration · SVZ · Tbr2 · Tbr1

Introduction

The telencephalon, as one of the most complex structures in 
the brain, has roles in decision making, memory, learning or 
higher cognitive behavior, and thus, has been a major sub-
ject of interest for many researchers. One of its subdivisions 
is the mammalian cerebral cortex which is more generally 
called the vertebrate dorsal pallium. An important differ-
ence in the dorsal pallium/cortex among vertebrates is the 
absence of layers in amphibians and fishes in contrast to the 
three-layered structure observed in reptiles or the six-layered 
cortices present in mammals (Abdel-Mannan et al. 2008). 
Surprisingly, the neurogenic and migratory pattern operat-
ing during the development of this pallial subdivision seems 
to show more similarities across vertebrates than expected 
(Medina and Abellán 2009; Wullimann 2009; Montiel et al. 
2015; Quintana-Urzainqui et al. 2015).

Neurogenesis is the process by which new neurons are 
formed from stem cells through orderly sequenced events 
occurring both during development and in the adult life 
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(Götz and Huttner 2005; Espósito et al. 2005; Hevner et al. 
2006). Neurogenesis involves a natural transition from a pro-
liferating undifferentiated progenitor to a postmitotic and 
terminally differentiated neuron, which is usually accompa-
nied by the migration and displacement of cells to their final 
position (Noctor et al. 2004; Hevner et al. 2006). During the 
course of pallial development, neuroepithelial cells, the pri-
mary neural stem/progenitor cells, undergo both symmetric 
and asymmetric types of cell division to maintain the pro-
genitor pool. Neuroepithelial cells generate, by asymmetric 
division, secondary neural stem cells termed radial glial 
progenitors (apical progenitors) [for review see Götz and 
Huttner (2005) and; Farkas and Huttner (2008)]. Radial glial 
progenitors express the proliferating cell nuclear antigen 
(PCNA) and transcription factors such as Sox2 and Pax6, as 
well as the glial fibrillary acid protein (GFAP) (Heins et al. 
2002; Ferri et al. 2004; Englund et al. 2005; Favaro et al. 
2009; Anthony and Heintz 2008; Götz et al. 2015; Marty-
noga et al. 2015). Radial glial progenitors either divide to 
generate immature neurons directly (direct pathway) or to 
generate intermediate (basal) progenitor cells (IPC) (indirect 
pathway) (Haubensak et al. 2004; Miyata et al. 2004; Noctor 
et al. 2004; Götz and Huttner 2005; Martínez-Cerdeño et al. 
2006; Cheung et al. 2007; Marín and Müller 2014; Marty-
noga et al. 2015). IPCs migrate out of the ventricular zone 
establishing what is called a subventricular zone (SVZ). 
These cells are morphologically different to radial glial 
cells, they express different molecular factors and will divide 
to generate two new neuroblasts (Haubensak et al. 2004; 
Miyata et al. 2004; Noctor et al. 2004; Englund et al. 2005; 
Götz and Huttner 2005). This indirect pathway might have 
served as an amplification mechanism of neurogenesis since 
it allows to generate increased numbers of neurons from a 
single division of a radial glial cell than the direct pathway 
(Smart et al. 2002). The transition of radial glia stem cells 
to IPCs and the beginning of the migratory process is char-
acterized by Pax6 and Sox2 downregulation. In turn, the 
downregulation of Pax6 and Sox2 leads to the upregula-
tion of different migratory factors in the IPCs. One of these 
factors is the stabilizing microtubule protein doublecortin 
(DCX), which acts regulating the organization and stability 
of microtubules in the IPCs and migrating neurons (Gleeson 
et al. 1998, 1999). T-box gene Tbr2 and the bHLH gene 
NeuroD are also expressed by IPCs (Hevner et al. 2006). 
The expression of Tbr2 is strongly associated with the IPC 
state and the beginning of the migratory process. Other than 
being expressed by basal progenitor cells (see above), Tbr2 
expression is also considered to serve as marker for the glu-
tamatergic lineage in the cortex (Englund et al. 2005; Hevner 
et al. 2006). The expression of NeuroD is associated not only 
with the migratory process but also with the start of neuronal 
differentiation and glutamatergic phenotype in the cortex 
(Guillemot et al. 2006). As differentiation proceeds, Tbr2 is 

downregulated and another T box gene, Tbr1, is upregulated. 
Tbr1 is expressed in postmitotic neurons in many areas of 
the brain, and its expression is also related to the glutamater-
gic neuronal linage (Hevner et al. 2003, 2006). Therefore, 
in mammals, the glutamatergic lineage transcriptional pro-
gram has been characterized by the sequential expression of 
those transcription factors: Pax6–Tbr2–NeuroD–Tbr1. Glu-
tamatergic cells of brain areas like the cortex, hippocampus, 
olfactory bulb or the cerebellum mainly follow this program 
of development (Englund et al. 2005; Hevner et al. 2006; 
Brill et al. 2009; Roybon et al. 2009; Hodge et al. 2012; 
Imamura and Greer 2013).

Analyzing data under an evolutionary point of view 
shows that radial glial cells acting as progenitor cells in the 
developing pallium are not exclusive of mammals. Studies 
in other vertebrates such as reptiles (Clinton et al. 2014; 
Martínez-Cerdeño et al. 2016), amphibians (Moreno and 
González 2017) or teleosts (Dong et al. 2012) have also 
identified proliferating radial glial cells during pallial 
development. In the same way, comparative studies about 
the existence of IPCs and the SVZ have been performed in 
different species of vertebrates. It is thought that the pallial 
SVZ appeared in evolution during the transition from rep-
tiles to mammals (Cheung et al. 2007; Martínez-Cerdeño 
et al. 2016), though some elements of a mammalian SVZ are 
present in the reptilian cortices (reviewed in Montiel et al. 
2015). Therefore, many authors have linked the evolution-
ary emergence of the pallial SVZ with the increased com-
plexity, gyrification and the expansion of the mammalian 
cortex (Zecevic et al. 2005; Kriegstein et al. 2006; Martínez-
Cerdeño et al. 2006; Cheung et al. 2007, 2010; Rakic 2009; 
Reillo et al. 2011; Rash et al. 2013). Despite a defined SVZ 
or IPCs have been found in the dorsal pallium of birds and 
reptiles, recent studies suggest the existence of IPC-like cells 
in amphibians, opening the question about the evolutionary 
origin of IPCs and the SVZ (Moreno and González 2017). 
Regarding the transcription program for the specification 
of glutamatergic cells, studies in zebrafish also suggested 
a rather conserved transcriptional program in the pallium 
(Mione et al. 2001; Wullimann and Rink 2001, 2002; Muel-
ler and Wullimann 2003; Mueller et al. 2008; Wullimann 
2009; Mueller and Wulliman 2016). Whether this program 
of development is conserved in other species is not known. 
Extending these comparative studies to basal vertebrates will 
be key to understand the evolution of the pallial structures.

In this study, we have chosen the lesser spotted dogfish 
Scyliorhinus canicula, a basal vertebrate that belongs to 
the group of Chondrichthyans or cartilaginous fishes. They 
represent an ancient radiation of gnathostome (jawed) ver-
tebrates and are currently considered the sister group of 
gnathostomes with a bony skeleton that gave rise to land 
vertebrates. This out-group position makes chondrichthy-
ans essential in assessing the ancestral organization of the 
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brain of jawed vertebrates (Rodríguez-Moldes et al. 2017 
and references therein). In contrast to bony fishes, the 
chondrichthyan telencephalon develops, as in tetrapods, by 
evagination. In addition, the telencephalon of this species 
is especially large compared to the rest of the brain; in fact, 
it represents the 50% of the cerebral mass of these species 
(Yopak et al. 2015). This fact, added to its slow develop-
ment and high neurogenic capacity (Quintana-Urzainqui 
et al. 2015) makes the telencephalon of S. canicula a valid 
model for studying neurogenesis and development.

The main purpose of this work is to gain knowledge 
about the evolutionary mechanisms of pallial neurogenesis 
by studying this process in cartilaginous fishes, an out-group 
of other jawed vertebrates. In particular, we aimed at explor-
ing the existence of potential basal progenitors (IPCs) and 
a SVZ and at investigating the presence of a glutamatergic 
lineage transcriptional program in the pallium. For this, we 
have performed a spatiotemporal analysis of the expres-
sion pattern of several markers such as ScSox2 (pluripotent 
cells), GFAP (marker of radial glia), PCNA (proliferating 
cells), PH3 (mitotic cells), BrdU (S-phase cells after BrdU 
incorporation into the newly synthesized DNA), Pax6 (pal-
lial marker and neurogenic regulator), ScTbr2 (IPC and 
glutamatergic fate marker), DCX (migratory cells), ScNeu-
roD (postmitotic and migratory cells) and Tbr1 (immature 
cells and glutamatergic fate transcription factor), during key 
stages of pallial neurogenesis in S. canicula.

Materials and methods

Experimental animals

We have analysed 22 embryos of S. canicula from stages 
29 (S29) to 32 (S32). Embryos were provided by the 
Marine Biological Model Supply Service of the CNRS 
UPMC Roscoff Biological Station (France). Embryos were 
also kindly provided by the aquarium of O Grove (Gali-
cia, Spain). Embryos were staged by their external fea-
tures according to Ballard et al. (1993). Eggs were raised 
in seawater tanks under standard conditions of temperature 
(15–16 °C), pH (7.5–8.5) and salinity (35 g/L) and suitable 
measures were taken to minimize animal pain and discom-
fort. All procedures conformed to the guidelines established 
by the European Communities Council Directive of 22 Sep-
tember 2010 (2010/63/UE) and by Spanish Royal Decree 
53/2013 for animal experimentation and were approved 
by the Ethics Committee of the University of Santiago de 
Compostela.

Tissue processing

Embryos were deeply anesthetized with 0.5% tricaine meth-
ane sulfonate (MS- 222; Sigma, St. Louis, MO) in seawater 
and separated from the yolk before fixation in 4% paraform-
aldehyde (PFA) in elasmobranch’s phosphate buffer [EPB: 
0.1M phosphate buffer (PB) containing 1.75% of urea, pH 
7.4] for 48–72 h depending on the stage of development. 
Sharks at S32 were deeply anesthetized with MS-222 and 
then perfused intracardially with elasmobranch Ringer´s 
solution (see Ferreiro-Galve et al. 2012a) followed by 4% 
PFA in EPB. Brains of S32 embryos were removed and post-
fixed in the same fixative for 24–48 h at 4 °C. Subsequently, 
they were rinsed in PB saline (PBS), cryoprotected with 30% 
sucrose in PB, embedded in OCT compound (Tissue Tek, 
Torrance, CA, USA), and frozen with liquid nitrogen-cooled 
isopentane. Parallel series of sections (16 µm thick) were 
obtained in transverse or sagittal planes on a cryostat and 
mounted on Superfrost Plus slides (Menzel-Glasser, Madi-
son, WI, USA).

Immunohistochemistry

Sections were pre-treated with 0.01M citrate buffer pH 
6.0 for 30 min at 90 °C for heat-induced epitope retrieval 
and allowed to cool for 20 min at room temperature (RT). 
Sections were rinsed in 0.05 M TBS pH 7.4 for 5 min and 
treated with 10%  H2O2 in TBS for 30 min at RT to block 
endogenous peroxidase activity. Sections were rinsed in 
0.05 M Tris-buffered saline (TBS; pH 7.4) for 5 min and 
incubated for 15  h at RT with primary antibodies (see 
Table 1). Sections were rinsed three times in 0.05 M TBS 
pH 7.4 for 10 min each, and incubated in the appropriate 
horseradish peroxidase coupled secondary antibody (see 
Table 1) for 1 h at RT. All dilutions were made with TBS 
containing 15% normal goat serum (Millipore, Billerica, 
MA) 0.2% Triton X-100 (Sigma) and 2% bovine serum 
albumin (BSA, Sigma). All incubations were carried out in 
a humid chamber. Then, sections were rinsed three times in 
0.05 M TBS pH 7.4 for 10 min each. The immunoreaction 
was developed with 0.25 mg/ml diaminobenzidine (DAB) 
tetrahydrochloride (Sigma) in TBS pH 7.4 and 0.00075% 
 H2O2, or with SIGMAFAST™ 3.3-DAB tablets as indicated 
by the manufacturers. In some procedures, 2.5 mg/ml nickel 
ammonium sulphate was added. Finally, the sections were 
dehydrated and coverslipped.

Immunofluorescence

For heat-induced epitope retrieval, sections were pre-treated 
with 0.01 M citrate buffer (pH 6.0) for 30 min at 90 °C and 
allowed to cool for 20 min at RT. Sections were rinsed in 
0.05 M TBS pH 7.4 for 5 min and incubated approximately 
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for 15 h at RT with primary antibodies (see Table 1). Sec-
tions were rinsed three times in 0.05 M TBS pH 7.4 for 
10 min each, and incubated in the appropriate fluorescent 
dye-labeled secondary antibodies (see Table 1) for 1 h at RT. 
All dilutions were made with TBS containing 15% normal 
donkey serum (Millipore, Billerica, MA) 0.2% Triton X-100 
(Sigma) and 2% BSA (Sigma). All incubations were carried 
out in a humid chamber. Sections were rinsed three times in 
0.05 M TBS pH 7.4 for 10 min each and in distilled water 
for 30 min. Sections were then allowed to dry for 30 min at 
37 °C, and mounted in MOWIOL 4-88 Reagent (Calbio-
chem, MerkKGaA, Darmstadt, Germany). Information about 
the primary and secondary antibodies is included in Table 1.

BrdU labelling

BrdU (5-bromo-2′-deoxyuridine, a synthetic nucleoside 
analog of thymidine; Sigma B5002) was administrated to 
embryos at S30 of development by immersion for 2.5 h in 
10 mg/ml BrdU in oxygenated artificial sea water after open-
ing the egg shell. Embryos were sacrificed at 24 h (S30) 
and 10 days (S31) after BrdU incorporation. For detection 
of BrdU, sections were incubated in 2N HCl for 30 min at 
50 °C to denature DNA strands. HCl reaction was stopped by 
addition of 0.1M sodium tetraborate and sections were then 
rinsed in TBS for 10 min before antibody incubation. Sec-
tions were incubated with the monoclonal mouse anti-BrdU 

antibody (Millipore, Billerica, MA, USA; 1:200) at RT over-
night and processed for immunofluorescence as described 
above.

In situ hybridization

We applied in situ hybridization (ISH) for S. canicula Sox2, 
Tbr2/Eomes and NeuroD1 (ScSox2, ScTbr2, and ScNeu-
roD1) genes. These probes were selected from a collec-
tion of S. canicula embryonic cDNA library (mixed stages 
S9–22) and submitted to high throughput EST sequencing 
(coordinated by Dr. Sylvie Mazan). Sense and antisense 
digoxigenin-UTP-labeled ScSox2, ScTbr2 and ScNeuroD1 
were synthesized directly by transcription in vitro. ISH was 
performed on cryostat sections of S29–S31 embryos fol-
lowing standard protocols (Coolen et al. 2009). Briefly, sec-
tions were permeabilized with proteinase K, hybridized with 
sense or antisense probes overnight at 65 °C and incubated 
with the alkaline phosphatase-coupled anti-digoxigenin anti-
body (1:2000, Roche Applied Science, Manheim, Germany) 
overnight at 4 °C. The colour reaction was performed in 
the presence of BM-Purple (Roche). Finally, sections were 
dehydrated and coverslipped. Control sense probes did not 
produce any detectable signal. For combined ISH-immuno-
histochemistry, after colorimetric detection of probes, sec-
tions were rinsed three times in 1M PBS for 10 min each and 
immunohistochemistry was performed as described above.

Table 1  Primary and secondary antibodies used

Primary antibody Source Working dilution Secondary antibody Source Working dilution

GFAP Polyclonal rabbit anti-
GFAP

Dako (Cat. no Z0334)

1:500 Goat anti-rabbit HRP 
coupled

Dako, Glostrup, Denmark 1:200

PCNA Monoclonal mouse anti-
PCNA Sigma (Cat. no 
P8825)

1:500 Goat anti-mouse
HRP coupled

Dako, Glostrup, Denmark 1:200

Pax6 Polyclonal rabbit anti-Pax6 
Covance (Cat no PRB-
278P)

1:300 488-conjugated donkey 
anti-rabbit

Alexa Fluor
Molecular Probes, Eugene, 

OR

1:200

DCX Polyclonal rabbit anti-DCX
Cell Signalling (Cat. no 

4604)

1:300 488-conjugated donkey 
anti-mouse

Alexa Fluor
Molecular Probes, Eugene, 

OR

1:200

PH3 Polyclonal rabbit anti-PH3
Bio Technology (Cat. no 

06-570)

1:400 546-conjugated donkey 
anti-rabbit

Alexa Fluor
Molecular Probes, Eugene, 

OR

1:200

Tbr1 Polyclonal rabbit anti-Tbr1
Chemicon (Cat. no 

AB9616)
Millipore (Cat. no 

AB10554)

1:200 546-conjugated donkey 
anti-mouse

Alexa Fluor
Molecular Probes, Eugene, 

OR

1:200

BrdU Monoclonal mouse anti-
BrdU

Millipore (Cat. no 
MAB4072)

1:200 488-conjugated donkey 
anti-mouse

Alexa fluor
Molecular probes, eugene, 

OR

1:200
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Control and specificity of antibodies

The polyclonal antibody against GFAP has been widely used 
as a marker of glial cells in the brain, retina and olfactory 
system of S. canicula (Wasowicz 1999; Quintana-Urzainqui 
et al. 2014, 2015; Sánchez-Farías and Candal 2016). The 
PCNA antibody has been previously used to label progen-
itor cells in the brain, retina and olfactory system of the 
lesser spotted dogfish (Ferreiro-Galve et al. 2010; Quintana-
Urzainqui et al. 2014, 2015; Sánchez-Farías and Candal 
2015, among others). The PCNA is present in proliferat-
ing cells along the entire cell cycle, though its expression 
is stronger during the S phase of the cell cycle (Zerjatke 
et al. 2017). The specificity of the antibody against Pax6 
has been tested by preabsorption test (Ferreiro-Galve et al. 
2012b) and the specificity of the DCX has also been tested 
by western blot (Pose-Méndez et al. 2014). The anti-PH3 
antibody has been used previously as a marker of mitotic 
cells in the brain and retina of S. canicula (Ferreiro-Galve 
et al. 2010; Quintana-Urzainqui et al. 2015). Tbr1 has been 
widely used as a marker of pallial/cortical neurons in the 
developing cortex of mammals and birds (Ceci et al. 2012; 
Pedraza and DeCarlos 2012; Ballout et al. 2016). The two 
polyclonal anti-Tbr1 antibodies used in this study revealed a 
similar pattern of distribution of immunoreactive (-ir) cells 
and, therefore, descriptions of Tbr1-immunoreactivity in 
next section apply to both.

Imaging

Fluorescent sections were photographed with the Leica 
TCS-SP2 scanning microscope with a combination of blue 
and green excitation lasers. Confocal images were acquired 
separately for each laser channel with steps of 2 µm along 
the z-axis, and collapsed images were obtained with the 
LITE software (Leica). Also some sections were photo-
graphed with an Olympus AX70 epifluorescence photo-
microscope fitted with an Olympus DP70 colour digital 
camera. Light field images were obtained with an Olympus 
BX51 microscope equipped with an Olympus DP71 colour 
digital camera. Both fluorescent and light field photographs 
were adjusted for contrast, brightness and intensity using 
Corel Draw X3.

Results

During the development of the telencephalon in S. canic-
ula, a neurogenic period has been established by Quintana-
Urzainqui et al. (2015) from stage S28 to S31 of develop-
ment. This period of development is roughly comparable to 
stages E10.5–E14.5 in mouse, stages HH19–HH30 in chick 
(defined by Hamburger and Hamilton 1951) and to stages 

24–48 hpf in zebrafish (reviewed in Rodríguez-Moldes 
2017). From S31 to S32, key morphogenetic events take 
place, when the S. canicula telencephalon fuses at medial 
pallial levels and the lateral ventricles emerge. Main embry-
onic territories are clearly recognizable by S31 while the 
basic mature structure of the telencephalon is progressively 
achieved from S32 on (Quintana-Urzainqui et al. 2015). In 
the present study, we have analysed the pallium of embryos 
from S29 to S32 using the expression of different neurogenic 
markers.

Early stages of development: characterization 
of pallial progenitor cells

In the telencephalon of S. canicula, S28 and S29 can be 
considered early neurogenic stages (Quintana-Urzainqui 
et al. 2015). In this study, we chose S29 as the representa-
tive stage of this period, during which the telencephalon is 
broadly subdivided into a pallial domain and a subpallial 
domain on the basis of the complementary expression pat-
tern of Pax6 and GAD65/67 (Carrera et al. 2008; Ferreiro-
Galve et al. 2008; Quintana-Urzainqui et al. 2015). At this 
stage, the cytoarchitecture of the pallium is neuroepithelial 
(Fig. 1) and pallial subterritories are not yet recognizable 
(Fig. 1a). We used various cell markers with the aim of 
characterizing radial glial progenitors within the pallium. 
Sox2 has been used as a marker of stem cells and pluri-
potency (Hagey and Muhr 2014; Shimozaki 2014; Zhang 
and Cui 2014). In situ hybridization for ScSox2 showed 
that it is expressed across the entire telencephalic walls 
(Fig. 1b). Immunohistochemistry against the proliferating 
marker PCNA was also observed throughout the whole 
telencephalon. Both ScSox2 and PCNA markers seemed 
to expand throughout most of the thickness of the telence-
phalic walls (Fig. 1b′, c), with the exception of some cells 
located at very marginal positions (arrowheads in Fig. 1b′, 
c), probably corresponding with the first cells exiting the 
cell cycle. Two different morphologies have been observed 
in PCNA-immunoreactive (-ir) nuclei: round (mainly 
close to the ventricular and pial surfaces; yellow arrows 
in Fig. 1c) and oval (as in cells located at intermediate 
positions; white arrows in Fig. 1c). We then analysed the 
expression of glial acid fibrilar protein (GFAP), a marker 
of radial glial cells, which has been widely reported in 
radial glial progenitors during development (Malatesta 
et al. 2008; Malatesta and Götz 2013). GFAP immuno-
reactivity has been observed in radial cell processes from 
the ventricular to the pial surface throughout the telen-
cephalon (Fig. 1d), as well as in endfeet-like structures 
at the pial surface (arrows in Fig. 1d). To investigate if 
GFAP-ir cells exhibit characteristics of proliferative pro-
genitors in sharks, we analysed double immunofluores-
cence for GFAP and PCNA (Fig. 1e). Although GFAP 
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immunoreactivity does not allow us to clearly differentiate 
cell bodies, numerous PCNA-ir nuclei were bordered by 
GFAP immunoreactivity (Fig. 1e′). Therefore, it is highly 
probable that GFAP and PCNA are expressed in the same 
cells since, at this stage, PCNA is expressed by virtually 
all cells in the ventricular surface of the telencephalic wall. 
Immunohistochemistry against Pax6, which has been pre-
viously used as a marker of pallial progenitors in the brain 
of vertebrates (Götz et al. 1998; Hevner et al. 2006; Curto 

et al. 2015), was also analysed. Pax6 can be detected in 
the telencephalon of S. canicula in S29 as a band of cells 
restricted to the pallial domain ventricular zone (Fig. 1f). 
In addition, double immunofluorescence for Pax6 and 
PCNA revealed colocalization between both factors in 
pallial cells in the ventricular border (Fig. 1g).

In summary, the shark pallium at S29 expresses prolif-
eration and pluripotency markers which expand most of the 
thickness of the telencephalic wall.

Fig. 1  Photomicrographs of transverse sections of the telencephalon 
of S29 of development showing the expression pattern of different 
progenitor cell markers. a Sagittal and transversal schemas showing 
gross anatomy of a S29 embryo. b, b′ Transversal sections showing 
the expression of ScSox2 in the telencephalic wall. b′ Is a magnifi-
cation of the region squared in b. Black arrowheads point to cells at 
marginal positions that do not express ScSox2. c High magnification 
of the pallium showing PCNA immunoreactivity. Black arrowheads 
at marginal positions point to PCNA negative cells. Note the exist-
ence of two different morphologies of cells: round (yellow arrows) 

and oval (white arrows). d High magnification of the pallium showing 
radial processes stained with GFAP that reach the pial surface form-
ing endfeet structures (arrows). e, e′ Double immunofluorescence for 
PCNA and GFAP in the pallium of S. canicula showing some dou-
ble labelled cells (asterisks). f Panoramic view of the telencephalon 
of a S29 embryo showing immunoreactivity for Pax6 restricted to the 
pallial domain. g Double immunofluorescence for Pax6 and PCNA 
in the pallium of a S29 embryo showing double labelled cells. Scale 
bars 500 µm (b, f); 50 µm (b′, c, d, e); 25 µm (e′, g)
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Pallial neurogenesis in S. canicula: exploring 
the existence of a SVZ in sharks

The first signs of a zonation in the pallium were observed 
at S30. At this stage, ScSox2 expression became restricted 
to a narrow band close to the ventricular surface, which we 
identified as the ventricular zone (VZ in Fig. 2a). On the 
other hand, DCX, a marker for newly differentiating and 
migrating neurons, was expressed from intermediate (weak) 
to marginal (strong), in what we have identified as different 
areas of the intermediate zone (inner intermediate zone (iIZ) 
and marginal intermediate zone (mIZ), Fig. 2b). A combina-
tion of ISH for ScSox2 and immunohistochemistry for DCX 
can be observed in Fig. 2c showing the complementarity of 
their expression and how they clearly define the three areas 
mentioned above. In addition, double immunofluorescence 
for DCX and GFAP revealed DCX-ir cell bodies in the inter-
mediate zone in close apposition to radial GFAP-ir processes 
(Fig. 2d, d′, d″, d′′′). This suggests that, by S30, active radial 
migration occurs in the pallium of S. canicula.

To further characterize this intermediate zone, 
we have analysed proliferation by means of PCNA 

immunohistochemistry. PCNA immunoreactivity can still 
be observed covering most of the pallial territory, with 
the exception of some marginal portions in this territory 
(Fig. 3a). We observed a band of cells showing particularly 
intense PCNA-immunoreactivity at intermediate positions 
(arrows in Fig. 3a), in what it would correspond to the limit 
between the VZ and IZ. Since intense PCNA-ir cells (in the 
S phase of the cycle) are committed to undergo mitosis, we 
suspected that actively mitotic cells might be present out-
side the ventricular surface, in a subventricular position. To 
confirm this, we performed immunohistochemistry against 
the mitotic marker PH3. This revealed that most mitotic 
cells are, as expected, located lining the ventricular surface. 
However, some positive cells were detected subventricularly, 
expanding from medial to lateral portions of the pallium, at 
positions compatible with the intermediate band of intense 
PCNA immunoreactivity (arrows in Fig. 3b).

The existence of an intermediate band of cells located 
at the interface between the VZ and IZ (areas defined, 
respectively, by ScSox2 expression and DCX immunoreac-
tivity), which contains proliferative and mitotically active 
cells, led us to consider the existence of a SVZ in the shark 

Fig. 2  Transversal sections of S30 and S31 embryos showing dif-
ferent neurogenic markers. a–c Transverse sections showing the dif-
ferential expression of ScSox2 and DCX in three different layers. d, 

d′′′ Double immunofluorescence for DCX and GFAP showing DCX 
immunoreactive cells attached to GFAP positive cell processes in the 
IZ. Scale bars 200 µm (a–c), 100 µm (d), 10 µm (d′, d″, d′′′)
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pallium. By definition (see Discussion), proliferating cells 
in this SVZ should be identified as IPCs. To investigate the 
existence of these cells, we studied the expression pattern 
of a well-known marker of IPCs in mammals, the transcrip-
tion factor Tbr2. ScTbr2 expression was detected also as a 
subventricular band along the pallial domain (Fig. 3c–c″), 
located at the same position as both the intense PCNA-ir 
band and the PH3-ir subventricular cell bodies (compare 
Fig. 3a–c). Moreover, PH3 immunohistochemistry com-
bined with in situ hybridization for ScTbr2 showed double 
labelled cells in subventricular positions (Fig. 3d, e). At S31 
of development, subventricular mitoses (arrows in Fig. 3f) 
and the band of ScTbr2 expressing cells were still very evi-
dent (Fig. 3g, h). However, the relative number of mitotic 

PH3 positive cell bodies appeared to decrease compared to 
the previous stage.

To further investigate the presence of IPCs (subventricu-
larly dividing) cells we have administered BrdU at S30 for 
2.5 h (which becomes incorporated into DNA as it replicates 
in dividing cells) and then analysed BrdU incorporation at 
24 h (S30) and 10 days (S31) after administration (Fig. 4a). 
Our results show that, 24 h post administration, BrdU-immu-
noreactive cells are located not only at the VZ, but also at 
abventricular positions (Fig. 4b, c). Similar results were 
found at 10 days after administration, though the number of 
cells containing BrdU has largely increased (Fig. 4d). Inter-
estingly, cells showing weaker levels of BrdU are located at 
positions where cells undergo mitosis, i.e., at the ventricular 
surface and at the SVZ. Moreover, some of these weakly 

Fig. 3  Transverse sections 
showing the expression pattern 
of SVZ markers in S30 and 
S31. a Transverse section of a 
S30 embryo showing PCNA 
immunoreactivity in the telen-
cephalon. Note the presence of 
an intermediate band of intense 
PCNA-immunoreactivity 
(arrows and box). b Transverse 
section of a S30 embryo show-
ing PH3 immunoreactivity in 
the telencephalon. c–e Trans-
verse section at different magni-
fication showing the expression 
pattern of ScTbr2 (c–c″) and 
colocalization between ScTbr2 
and PH3 (d, e). f–h Transverse 
sections of the pallium of S31 
embryos showing positivity 
for PH3, ScTbr2 and double 
labelled cells for both mark-
ers defining the existence of a 
presumptive SVZ. Scale bars 
200 µm (a–c, f–h), 100 µm (c′), 
50 µm (c″, d, e)
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BrdU-immunoreactive cells were double labelled for the 
mitosis marker pH3 (Fig. 4b–d″).

At later stages (S32 onwards) we found no evidence of 
subventricular PH3-ir or ScTbr2-expressing cells (data not 

shown), which indicates that this subventricular population 
might be transitory.

The observation of a transient population of prolifera-
tive cells expressing ScTbr2 and located at a subventricular 

Fig. 4  Schema and transverse sections showing BrdU incorporations 
combined with PH3 in the pallium of S. canicula. a BrdU was admin-
istrated to embryos at S30 of development. Embryos were sacrificed 
at 24  h (S30) and 10 days (S31) after BrdU incorporation. b, c″ 
Transverse sections at different magnifications showing double BrdU/
PH3 labelling 24  h after BrdU administration. Double BrdU/PH3 

positive cells can be observed in subventricular positions (arrow-
heads). d–d″ Transverse section of a S31 of development 10 days 
after BrdU administration showing double immunolabeled cells for 
BrdU and PH3 in subventricular positions (arrowheads). Scale bars: 
100 µm (d, d′, d″), 50 µm (b, b′, b″, c, c′, c″)
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position suggests that the shark pallium may contain basal 
progenitors forming a SVZ-like structure.

Study of neurogenic transcription factors in S31 
and S32

S31 represents the mid developmental neurogenic period 
and, as it proceeds, the basic mature structure of the tel-
encephalon is progressively acquired (Quintana-Urzainqui 
et al. 2015). We have taken it as reference for studying the 
rostral pallial subdivision since it constitutes a well-iden-
tified part of the telencephalon of S. canicula and it can 
be easily followed from S31 to S32. Since our and previ-
ous results have shown that the expression pattern of most 
transcription factors is highly conserved between mammals 
and sharks (Ferreiro-Galve et al. 2008; Rodríguez-Moldes 
et al. 2008, 2011, 2017; Rodríguez-Moldes 2009; Quin-
tana-Urzainqui et al. 2015; Santos-Durán et al. 2015, 2016; 

Pose-Méndez et al. 2016a, b, 2017) we have selected some 
neurogenic transcription factors known to be sequentially 
expressed during pallial neurogenesis in other vertebrates 
(Pax6, Tbr2, NeuroD and Tbr1) and we studied their expres-
sion in the shark pallium.

First, we studied the transcription factor Pax6 by means 
of immunohistochemistry. Its expression pattern was mainly 
found in the VZ of the pallium, which is notably narrower 
than at previous stages (Fig. 5a). In addition, numerous 
Pax6 positive cells can be found outside the ventricular 
layer in the presumptive dorsal pallial territory which has 
been already described as a divergent and distinctive trait of 
sharks (Ferreiro-Galve 2010; Rodríguez-Moldes et al. 2017). 
Right above and adjacent to the ventricular zone defined 
by Pax6, we observed the ScTbr2 expressing band of cells 
described before in a subventricular position (Fig. 5b). 
ScNeuroD and Tbr1-positive cells seem to occupy very simi-
lar positions (compare Fig. 5c, d), suggesting that they could 

Fig. 5  Transverse sections of 
S31 and S32 embryos show-
ing the expression pattern of 
the neurogenic markers Pax6, 
ScTrb2, ScNeuroD and Tbr1 
in the telencephalon of S. can-
icula. a At S31, Pax6 immuno-
reactivity was detected in many 
disperse cells in the IZ of the 
dorsal pallium and in an intense 
band of cells at the VZ of the 
pallium. ScTbr2 is expressed 
in subventricular positions of 
the pallium (b). ScNeuroD (c) 
and Tbr1 (d) were not detected 
in the VZ but also in the IZ. 
e Photomicrograph of the 
telencephalon of a S32 showing 
barely no expression of Pax6 
in the VZ (arrows). In addition, 
ScTbr2 (F), ScNeuroD (g) and 
Tbr1 (h) can be observed in 
more marginal positions of the 
pallium respect to the previous 
stage. i Photomicrograph of the 
rostral telencephalon show-
ing ScNeuroD-expression and 
Tbr1-immunoreactivity. j, j′′′ 
Photomicrograph of the rostral 
telencephalon showing ScTbr2-
expression and Tbr1-immu-
noreactivity, showing double 
labelled cells (j′) and single 
labelled cells for ScTbr2 (j″) 
and for Tbr1 (j′′′). Scale bars 
200 µm (a–h), 100 µm (i, j)
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be expressed by the same population of pallial cells at S31. 
This observation holds also true at later stages (Fig. 5g, h). 
Although we have not determined by co-expression analysis 
in the same sections whether there is some extent of overlap-
ping between ScTbr2 and ScNeuroD/Tbr1-positive popula-
tions, it seems clear that ScNeuroD/Tbr1-positive band is 
consistently thicker than the ScTbr2-positive band and that 
it expands further towards the intermediate pallial zone. The 
expression pattern of these four markers suggest that they 
are expressed sequentially as shark pallial progenitors exit 
the cell cycle, migrate radially and differentiate (first Pax6, 
followed by ScTbr2 and finally ScNeuroD/Tbr1).

At stage 32, Pax6 immunoreactivity is no longer observed 
in the ventricular zone (Fig.  5e), which was already 
described by Ferreiro-Galve (2010). Only a few (one or two 
per section) Pax6 positive cells could be detected in contact 
with the ventricular surface (arrows in Fig. 5e). However, 
abundant Pax6 positive cells were observed throughout the 
telencephalon, specially concentrated close to the midline 
of the pallium (Fig. 5e).

On the other hand, the transcription factors ScTbr2, 
ScNeuroD and Tbr1 were no longer observed close to the 
ventricular surface but more restricted to the marginal 
positions of the pallium (Fig. 5f–h). Contrary to what we 
observed at the previous stage, positive cell bodies for the 
three transcription factors were apparently located in the 
same band of cells (Fig. 5f–h). This coincidence in their 
distribution pattern suggest that they could be expressed 
by the same population. To test this, we performed double 
ISH-immunohistochemistry for ScTbr2–Tbr1 and ScNeu-
roD–Tbr1. Most (if not all) neurons in this population 
seem to express ScNeuroD and most of them co-express 
Tbr1 (Fig. 5i). Only a few scattered cells expressed only 
Tbr1 (Fig. 5i). We detected certain degree of colocaliza-
tion between ScTbr2 and Tbr1-positive populations (see 
double labelled cells in Fig. 5j, j′), but also many cells that 
expressed only one of these markers (Fig. 5j″, j′′′). In sum-
mary, at stage 32, differentiated ScNeuroD-positive neurons 
are found in a band at more marginal positions than at stage 
31, possibly as a result of radial migration. This ScNeuroD 
population seems to be heterogeneous in terms of marker 
expression, being a mixture of Tbr1-positive, ScTbr2-posi-
tive, double Tbr1–ScTbr2-positive.

Discussion

In this work, we have investigated the neurogenic process 
underlying the generation of pallial neurons in the cartilagi-
nous fish S. canicula. Cartilaginous fishes are the only taxa 
available to study evolution of the early vertebrate pallium 
since they occupy a key phylogenetic position as a mono-
phyletic group external to all other living jawed vertebrates 

(gnathostomes; Coolen et al. 2009; Rodríguez-Moldes et al. 
2017). Indeed, recent whole-genome analysis showed that 
the genome of cartilaginous fishes evolved significantly 
slower than that of bony vertebrates including mammals, 
and even slower than the genome of the “living fossil” the 
coelacanth (Venkatesh et al. 2014), confirming that cartilagi-
nous fishes must have retained many characteristics of the 
common ancestor of jawed vertebrates, and therefore, they 
must be good representatives of the ancestral condition of 
vertebrates. Consequently, it seems that cartilaginous fishes, 
because of their ancient evolutionary origin, may have 
remained closer to the stem of vertebrates than many other 
more divergent and derived animal groups (like bony fishes, 
amphibians or birds). Supporting this hypothesis are the 
astonishing similarities between the shark and mammalian 
developing telencephalon. Although the telencephalon, spe-
cially its dorsal part, is one of the structures that underwent 
more changes through mammalian evolution, the develop-
ing telencephalon of sharks shows more similarities to that 
of mammals than those of other animal groups mentioned 
above. For example, sharks possess evaginated telencepha-
lons (instead of everted, like ray-finned fishes); most tan-
gential migratory routes of subpallial interneurons towards 
the pallium are very similar to those reported in mammals 
(Quintana-Urzainqui et al. 2015; Alzu’bi et al. 2017), while 
these have not been found to date in other vertebrate groups 
like amphibians; and all four pallial sectors have been char-
acterized in shark embryos (Rodríguez-Moldes et al. 2017). 
Although the telencephalon of sharks also shows some spe-
cific (possibly derived) characteristics like the expression 
of Pax6 in postmitotic pallial neurons (Rodríguez-Moldes 
et al. 2017), they do not exhibit big divergent telencephalic 
fields, like the dorsal ventricular ridge (DVR) observed in 
birds/sauropsids.

With that in mind, we studied pallial neurogenesis in 
sharks with the aim of investigating to what extent this pro-
cess has changed throughout gnathostome brain evolution. 
Are apical progenitors present in basal vertebrates as sharks? 
Is the SVZ an exclusive structure of mammals? Is the tran-
scription program of pallial-born cells a conserved feature 
throughout evolution? These questions are discussed below.

The pallium of S.canicula contains radial‑glia 
like apical progenitors and presents radial 
migration like other vertebrates

Neurons in the pallium (developing cortex in mammals) are 
initially generated from a pool of progenitors in the early 
pseudostratified epithelium and divide at the ventricular 
(also named apical) surface. These are called apical pro-
genitors (or radial glial progenitors), they express Pax6 and 
GFAP and they extend their processes to the pial surface 
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while also maintaining contact with the apical surface 
(Englund et al. 2005; Malatesta y Götz 2013; Götz et al. 
2015). During the different phases of their cell cycle, apical 
progenitors undergo periodic apico-basal movements of their 
nuclei through a process called interkinetic nuclear migra-
tion (Sauer 1935; Götz and Huttner 2005). In this work, we 
describe the existence of a similar kind of progenitors in the 
shark pallium expressing ScSox2 and Pax6 in their nuclei 
and GFAP in their radial processes. PCNA immunoreactiv-
ity revealed two different nuclear morphologies: round and 
close to the ventricular surface versus elongated and located 
at various levels across the pallial wall above the ventricular 
surface. Round and ventricular nuclei probably correspond 
to progenitors in M phase while elongated nuclei corre-
spond to progenitors in G1/S/G2 phases which typically 
undergo interkinetic nuclear migration (Sauer 1935; Götz 
and Huttner 2005). These observations support the existence 
of apical progenitors in sharks exhibiting the main features 
of radial glial precursors.

Developmental studies show the presence of apical pro-
genitors/radial glial cells during the development of the cen-
tral nervous system of turtles (Clinton et al. 2014; Martínez-
Cerdeño et al. 2016), amphibians (Moreno and González 
2017) and teleosts (Wulliman and Puelles 1999; Wulliman 
and; Knipp 2000; Wulliman and; Rink 2002; Lyons et al. 
2003; Mueller and Wulliman 2003; Alexandre et al. 2010), 
that would act as neural progenitor cells. The fact that radial 
glial progenitors are present in the developing brain of sharks 
and in other species of vertebrates suggests that they are an 
ancient trait of vertebrates that has been highly conserved 
along vertebrate evolution. Therefore, we can conclude that 
apical/radial glial-like progenitors appeared very early in 
evolution. Unfortunately, there are no developmental studies 
available in lampreys that pointed to the existence of radial 
glial progenitors in this vertebrate group (positioned at the 
base of vertebrate evolution), which prevents us from assess-
ing if the emergence of radial glial progenitors occurred at 
the transition from agnathans to jawed vertebrates or even 
earlier in evolution.

At a certain point in development of the mammalian pal-
lium, some cells in the highly proliferative pseudostratified 
epithelium begin to exit the cell cycle and migrate radially 
along the processes of the radial glial progenitors (Corbin 
et al. 2001; Campbell and Götz 2003; Götz and Huttner 
2005; Kosodo and Huttner 2009; Rakic 2009; Aboitiz 2011). 
Eventually, they stop their radial movement and adopt a new 
position in the developing pallium away from the ventricular 
surface, what give rise to the formation a stratified structure. 
Cells still cycling (progenitors) remain in contact with the 
ventricular surface constituting the ventricular zone (VZ). 
Radially migrating cells and new settled neurons form the 
intermediate zone, which in turn can be subdivided in differ-
ent subzones (iIZ, mIZ). In this study, we have observed the 

formation of this basic zonation in embryos of S. canicula 
by stage S30. The shark ventricular zone expressed prolifer-
ating (PCNA and PH3), stem cell (ScSox2) and pallial pro-
genitor markers (Pax6) while intermediate zone expressed 
markers of postmitotic and newly generated neurons like 
DCX or ScNeuroD. In addition, we observed DCX-positive 
cell bodies outside the VZ and closely apposed to GFAP-
positive radial processes. We interpret those cells as newly 
generated neurons migrating along the radial processes of 
apical progenitors, indicating that in the shark pallium the 
process of radial migration takes place in a similar way to 
that described in other vertebrates. Radial migration was 
thought to be a unique trait in mammals and birds (Hatten 
2002). However, recent studies in different species of ver-
tebrates clearly revealed that it is also a highly conserved 
trait of other vertebrates (zebrafish: Mueller et al. 2011; 
amphibians; Moreno and González 2017; reptiles; Mon-
tiel et al. 2015). Our observations in sharks support this 
idea. However, whether radial migration appeared before 
the emergence of jawed vertebrates is still unknown. Stud-
ies in the adult brain of lampreys and mixins have revealed 
radial glia-like cells (ependymoglia), immunoreactive to 
anti-GFAP antibodies in mixins and to anti-citokeratin anti-
bodies in lampreys (Wicht et al. 1994; Merrick et al. 1995; 
Nieuwenhuys and Nicholson 1998). Whether they play a role 
in neuronal migration during embryonic development is not 
known. In fact, most neurons in the brain of lampreys remain 
close to the ventricular zone (Nieuwenhuys and Nicholson 
1998) and therefore, it is possible that radial migration is not 
necessary in this animal group.

The shark pallium contains Tbr2 
intermediate progenitors and a basic 
subventricular zone: evolutionary 
implications

The pallial SVZ was until recently thought to appear in the 
transition from reptiles to mammals (Martínez-Cerdeño 
et al. 2006, 2016) and it has been pointed as one of the main 
evolutionary events leading to the high complexity of mam-
malian cortices (see “Introduction”). Although several stud-
ies have described the existence of subventricular zones in 
other vertebrates (Montiel et al. 2015), very few observed 
them in the dorsal pallium, which is the homologous ter-
ritory to the mammalian developing cortex (reviewed by 
Medina and Abellán 2009).

But, what defines a pallial SVZ? In 1970, the Boulder 
Committee Report defined it as a zone located at the junction 
between the ventricular and intermediate zones, containing 
round or oval cells distinguished from young neurons of the 
intermediate zone by their proliferative activity and the lack 
of interkinetic nuclear migration during the cell cycle. These 
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neurons come to position soon after the intermediate zone 
begins to form (Angevine et al. 1970). Other two criteria 
have been incorporated in the last decades. It is now widely 
accepted that the subventricular zone contains intermediate 
progenitors. Unlike apical progenitors, basal (intermediate) 
progenitors are characterized by their subventricular posi-
tion (away from the ventricular surface) and they do not 
undergo interkinetic nuclear migration (Götz and Huttner 
2005; Martínez-Cerdeño et al. 2016). Intermediate progeni-
tors are also characterized by their differential gene expres-
sion, typically expressing the non-coding RNA Svet1 and 
the genes that encode the transcription factors Tbr2, Cux1 
and Cux2 (Englund et al. 2005; Götz and Huttner 2005 and 
references therein; Hevner et al. 2006). The presence of the 
transcription factor Tbr2 has been proposed as a criterion 
to identify SVZ cells and define the boundaries of the SVZ 
itself (Martínez-Cerdeño et al. 2016). Besides, Tbr2 is tran-
siently expressed in cortical SVZ progenitor cells (Arnold 
et al. 2008; Martínez-Cerdeño et al. 2016). Therefore, a 
well-defined pallial SVZ must satisfy at least the following 
criteria: (1) subventricular position throughout the area of 
the dorsal cortex, (2) presence of mitotically active cells (3) 
presence of Tbr2-expressing cells dividing at this location 
that (4) are transiently found during development. Accord-
ing to the above criterion, a clearly defined and organized 
SVZ has been observed in the ventral telencephalon of birds 
(subpallium) and some regions of the pallium like the dorsal 
ventricular ridge (DVR) (Cheung et al. 2007; Montiel et al. 
2015). However, its presence in the hyperpallium, which 
is considered by most as the homologous of the develop-
ing cortex of mammals (reviewed by Medina and Abellán 
2009), is still a matter of debate (Striedter and Keefer 2000; 
Martínez-Cerdeño et al. 2006; Striedter and Charvet 2008; 
Charvet and Stiedter 2009; Charvet et al. 2009; Montiel 
et al. 2015; Martínez-Cerdeño et al. 2016). The first study 
concerning the existence of a SVZ in the pallium of birds 
dates from 1999, where Bulfone et al. (1999) found Tbr2 
positive cells organized subventricularly in a HH28 chicken. 
However, neither their proliferation status nor their exact 
position within the pallium were specified. Nomura et al. 
(2016) recently demonstrated the existence of different types 
of basal progenitors in the chicken pallium and that some 
of them did not express Tbr2. In this work, the authors pro-
posed that all intermediate progenitors (both Tbr2-positive 
and negative) could derive from a primitive population of 
scattered abventricular mitotic cells that might be already 
present in ancestral amniotes (Nomura et al. 2016).

Turtles have been pointed as the most closely related liv-
ing animal to the common ancestor of mammals and reptiles 
(Goffinet 1983; Nieuwenhuys 1994). Studies in Trachemys 
scripta elegans, a species of turtle, reported a very similar 
scenario than the one described in birds by Montiel et al. 

(2015), presenting an anatomically defined SVZ in the DVR 
but not in the dorsal cortex homologous region (Martínez-
Cerdeño et al. 2006; 2016). It is important to highlight that 
both, birds and turtles exhibit clear expression of Tbr2 in the 
hyperpallium/dorsal pallium, however, these Tbr2-positive 
cells are not clustered in a subventricular position but scat-
tered through the ventricular zone. All evidences to date 
point to the lack of a SVZ in the pallium of other reptiles 
(Charvet et al. 2009; Martínez-Cerdeño et al. 2016).

In amphibians, very recent work from Moreno and 
González (2017) explored the existence of a pallial SVZ 
in a detailed study of Xenopus pallial neurogenesis. They 
detected clusters of Tbr2-positive cells away from the ven-
tricular zone (especially in the ventral pallium) and some 
scarce abventricular mitoses. However, they reported that 
all Tbr2 pallial neurons were postmitotic and the occasional 
PH3-positive mitotic cells did not express Tbr2. Concerning 
teleost fishes, Mueller et al. (2008) described the existence 
of Tbr2 cells in the pallium of developing zebrafish as a tier 
of cells close or within the ventricular zone (see also Wul-
limann 2009; Mueller and Wulliman 2016). Unfortunately, 
the lack of further characterization precludes a clear identi-
fication of these cells as potential intermediate progenitors 
in bony fishes.

Most of the evolutionary hypotheses derived from the 
studies mentioned above consider that the first intermediate 
progenitors expressing Tbr2 in an organized and anatomi-
cally defined SVZ appeared during mammalian evolution 
(Cheung et al. 2007, 2010; Montiel et al. 2015). They pos-
tulate that the SVZ might have represented a key evolu-
tionary milestone leading to the emergence of a 6-layered 
cortex. Other authors proposed that pallial SVZ and basal 
progenitors might have appeared independently in birds 
and mammals leading to the emergence of different basal 
progenitor modalities in these animal groups (Charvet et al. 
2009; Nomura et al. 2016). As far as we are concerned, 
Martínez-Cerdeño et al. (2016) were the only authors so 
far postulating an earlier origin for Tbr2-related SVZ in the 
common ancestor of mammals and sauropsids. They based 
their conclusions on a comparative study in two species of 
birds (chick and dove), a species of lizard and a species of 
turtle. Contrary to other studies in birds, they reported a 
subventricular band of Tbr2-positive cells in the hyperpal-
lium (dorsal cortex homolog). Unfortunately, whether these 
cells expressed mitotic markers was not specified. Very few 
studies considered the scenario in anamniotes, suggesting 
that intermediate progenitors might be present in a primitive 
form, mainly as scattered abventricular mitoses that do not 
express Tbr2 (Moreno and González 2017).

Thus, the current view about pallial SVZ evolution to date 
hypothesizes that the first abventricular mitoses appeared at 
some point during anamniote evolution (probably anterior 
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to a tetrapod ancestor) representing the first step and primi-
tive form of basal progenitors and that only mammals, and 
perhaps some birds, secondarily acquired higher complexity 
in their organization accompanied by the expression of Tbr2-
related genetic program. These considerations were mainly 
based on observations in Xenopus where no double labelled 
Tbr2–PH3 have been reported so far (Moreno and González 
2017). However, information about non-tetrapod vertebrates 
was lacking.

In this work, we present evidence of the existence of an 
anatomically defined SVZ in the pallium of sharks. First, 
we identified the interface between the VZ and IZ (areas 
defined, respectively, by ScSox2 expression and DCX immu-
noreactivity). Second, we observed proliferating, mitotically 
active (PH3 positive) band of neurons at a subventricular 
position aligned parallel to the ventricular surface. Third, 
this band of neurons strongly expresses ScTbr2 and colocali-
zation between PH3 and ScTbr2 was confirmed. Importantly, 
this population of cells has been observed at all medio-lat-
eral levels of the developing pallium, including, therefore, 
the potential dorsal pallium (see Figs. 3, 5, present work). 
BrdU assays have been additionally used to investigate pro-
liferation behaviour of cells dividing in this band. Dividing 
cells incorporate BrdU during the S-phase of the cell cycle. 
BrdU detection reveals where these dividing cells (or their 
daughters) are located at the time of fixation. When embryos 
are fixed after 24 h, cells that undergo an only mitosis after 
BrdU incorporation retain high levels of BrdU while divid-
ing cells dilute the incorporated BrdU by a factor of two with 
each cell division (see Stiedter 2015). Under this rationale, 
in short time windows, weaker levels of BrdU indicate when 
progenitors have divided, at least once (therefore, weaker 
levels can be correlated to higher proliferation rates). In our 
hands, weaker BrdU levels were present either at the VZ 
(where apical progenitors are found, mitosis occurring at the 
ventricle) or at the SVZ (where basal, intermediate progeni-
tors are found, mitosis occurring subventricularly since they 
do not undergo interkinetic nuclear migration; see above). 
Moreover, the mitotic marker PH3 was found in weakly 
BrdU-immunoreactive cells at these locations even when 
fixed 10 days after BrdU incorporation, which indicates that 
these progenitors are still capable of cell division.

Finally, in agreement with the Boulder Commit-
tee Report description (Angevine 1970), we observed 
that these cells are placed right after the ventricular and 
intermediate zones are formed (S30 in S. canicula). This 
population is very evident at S30 and S31 of develop-
ment (equivalent to stages E13.5 and E14.5 in mouse 
approximately) and it disappears by S32, when the basic 
mature morphology of the shark brain is achieved and 
Pax6 associated ventricular proliferation seems to cease 
(Ferreiro-Galve 2010; Quintana-Urzainqui et al. 2015; 
Rodríguez-Moldes et al. 2017 and present results). The 

transient nature of these type of cells also fits with the 
description of the SVZ dynamics in mammals (Arnold 
et al. 2008). Moreover, it has been described that the SVZ 
serves as a route of migration for GABAergic neurons 
originated in the subpallium and migrating through the 
pallium during development (Del Rio et al. 1992; reviewed 
in Montiel et al. 2015). This kind of tangential migra-
tion was recently identified in shark embryos by ScDlx2 
and GAD expression analysis. The position of the ScTbr2 
and PH3-positive nuclei described in the present work fits 
precisely the position of the stream of tangentially migrat-
ing cells throughout the pallium described by Quintana-
Urzainqui et al. (2015). However, the quantity of mitotic 
cells found at this subventricular position seemed to be 
much lower than in mammals. It seems plausible that what 
we are observing in the brain of S. canicula are the first 
steps towards the formation of intermediate progenitors 
organized in a defined zone in the pallium of vertebrates. 
Sharks and skates represent a significant step in pallial 
organization when compared to agnathans such as the 
lamprey (the only extant vertebrate with a more ancient 
origin than sharks). The pallium of lampreys is simpler 
and significantly smaller when compared to the shark pal-
lium (Pombal et al. 2011). Cartilaginous fishes are the 
first vertebrates to develop evaginated palliums with clear 
and big ventricles. It is conceivable that the expansion of 
the pallium in sharks with respect to lampreys might be 
due to the appearance of a new type of amplifying pro-
genitor. However, the existence of intermediate progeni-
tors in more ancient vertebrates (lampreys) remains to be 
explored. A summary of all the available data about the 
existence of a SVZ in the dorsal pallium along the scale 
of vertebrates is represented in Fig. 5.

Our observations led us to propose that basal progeni-
tors exhibiting the basic features of a SVZ, including the 
expression of the basal progenitor marker Tbr2, might have 
been already present in the common ancestor of mammals 
and cartilaginous fishes, that is, in the common ancestor 
of all gnathostomes. There is no doubt that the increase in 
complexity of the pallial SVZ across different mammals 
(including the appearance of different types of basal pro-
genitors and the compartmentalization in an inner and outer 
SVZ) correlates with increasing complexity in mammalian 
cortices. Nevertheless, we propose here that the existence 
of a basic pallial SVZ with all its components can be traced 
back to the origin of all jawed vertebrates. Consequently, 
we do not contemplate intermediate progenitors and their 
genetic program of specification (Tbr2-related) as a novelty 
of mammals or even amniotes but the ancestral condition of 
pallial neurogenesis in vertebrates. We also postulate that 
the evolutionary appearance of basal progenitors might have 
been crucial for the first big increase in size of the pallium 
(in cartilaginous fishes, the telencephalon represent the 50% 
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of the size of the encephalon; Yopak et al. 2015). In the 
light of our results, we postulate a scenario in which basal 
progenitors expressing Tbr2 appeared in the common ances-
tor of all gnathostomes and were secondary lost in many 
groups of vertebrates (see Fig. 6). The functional reasons 
and structural consequences of this potential loss remain to 
be explored.

Sequence of transcription factor expression 
in pallial cells: comparison with other 
vertebrates

During development, the mammalian cortex glutamatergic 
cells, represented by pyramidal cells, are born locally from 
radial glial and Pax6-expressing progenitor cells located in 
the ventricular zone of the pallium (Englund et al. 2005). As 
new-born neurons differentiate and migrate radially to their 
final destination in the cortex, they successively express a 
well-established sequence of transcription factors, namely 

Fig. 6  Summary of published 
data about the existence of 
a SVZ in the dorsal pallia 
subdivision along the scale of 
vertebrates
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Tbr2, NeuroD and Tbr1 (reviewed by Hevner et al. 2006). 
These factors show a partially overlapping expression pat-
tern that perfectly differentiates the VZ (Pax6), SVZ (Tbr2), 
IZ (NeuroD) and cortical plate (CP) (Tbr1) in the mouse 
developing cortex. Despite the exact role of these transcrip-
tion factors is not well understood, it is accepted that they are 
part of the transcriptional program that establishes the glu-
tamatergic phenotype (Englund et al. 2005; Abdel-Mannan 
et al. 2008; Roybon et al. 2009; Boutin et al. 2010).

Despite this sequence of factors has not been studied in 
the analogous cortex of sauropsids, Tbr2 and Tbr1 expres-
sion has been studied in birds (Cheung et al. 2007; Martínez-
Cerdeño et al. 2016; Nomura et al. 2016) and Tbr2 in reptiles 
(Clinton et al. 2014; Martínez-Cerdeño et al. 2016). Tbr2 
expression, both in birds and reptiles, has been observed 
in ventricular or subventricular positions, and a marginal 
band of Tbr1 in birds, which is highly coincident with the 
expression pattern in the mammalian cortex. On the other 
hand, as far as we know, there are no studies concerning 
NeuroD in the developing telencephalon of this species. In 
amphibians (Xenopus), some studies have detected Tbr2, 
NeuroD and Tbr1 expression in postmitotic neurons in the 
developing/juvenile pallium (D’Amico et al. 2013; Moreno 
and González 2017). However, up to date, the expression of 
this factors in Xenopus has not been analyzed together. In 
teleost fishes, the expression of Pax6, the T-box transcription 
factors and NeuroD have been studied during development 
and larvae stages in zebrafish (Mione et al. 2001; Wulli-
mann and Rink 2001, 2002; Mueller and Wullimann 2003; 
Mueller et al. 2008; Wullimann 2009; Mueller and Wulliman 
2016). These studies suggest that a rather similar neurogenic 
sequence to that found in mammals might be present in the 
developing pallium of zebrafish, except for the absence of a 
Pax6 expression domain in the ventricular proliferative layer 
in this species (Wullimann and Rink 2001).

Here, we present full evidence that the transcription fac-
tors involved in the development of pallial-born neurons 
in mammals are present in sharks in analogous stages of 
development. At S31 Pax6 immunoreactivity was detected 

in the ventricular zone while ScTbr2, ScNeuroD and Tbr1 
codistribute in a subventricular band. However, ScTbr2 posi-
tive cells are located closer to the VZ compared to ScNeuroD 
or Tbr1 positive cells, which show overlapping expression 
patterns. At S32, ScTbr2 expression close to the VZ of the 
dorsal pallium disappears and it is now observed in more 
marginal positions. In the same way, ScNeuroD and Tbr1 
are detected closer to the pial surface, suggesting a radial 
migration of these cells, though the emergence of ScTbr2-, 
ScNeuroD and Tbr1-expressing cells at marginal positions 
cannot be discarded. The expression pattern of these four 
transcription factors has been summarized in in Fig. 7. The 
expression pattern of these markers is a conserved feature 
of many glutamatergic neurons in the mammalian brain like 
in the cortex, olfactory bulb, hippocampus or cerebellum, 
both during development and, concerning the hippocampus, 
in adult neurogenesis (Englund et al. 2005; Hevner et al. 
2006; Hodge et al. 2012; Imamura and Greer 2013; Bond 
et al. 2015). Here, we show that these markers are conserved 
along evolution at least in the pallial structure, concluding 
that the main molecular machinery/ transcriptional program 
that gives rise to pallial-born neurons is an ancestral con-
dition of vertebrates. Whether they are conserved in other 
brain areas in sharks is unknown.

The fact that Pax6 and ScTbr2 are present in the VZ and 
SVZ, respectively, is similar to that reported in mammals. 
However, we found that ScTbr2, ScNeuroD and Tbr1 codis-
tribute in many cells in the same territory (present results). 
This suggest that, despite in sharks apical progenitors (Pax6) 
and newborn neuroblasts are clearly differentiated, ScTbr2, 
ScNeuroD and Tbr1 cell populations do not show a zonal 
distribution pattern similar to that observed in mammals. In 
addition, Tbr2 and Tbr1 do not colocalize in the cortex of 
mammals, contrary to what we have found in the pallium of 
S. canicula, suggesting that the expression of Tbr2-NeuroD-
Tbr1 do not take place as sequentially as in mammals, but 
rather overlapped. This scenario is similar to that found with 
mitral cells in the olfactory bulb of mammals, where Tbr2 

Fig. 7  Schema of the develop-
ment of pallial born neurons 
in the developing pallium of S. 
canicula 
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and Tbr1 double labeled cells can be found (Imamura and 
Greer 2013).

It has been suggested that the segregation of transcription 
factors in zones in mammals might be related to layer-related 
fate specification (Hevner et al. 2006). In addition, corti-
cal layering in mammals is also controlled by a subset of 
marginal/subpial neurons called Cajal–Retzius cells (C–R). 
These cells secrete signaling molecules like Reelin, an extra-
cellular matrix glycoprotein, related with the formation of 
cortical layers (Hevner et al. 2003; D’Arcangelo 2006). C-R 
cells have been found in species with layered cortices (rep-
tiles: Goffinet et al. 1999; Tissir et al. 2003; Cabrera-Socorro 
et al. 2007; birds; Bernier et al. 2000; mammals:). Interest-
ingly, in the developing pallium of S canicula a marginal 
population positive to Reelin has been found during the neu-
rogenic period (Quintana-Urzainqui et al. 2015). Whether 
they are similar to C–R cells needs further investigation. 
If that is the case, the lack of segregation of transcription 
factors in the pallium of S. canicula and the absence of lay-
ering in the adult would support the hypothesis that C–R-
dependent layering might need a previous segregation of 
transcription factors in zones.

Our results clearly suggest that the main machinery of 
transcription factor orchestrating neurogenesis of pallial-
born neurons in mammals is present in sharks. However, as 
depicted above, a clear segregation in layers (VZ; SVZ; IZ; 
CP) of all the transcription factors as the one observed in 
mammals, is not found in S. canicula, which might result in 
cytoarchitectonic organization differences between the pal-
lium of mammals and fishes.

Conclusions

In this work, we describe the presence of the main two types 
of pallial progenitors (apical and basal) in the telencephalon 
of sharks as well as the existence of a rudimentary pallial 
SVZ. The evolutionary implications of this observation are 
not trivial, moving the hypothetical origin of this structure 
back to the common ancestor of all jawed vertebrates. We 
also report that the main transcriptional program specify-
ing the glutamatergic lineage in the pallium (Pax6, Tbr2, 
NeuroD, Tbr1) was already present in cartilaginous fishes. 
However, the segregation of these transcription factors in 
different cell populations was not observed at later stages of 
embryonic development indicating that this non-zonal dis-
tribution pattern might be the ancestral condition that lead 
to a non-laminated pallium.

Comparative studies are a powerful tool to address evo-
lutionary changes. Studying a basal jawed vertebrate like S. 
canicula has proven to be very useful, especially in regard to 
the development and evolution of the telencephalon. Insights 

in this field contribute to our knowledge of basic mecha-
nisms of neurogenesis and ultimately will help to unveil how 
our brains evolved.
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