
NEUROANATOMY

Apart from the evaginated telencephalic and eye vesicles, the 
rest of the secondary prosencephalon (here referred to as the 
non-evaginated secondary prosencephalon, regardless the diverse 
evaginations that may occur in the hypothalamus) has been tra-
ditionally considered as the ventral portion of the diencephalon. 
In particular, the term hypothalamus (hypo from the old Greek 
ÿpó: under) literally describes its topographical position beneath 
the thalamus. Thus, in the literature, frequent definitions describe 
the preoptic region (PO) and the hypothalamus proper as special 
regions of the ventral diencephalon that are involved in regula-
tion of the endocrine system, the autonomic nervous system, and 
related brain systems (Bruce, 2008; Hodos, 2008). These definitions, 
older or current, treat the brain as a column, so that a transverse 
section of an adult brain shows the hypothalamus beneath the 
thalamus, and molecular and developmental data are not taken 
into account. However, detailed comparison of diverse develop-
mental gene expression patterns gathered in the last decades led 
Puelles and Rubenstein to postulate in 1993 the prosomeric model, 
modified 10 years later (Puelles and Rubenstein, 1993, 2003) as a 
morphological framework (paradigm), which divides the forebrain 
into transverse segments (prosomeres) and longitudinal zones. In 
this prosomeric context, we refer in the present analysis to the 
non-evaginated portion of the secondary prosencephalon, only 
with the intention to use a short name that includes the hypotha-
lamus and the PO of the telencephalon. Classically, the PO has 
been considered part of the hypothalamus (for review Butler and 

The non-evaginaTed secondary prosencephalon
Developmental processes occurring from the neural plate stages and 
leading to the identification of all main brain regions entail dramatic 
changes, including a pronounced cephalic flexure. As the anterior 
neural tube closes, the embryonic brain subdivides into three pri-
mary vesicles: the rhombencephalon, the mesencephalon, and the 
prosencephalon, from caudal to rostral. Subsequently, the primary 
prosencephalon subdivides into two major components, the caudal 
diencephalon and the rostral secondary prosencephalon. The second-
ary prosencephalon constitutes the entire prechordal (rostralmost) 
portion of the neural tube, which gives rise to the hypothalamus 
ventrally, the eye vesicles dorsolaterally, the telencephalic vesicles 
dorsally, and a ventral telencephalic preoptic area (POA; reviewed in 
García-López et al., 2009; Vieira et al., 2010). Like the caudal vesicles, 
the secondary prosencephalon is formed by alar and basal derivatives. 
Thus, the hypothalamus includes alar and basal plate components, 
whereas the eye field and the telencephalon are completely derived 
from the alar region (Figure 1). The topological arrangement of 
these forebrain subdivisions is a consequence of the location of their 
primordia in the neural plate (Couly and Le Douarin, 1987; Eagleson 
and Harris, 1990; Rubenstein et al., 1998; Inoue et al., 2000; García-
López et al., 2009; Vieira et al., 2010). The mechanisms leading to 
the formation of the prosencephalon and its subsequent patterning 
are highly conserved in evolution, especially the genetic codes that 
result in the production of forebrain subdivisions recognized along 
the rostrocaudal and dorsoventral axes in different vertebrates.
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In mammals, hypothalamic neurogenesis occurs in individual 
nuclei between embryonic day 10 (E10) and E16 in mice (Shimada 
and Nakamura, 1973; Shimogori et al., 2010). Numerous studies 
have identified many transcription factors that regulate the devel-
opment of specific hypothalamic nuclei and neuronal subtypes 
(Schonemann et al., 1995; Labosky et al., 1997; Wehr et al., 1997; 
Michaud et al., 1998; Acampora et al., 1999; Davis et al., 2004; 
Goshu et al., 2004; Zhao et al., 2008; Szábo et al., 2009).

In general morphological terms, seeking terminological continu-
ity, in the prosomeric model the hypothalamus constitutes the “ros-
tral diencephalon” (Puelles and Rubenstein, 2003). It includes alar 
and basal components, while the eye field and the telencephalon are 
exclusively derived from the alar region. The alar portion, includes 
the suprachiasmatic (SC) and the supraopticparaventricular (SPV) 
regions, which will give rise their respective hypothalamic nuclei. 
The basal hypothalamus includes the tuberal hypothalamus, which 
contains among other structures, the ventromedial nucleus, the 
arcuate nucleus, and the mammillary hypothalamic region, which 
includes the subthalamic nucleus (reviewed in Medina, 2008).

In molecular terms, Shh is essential for the specification of the 
hypothalamus (Chiang et al., 1996; Szábo et al., 2009) through 
the action, among others, of the homeobox gene Nkx2.1, whose 
expression is triggered by prechordal Shh signals (Kimura et al., 
1996). In addition, in mammalian forebrains, Nkx2.1 is expressed 
in the basal telencephalon– POA and the basal hypothalamus (Price 
et al., 1992), which is severely malformed and reduced in size in 
knockout mice (Kimura et al., 1996; Sussel et al., 1999; Marín et al., 
2002). Specially, the neural Shh has a very important and spe-
cific role in the development of the lateral hypothalamus, possibly 
mediated by regulation of Dlx2, Dbx1, and FoxD. The lack of Shh 
expression in the hypothalamic neuroepithelium results in a very 
reduced lateral hypothalamus, in which some of the most func-
tionally important and characteristic neuronal subpopulations are 
either very reduced or completely missing, whereas the POA and 
the SC nucleus show normal development (Szábo et al., 2009). The 
transcription factor Orthopedia (Otp) is expressed in the SPV of 
the alar hypothalamus, the arcuate nucleus, and the oblique per-
imammillary band (Simeone et al., 1994; Puelles and Rubenstein, 
2003; Del Giacco et al., 2006; Bardet et al., 2008), where it operates 
in the proper differentiation of several neurohormone-secreting 
nuclei (Acampora et al., 1999; Wang and Lufkin, 2000; Michaud, 
2001; Eaton and Glasgow, 2007; Blechman et al., 2007; Ryu et al., 
2007; Eaton et al., 2008). Otp also contributes to progenitor cell 
proliferation, survival, and migration (Goshu et al., 2004). The 
transcription factor Sim1, in parallel to Otp, acts to differentiate 
a large population of neurohormone- containing cells (Michaud 
et al., 1998; Acampora et al., 1999; Wang and Lufkin, 2000; Goshu 
et al., 2004). In Otp, and Sim1 mutants, the prospective SPV cells 
are born and specified, but the cells do not terminally differentiate 
to express neuroendocrine hormone genes.

In terms of anatomical subdivisions the POA, which was previ-
ously believed to be derived from the ventral diencephalon, is cur-
rently regarded as derived from the Foxg1-positive telencephalic 
neuroepithelium (Zhao et al., 2008; Roth et al., 2010), whereas the 
hypothalamus can be subdivided into the Sim1-positive antero-
dorsal hypothalamic neuroepithelium, which contain the pri-
mordium of the paraventricular nucleus, and the Nkx2.1-positive 

Hodos, 2005), but in recent years this view has changed and the PO 
been considered part of the telencephalon, due to its topological 
position in the neural plate and its genetic specification (Flames 
et al., 2007; García-López et al., 2008; Sánchez-Arrones et al., 2009). 
Therefore, in the present analysis of the PO and hypothalamus we 
pay special attention to the boundaries between them in diverse 
vertebrate species in order to gain a better understanding of the 
evolution of these forebrain regions.

The regions under analysis are very complex in terms of 
genetic specification, morphological, hodological and neuro-
chemical organization, and, especially, function (for review see ten 
Donkelaar, 1998; Butler and Hodos, 2005; Medina, 2008). However, 
it is interesting to note that in the last years, numerous data have 
shown conserved patterns in the evolution of vertebrates related to 
the embryological origin, cell types, neurochemical organization, 
hodology, and functional implications of the subregions in the sec-
ondary prosencephalon (reviewed in Medina, 2008; Moreno et al., 
2009). In addition, it has been increasingly reported that in these 
regions many differences can also be observed among vertebrates, 
which may reflect not only the existence of divergent evolution in 
the different lineages but also secondary adaptations of each group. 
Moreover, to this complex evolutionary equation has to be added a 
high divergence of sizes, shapes, and complexity of centers related 
to sophisticated behaviors like human consciousness, songbird 
vocalization, electrical responses in some fishes, etc.

In this evolutionary context, when one accomplishes a com-
parative analysis the main aim is to establish homologous rela-
tionships. To this end, however, many different characteristics can 
be considered, which sometimes make this comparison extremely 
difficult and dense. At least in the last years, most comparative 
studies of the forebrain in different vertebrates have been framed 
within the prosomeric model as a paradigm to interpret the results 
(Puelles and Rubenstein, 2003). Those studies suggest that some 
characteristics are more important than others in this analysis, as 
they determine the topology of the neural plate, the genetic speci-
fication of a topographic domain in the neural tube, the histoge-
netic pattern, the neuronal differentiation, hodology and, finally, 
neuronal organization.

With these ideas in mind, the most convenient approach to 
establishing homologies is to assess the number of shared fea-
tures, keeping in mind that homologous structures with common 
morphogenetic origin may have varied enormously in the course 
of evolution.

paTTerning and neural specificaTion
Substantial data reported in the last years have demonstrated that 
the combined expression of regulatory genes is very conserved in 
the evolution (Puelles and Rubenstein, 1993, 2003; Bachy et al., 
2001, 2002; González et al., 2002a,b; Brox et al., 2003; Moreno 
et al., 2004, 2005, 2008a,b, 2010; Osorio et al., 2005, 2006; Flames 
et al., 2007; García-López et al., 2008; Abellán and Medina, 2009; 
González and Northcutt, 2009; Domínguez et al., 2010), suggesting 
that the molecular specifications unravel the morphogenetic field 
formation. When comparing across species, two main concepts are 
to be kept in mind, “developmental regulatory genes” and “basic 
histogenetic domains.” Both concepts allow and help explain fore-
brain organization in the comparative approach.
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addressing this transition and the most recent paleontological evi-
dence, suggest that lungfishes are closest living relatives of tetrapods 
and that several of the features defining this group were highly 
conserved throughout the entire evolutionary history of land ver-
tebrates (Meyer and Wilson, 1990; Meyer and Dolven, 1992; Hedges 
et al., 1993; Zardoya et al., 1998; Tohyama et al., 2000; Brinkmann 
et al., 2004a,b; Takezaki et al., 2004; Hallstrom and Janke, 2009), 
making this group of fishes of particular interest in comparative 
studies. And finally, lampreys are jawless vertebrates, belonging to 
the Agnatha, the sister group of gnathostome vertebrates. Their 
phylogenetic position makes them an invaluable model in the study 
of evolutionary developmental biology, as they allow us to gain 
new insights into ancestral characters in vertebrates, and they also 
help to reveal, but also to understand the emergence of novelties 
at important evolutionary transitions, such as the agnathan/gna-
thostome transition (Kuratani et al., 2002).

According to the rationale outlined above, the evolutionary 
analysis of transcription factors involved in the patterning of 
the non-evaginated secondary prosencephalon in key vertebrate 
groups would be of special interest for understanding its evolution 
(Figures 2 and 3). In recent years, cell groups and regions that were 
characterized according to gene expression patterns in the prosen-
cephalon of mammals have been similarly analyzed in the brains 
of multiple vertebrates (Figures 2 and 3; Puelles and Rubenstein, 
1993, 2003; Bachy et al., 2001, 2002; González et al., 2002a,b; Brox 
et al., 2003; Moreno et al., 2004, 2005, 2008a,b, 2010; Osorio et al., 
2005, 2006; Flames et al., 2007; García-López et al., 2008; Abellán 
and Medina, 2009; Domínguez et al., 2010). These cell groups and 
regions in the secondary prosencephalon, and many of their neuro-
chemical and connectional features, appear to be highly conserved 
in the evolution of tetrapods, since these features show similarities 
from amphibians through mammals (for review see Reiner et al., 
1998; Marín et al., 1998; ten Donkelar, 1998; Moreno et al., 2009). 
Nevertheless, although many characteristics are shared, the degree 
of complexity increases during evolution from the common ances-
tor of tetrapods to birds and mammals.

Current theories regarding the organization of the forebrain in 
mammals consider that the subpallium encompasses the non-evagi-
nated telencephalon, anterior (topologically dorsal) to the optic 
chiasm (see Figure 1; Flames et al., 2007; García-López et al., 2008). 
It is composed of the PO, which contains the commissural preoptic 
division (POC) and the POA proper, which is located at the base of 
(topologically rostral to) the former (for review see Moreno et al., 
2009); both express Nkx2.1 and Shh in the ventricular layer during 
development. In chicks, the PO has been similarly recognized as 
a part of the subpallium and is characterized by the expression of 
both Nkx2.1 and Shh (Abellán and Medina, 2009). In addition to 
the distinct expression of Shh, the PO is also distinguished from 
the subpallial pallidal division (derived from the medial ganglionic 
eminence, MGE) by its expression of Islet1 (Abellán and Medina, 
2009). The PO in birds is also said to contain the two major sub-
divisions: the commissural POA, comparable to the same-named 
subdivision in mice (pPO1 of Flames et al., 2007; POC of García-
López et al., 2008) and characterized by strong expression of Shh 
and Lhx7 and by its relation to the anterior commissure; and a 
basal POA, comparable to the ventral preoptic subdivision (pPO2 
of Flames et al. (2007; POv of  García-López et al., 2008). In the 

 posteroventral hypothalamic neuroepithelium, which contains the 
primordia of the arcuate nucleus and the ventromedial hypoth-
alamic region, the premammillary neuroepithelium, and the 
mammillary neuroepithelium (reviewed in Medina, 2008; Zhao 
et al., 2008; Szábo et al., 2009; Shimogori et al., 2010). In terms of 
boundaries, the rostral hypothalamus correlates topographically 
with the early expression of Six3, which extends from the sep-
tum to the neurohypophysis. The boundary between the caudal 
hypothalamus and P3 is well defined by the expression of several 
genes. In the alar plate, it coincides with the sharp caudal limit of 
the Sim1, Otp, and Brn2 genes, which are expressed in the SPV, 
and with the sharp rostral limit of Arx, Dlx, and Pax6 transcripts 
in P3. Finally, a territorial boundary between the telencephalon 
and the hypothalamus has been recently defined and called the 
preoptohypothalamic boundary (POH; Bardet et al., 2006; Flames 
et al., 2007). It is delimited between the PO in the subpallium and 
the SPV of the hypothalamus and occupies the region just outside 
the Nkx2.1- and Shh-expressing POA and it also lies within the 
contiguous thin corridor, expressing only Dlx5 among the studied 
subpallial markers (Bardet et al., 2006).

To summarize, in mammals, Shh and Nkx2.1 are expressed in 
the entire non-evaginated prosencephalon, with the exception of 
the alar hypothalamus (reviewed in Medina, 2008). The absence of 
Nkx2.1 expression in the alar hypothalamus in mice correlates well 
with the absence of Lhx6 or Lhx7 expression in this area (Rétaux 
et al., 1999). In the alar hypothalamus, the SPV also contains an 
important population of Otp-expressing cells (Bardet et al., 2008).

evoluTionary TraiTs
In modern classification schemes, living vertebrates consist of two 
main groups, the jawless Agnatha (represented by hagfishes and lam-
preys) and the jawed Gnathostomata. Jawed vertebrates are divided 
again into two groups, the cartilaginous Chondrichthyes (repre-
sented by sharks, rays, and chimeras) and the bony Osteichthyes. 
The two main groups of bony vertebrates are the ray-finned fishes 
(Actinopterygii) and the lobe-limbed vertebrates (Sarcopterygii). 
The latter comprises three groups: coelacanths (Actinistia), lung-
fishes (Dipnoi), and limbed vertebrates, or Tetrapoda, encompass-
ing amphibians, reptiles, birds, and mammals (Clack, 2002).

In recent years, evolutionary/developmental studies have 
revealed a segmentary pattern in the developing forebrain of all 
the vertebrates analyzed. In this kind of comparative analysis it 
is essential to consider the highest possible number of groups, 
especially those with crucial evolutionary positions. In particu-
lar, the phylogenetic position of reptiles, especially turtles, makes 
their study interesting because they are purported to be the most 
closely related to the extinct therapsids from which mammals arose 
(Northcutt, 1970) but, alternatively, they have been considered the 
sister group to crocodiles and birds (Zardoya and Meyer, 2001a,b). 
It is also essential to consider amphibians in analyzing ancestral 
brain organization, because they constitute the only group of tetra-
pod anamniotes and represent a key model in the anamniote/amni-
ote transition, as they show shared features with other tetrapods 
(amniotes) and also shared features with fishes (anamniotes). In 
the context of this transition, the colonization of land by tetra-
pod ancestors is presumably one of the evolutionary events that 
could entail more neural changes. Molecular phylogenetic research 
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of Tbr1 and Pax6 (Moreno et al., 2004, 2008a; 2010; Domínguez 
et al., 2010). In teleost fishes (including zebrafish), Shh is expressed 
in a small subdivision of the Nkx2.1-expressing domain of the 
basal telencephalon (Rohr et al., 2001; Scholpp et al., 2006; Menuet 
et al., 2007), suggesting that the subpallium of early jawed verte-
brates likely included striatal, pallidal, and preoptic subdivisions. 
The existence of pallidal and preoptic domains in the subpallium 

vertebrates analyzed in our laboratory (Figures 2A–F), the situation 
in mice and chicks largely agrees with the results obtained in the PO 
of Pseudemy scripta (Moreno et al., 2010), Xenopus laevis (Moreno 
et al., 2008a; Domínguez et al., 2010), and the lungfishes Protopterus 
dolloi and Neoceratodus forsteri (unpublished observations). We 
identified the PO (Figures 2A–C) and the POC (Figures 2D–E) 
by the expression of Shh, Nkx2.1, Lhx7, and Isl1 and the absence 

Figure 1 | The secondary prosencephalon in mammals. Schematic 
drawing of a lateral view of the brain showing the main subdivisions of the 
prosencephalon, as currently accepted. The dotted lines indicated subdivisions 
in the same domain. Ma, mammillary area; oc, optic chiasm; P1–3, 

prosomeres 1–3; Pa, pallidum; PO, preoptic region; POC, commissural 
preoptic area; SC, suprachiasmatic area; SPV, supraopticparaventricular area; 
STN, subthalamic nucleus; Str, striatum; Tu, tuberal hypothalamus. (Modified 
from Medina, 2008).

Figure 2 | Comparative aspects of the preoptic region. 
Photomicrographs of transverse sections through non-evaginated portion of 
the secondary prosencephalon of a turtle [Pseudemys scripta; (A,D)], a frog 
[Xenopus laevis; (B,e)], and a lungfish [Neoceratodus forsteri; (C,F)] 

illustrating by immunohistochemistry the developing expression of different 
transcription factors indicated in each figure. MeA, medial amygdala; POA, 
preoptic area; POC, commissural preoptic area; PThE, prethalamic 
eminence; Th, thalamus.
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et al., 2008; Moreno et al., 2010). Other shared features of this 
region, at least shared among amniotes, include Pax6 ventricular 
expression (Flames et al., 2007; Moreno et al., 2010). The SPV 
region in Xenopus could differ a little from that described in amni-
otes because, among other peculiarities, it does not include Pax6 
expressing cells (Moreno et al., 2008b). The zebrafish genome 
contains two Otp orthologs, expressed in almost identical fore-
brain domains (Del Giacco et al., 2006), largely comparable to the 
Otp-expressing zones in mice (Simeone et al., 1994). In lampreys 
there are no detailed data on Otp expression, however it has been 
reported that its hypothalamic distribution resembles that of the 
Otp-positive neurons in zebrafish (Joly et al., 2007). However, Pax6 
expression has not been described in the hypothalamic region 
(Murakami et al., 2001).

In the case of the SC region (Figures 3D–F), it has been shown 
to be Dlx-positive territory in all the vertebrates examined (Bachy 
et al., 2002; Brox et al., 2003; Flames et al., 2007; Domínguez et al., 
2010). The expression of Nkx2.1, however, has been detected only 
in non-mammalian vertebrates (Bachy et al., 2002; Moreno et al., 
2008a; van den Akker et al., 2008; Abellán and Medina, 2009; 
Domínguez et al., 2010; Moreno et al., 2010). This region of Nkx2.1 
expression runs parallel to the hypothalamic zone of Shh expres-
sion, in a zone containing Arx- and Gad67-positive cells, and it is 
also defined by the expression of Lhx6, Lhx8, and Lhx1. In Xenopus, 

of teleost fishes expressing Nkx2.1 is correlated with expression 
of Lhx6 and/or Lhx7/8 in the same domains, and the presence 
of pallidal-like cell groups as well as cholinergic cells resembling 
those of the corticopetal system (Pérez et al., 2000; Mueller et al., 
2004; Wullimann and Mueller, 2004; Menuet et al., 2007). However, 
more data are needed to determine whether the preoptic part of 
the subpallium in other jawed fishes (such as zebrafish) includes 
subdivisions similar to those of tetrapods. In a strikingly differ-
ent situation, the homolog of Nkx2.1 in lampreys (LjNkx2.1, 
and a putative homolog of Sonic hedgehog (LfHh) in gnathos-
tomes have no expression domain in the ventral telencephalon in 
lampreys(Ogasawara et al., 2001; Murakami et al., 2005; Osorio 
et al., 2005). The forebrain expression pattern of LfHh comprises 
two separate domains, a small hypothalamic domain and a large 
and robust coma-shaped domain in the diencephalon, showing 
continuity with floor plate expression all along the neural tube.

The alar part of the hypothalamus (Figures 3A–F) has been said 
to contain the SPV area and the SC region. The SPV is a component 
of the central neural circuitry that regulates several homeostatic 
variables through numerous connections among others with the 
posterior pituitary. The homeodomain transcription factor Otp is 
particularly expressed in this region in mice, chicks, amphibians, 
and lungfishes (Figures 3A–C), allowing it to be distinguished 
from the Shh- Nkx2.1- Dlx-expressing adjacent domains (Bardet 

Figure 3 | Comparative aspects of the hypothalamus. Photomicrographs of 
transverse sections through non-evaginated portion of the secondary 
prosencephalon of a mouse (A), a turtle [Pseudemys scripta; (D,g)], a frog 
[Xenopus laevis; (B,e,H)], and two lungfishes [Neoceratodus forsteri; (C,F) and 

Protopterus dolloi; (i)] illustrating by immunohistochemistry the developing 
expression of different transcription factors indicated in each figure. MeA, 
medial amygdala; P3, prosomere 3; PV, paraventricular nuclei; SO, supraoptic 
nuclei; SC, suprachiasmatic area; SPV, supraopticparaventricular area.
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et al., 2010) it can be postulated that the de novo expression of 
Shh and Nkx2.1 in the basal telencephalon of gnathostomes may 
be responsible for the emergence of new brain structures in the 
subpallium, the pallidum, and the PO, which probably emerged in 
the transition from agnathans to gnathostomes (see also Murakami 
et al., 2005; Osorio and Rétaux, 2008).

In the alar hypothalamus, the first thing to consider is the pres-
ence of the SPV throughout vertebrates. In all groups examined, 
this area expresses Otp and lacks Nkx2.1/Shh/Dlx, in a very con-
served pattern (reviewed in Medina, 2008). In addition, the main-
tenance of Otp expression throughout development seems to be 
a conserved feature in vertebrates, as inferred from the cases in 
which late developmental stages or adult specimens were stud-
ied. It is noteworthy that Otp-expressing cells were consistently 
noted in some subdivisions of the amygdala (Bardet et al., 2008; 
Moreno et al., 2010), subdivisions whose cells most likely have a 
hypothalamic origin (Soma et al., 2009). At present, there are no 

Isl1, xLhx1, and xLhx5 expression has been described as restricted 
to the SC area (Moreno et al., 2004, 2008a). Some distinction was 
noted in distribution, as the cells located just above and rostral to 
the optic chiasm only expressed xLhx1, whereas more caudally in 
the SC nucleus two regions could be distinguished: a dorsal portion 
that only expressed xLhx5 and a ventral portion that expressed both 
xLhx1 and xLhx5 (Moreno et al., 2004).

In regard to the basal hypothalamus, the ventral tubero- 
mammillary cells in chick embryogenesis arise from a set of floor 
plate-like precursors that initially express Shh (Manning et al., 
2006). The transcription factor Tbx2 is expressed only transiently 
in the mammillary region, for a slightly longer period in the tuberal 
region, and it is retained only at the junction of the retrochias-
mic/tuberal hypothalamus (Manning et al., 2006). In the tuberal 
hypothalamus of Pseudemy scripta (Moreno et al., 2010), X. laevis 
(Moreno et al., 2008a; Domínguez et al., 2010), and the two lung-
fishes (unpublished observations) it was observed that the Nkx2.1 
expression is strong in the vz of the tuberal area, whereas Isl1 is 
restricted to the svz; and the expression of Otp is restricted to the 
arcuate nucleus (Figure 3I). In Xenopus, xShh expression is strong 
in the basal hypothalamus, specifically in the mammillary band 
and the tuberal area. This expression is mainly restricted to the 
anterior levels, and xShh expression was not detected in the most 
posterior basal hypothalamic levels (Domínguez et al., 2010). The 
basal hypothalamus contains some populations of xGAD67- and 
xDll-4-expressing cells (Brox et al., 2003). The relatively few cells 
that express xLhx7 in the mammillary region in adults could be dis-
tinguished in the caudal hypothalamus from early premetamorphic 
stages (Moreno et al., 2004). The dorsomedial hypothalamic area 
and the superficial mammillary and mammillary nuclei contained 
a small to moderate number of xGAD67-expressing perikarya.

concluding remarks: evoluTionary hypoThesis
The main conclusion of this comparative study is that major his-
togenetic processes thought to be a hallmark of so-called “higher 
vertebrates” actually existed early in vertebrate phylogeny (sum-
marized in Figure 4).

At anterior levels in the PO, lampreys (jawless fish) lack expres-
sion of Nkx2.1 in the basal telencephalon (Murakami et al., 2001), 
and this is correlated with the absence of Shh expression (Osorio 
et al., 2005). This suggests that the subpallium of the first vertebrates 
not only lacked a pallidal domain (as noted above), but also appear 
to have lacked a subdivision comparable to the preoptic subpallium 
(for review see Osorio and Rétaux, 2008). This would correlate with 
the apparent lack of both pallidal-like cells (like those of the pal-
lidal part of the basal ganglia) and basal forebrain cholinergic cells 
(Pombal et al., 1997a,b, 2001) in the telencephalon of lampreys. In 
teleosts, the detection of both Shh and Dlx expression shows that 
Shh expression can be localized in the basal telencephalon/POA at 
late developmental stages (Scholpp et al., 2006; Menuet et al., 2007). 
A pallidum expressing Nkx2.1 and a POC region comparable to 
that in amphibians have been demonstrated in the telencephalon of 
lungfishes (González and Northcutt, 2009), although the presence 
of Shh expression in the telencephalon needs to be investigated. 
Therefore, based on those lack of Nkx2.1 and Shh expression in 
lampreys (Osorio et al., 2005) and the organization of the POA 
demonstrated in amphibians (Moreno et al., 2008a; Domínguez 

Figure 4 | The secondary prosencephalon in vertebrates. The 
expressions of different gene families during development in different 
vertebrates correspond to the conserved boundaries of the proliferative 
domains. Data from: [1]: Osorio et al. (2005); [2]: Scholpp et al. (2006), 
Menuet et al. (2007), Blechman et al. (2007), Del Giacco et al. (2008); [3]: 
González lab unpublished data; [4]: Domínguez et al. (2010); [5]: Flames et al. 
(2007), Bardet et al. (2008); [6]: Moreno et al. (2010); [7]: Abellán and Medina 
(2009); Bardet et al. (2010). No data are available for lungfish Shh 
developmental brain expression. The developmental stages showed are  
not comparable.
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anatomical data regarding possible Otp expression in the amygdala 
in teleosts or lampreys, but given the Otp expression found in the 
amygdala in adult lungfish (González and Northcutt, 2009) it will 
be an interesting aspect to investigate, in the context of evolution 
of the amygdaloid complex.

Finally, in amniotes the hypothalamic area lacking Nkx2.1 
expresses Pax6. It is possible that the double Nkx2.1/Pax6 expres-
sion is an exclusive feature of the forebrain of anamniotes, not only 
present in the pallium but also in the hypothalamus. Consistent 
with this idea is the finding that, in mice, the absence of Nkx2.1 
expression in the alar hypothalamus correlates with expression of 
Pax6 in the whole alar diencephalon, including the alar hypotha-
lamus (Puelles et al., 2000; Marín et al., 2002). Thus, the mutually 
exclusive balance between Nkx2.1 and Pax6 in the telencephalon 
and diencephalon may be important for the relative size of pallial 
versus subpallial and thalamic versus hypothalamic territories. Any 
alteration of this balance, as occurs in Nkx2.1 knockout mice and 
Nkx2.1 knockdown Xenopus Sussel et al., 1999; Marín et al., 2002; 
van den Akker et al., 2008) or in Pax6 knockout mice (Stoykova 
et al., 2000; Yun et al., 2001), modifies the relative size of these 
subdivisions.

In the case of the SC region, the phylogenetic diagram in 
Figure 4 shows the expression of the orthologous homeobox 
gene Nkx2.1 in several vertebrate species, including a jawless 
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