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Abstract
The prethalamic eminence (PThE) is the most dorsal subdomain of the prethalamus, which corresponds to prosomere 3 (p3) 
in the prosomeric model for vertebrate forebrain development. In mammalian and avian embryos, the PThE can be delim-
ited from other prethalamic areas by its lack of Dlx gene expression, as well as by its expression of glutamatergic-related 
genes such as Pax6, Tbr2 and Tbr1. Several studies in mouse embryos postulate the PThE as a source of migratory neurons 
that populate given telencephalic centers. Concerning the avian PThE, it is visible at early embryonic stages as a compact 
primordium, but its morphology becomes cryptic at perinatal stages, so that its developmental course and fate are largely 
unknown. In this report, we characterize in detail the ontogeny of the chicken PThE from 5 to 15 days of development, 
according to morphological criteria, and using Tbr1 as a molecular marker for this structure and its migratory cells. We show 
that initially the PThE contacts rostrally the medial pallium, the pallial amygdala and the paraventricular hypothalamic alar 
domain. Approximately from embryonic day 6 onwards, the PThE becomes progressively reduced in size and cell content 
due to massive tangential migration of many of its neuronal derivatives towards nearby subpallial and hypothalamic regions. 
Our analysis supports that these migratory neurons from the avian PThE target telencephalic centers such as the commis-
sural septal nuclei, as previously described in mammals, but also the diagonal band and preoptic areas, and hypothalamic 
structures in the paraventricular hypothalamic area.

Keywords  Thalamic eminence · Neuronal tangential migration · Septum · Subpallium · Preoptic area · Diagonal band · 
Diencephalon

Abbreviations
ac	� Anterior commissure
AC	� Nucleus of anterior commissure
ACo	� Amygdala, core nucleus
ah	� Amygdalohypothalamic tract
AHi	� Amygdalohippocampal area
AHil	� Amygdala, hilar region
ATn	� Amygdalar taenial nucleus

BSM	� Bed nucleus of the stria medullaris
ComSe	� Commissural septum
csm	� Cortico-septo-mesencephalic tract
CoS	� Commissural septal nucleus
CoSM	� Commissural septal nucleus medial part
CoSL	� Commissural septal nucleus lateral part
cht	� Chorioidal tela
DB	� Diagonal band nuclei
Dg	� Diagonal band area
EA	� Subpallial extended amygdala
ech	� Eminential chorioidal tela
EPD	� Dorsal entopeduncular nucleus
ESA	� Eminentio-septal area
EW	� Eminential wings
fi	� Fimbria
fich	� Telencephalic fimbrial chorioidal tela
Hb	� Habenula
HDB	� Horizontal limb of the diagonal band
Hi	� Hippocampus
hic	� Hippocampal commissure
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HiC	� Hippocampal commissure nucleus
ivf	� Interventricular foramen
IIIv	� Third ventricle
LH	� Lateral hypothalamus
LPO	� Lateral preoptic area
LTer	� Lamina terminalis
lv	� Lateral ventricle
MA	� Medial amygdala
MPO	� Medial preoptic nucleus
MnPO	� Paramedian preoptic nucleus
MPall	� Medial pallium
NCM	� Nidopallium, caudal part, medial region
oc	� Optic chiasm
Pa	� Paraventricular nucleus
Pal	� Pallidus
Pall	� Pallium
PallA	� Pallial amygdala
PallSe	� Pallial septum
pe	� Cerebral peduncle
PHy	� Peduncular hypothalamus
Pir	� Piriform cortex
POA	� Preoptic area
POI	� Preoptic island
POM	� Medial preoptic area
PTh	� Prethalamus
PThE	� Prethalamic eminence
Se	� Septum
SFi	� Septofimbrial nucleus
sm	� Stria medullaris tract
SO	� Supraoptic nucleus
soc	� Supraoptic commissure
SPall	� Subpallium
St	� Striatum
svz	� Subventricular zone
Th	� Thalamus
thch	� Thalamic chorioidal tela
ts	� Terminal sulcus
TS	� Triangular septal nucleus
TP	� Temporal pole
Tu	� Olfactory tubercle
THy	� Terminal hypothalamus
vaf	� Ventral amygdalofugal tract
VDB	� Vertical limb of the diagonal area
VPall	� Ventral pallium
vz	� Ventricular zone
zl	� Zona limitans interthalamica

Introduction

The prethalamic eminence (PThE; often misidentified in 
the literature as ‘thalamic eminence’) is an obscure dience-
phalic region limiting with the telencephalo-hypothalamic 

border zone and stria terminalis domain. It is best known 
as related to the course of the stria medullaris tract, form-
ing its diencephalic bed nucleus (BSM), before it enters the 
habenular thalamic region; note there are other populations 
interstitial to the stria medullaris within the hypothalamus 
(Puelles et al. 2012). Several embryologic studies and atlases 
identify the PThE at early-middle developmental stages, but 
it becomes indistinct at later stages, so that it is not identified 
in most adult brain atlases (an exception is the chick brain 
atlas; Puelles et al. 2007, 2019).

The present systematization of PThE developmental 
changes in the chicken was intended to aid instrumentally 
the interpretation of fate-mapping quail–chick homotopic 
grafts we had performed before, whose results will be inter-
preted in a companion paper using our present anatomic 
conclusions.

We accordingly present here mainly a longitudinal 
descriptive analysis of the late-embryonic chicken pretha-
lamic eminence (PThE) based on in situ Tbr1 mRNA map-
pings. This work aims to follow in detail the apparent devel-
opmental fate of the eminential Tbr1-positive primordium 
into its obscure final status. Indeed, its population results 
progressively reduced, though not totally, apparently due 
to tangential migration of various neuronal derivatives to 
neighbouring or distant targets within the secondary pros-
encephalon (hypothalamus plus telencephalon). Given the 
descriptive nature of our present approach, all reference 
made here to migrations is hypothetic (based on objective 
histological images suggesting displacements of specific 
labelled cell populations), pending our publication of cor-
roborating experimental evidence.

Within the updated prosomeric forebrain model (Puelles 
et al. 2012; Puelles and Rubenstein 2015; Puelles 2018) the 
PThE is an alar subdomain of the diencephalic prethalamus 
(prosomere 3; p3), found along the dorsalmost alar position, 
next to the taenial attachment of the local chorioidal roof 
plate. This p3 subdomain can be readily delimited molecu-
larly from more ventral prethalamic alar areas by its exclu-
sive lack of Dlx family gene expression, and characteristic 
ventricular or mantle expression, among others markers, of 
Pax6, Tbr2, Tbr1, Lhx5, Lhx9, and Calb2 (Shimogori et al. 
2010; Puelles et al. 2012). This molecular profile allows the 
PThE to be distinguished from neighbouring thalamic, tel-
encephalic and hypothalamic areas, irrespective of partial 
sharing of some of these markers with one or more of the 
neighbouring forebrain territories. The PThE lies strictly 
rostral to the similarly hyperdorsal habenular region of the 
thalamus (p2). In fact, as mentioned above, both areas are 
sequentially traversed longitudinally by the stria medulla-
ris tract, which starts within the telencephalo-hypothalamic 
boundary region, crosses longitudinally the whole PThE 
(p3), and ends at the habenula, or enters the habenular com-
missure (p2).
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The avian PThE (like its mammalian homolog; Puelles 
et al. 2019) is partly co-evaginated into the posteromedial 
wall of the telencephalon, where it meets the hippocampus 
under the chorioidal fissure. As a consequence, part of its 
ventricular surface is observed at the caudal aspect of the 
interventricular foramen, where it bends backwards, extend-
ing into the posterior bank of the terminal sulcus. Such emi-
nential evagination is less marked in the chick than in mam-
mals (Bardet 2007; Bardet et al. 2008; present data). The 
ventricular bulge of the bent PThE at the back of the foramen 
justifies its traditional description as an ‘eminence’. Before 
the discovery within neuromeric forebrain models of the 
prethalamic diencephalic alar sector (see historic accounts 
in Puelles 2018, 2019), it used to be wrongly assumed that 
this eminence was ‘thalamic’, habitually joining the equally 
wrong idea that the thalamus here contacts the ‘corpus stria-
tum’ (meaning what we now understand as a prethalamic 
relationship with the pallido-diagonal medial ganglionic 
eminence; Puelles 2019; see also Puelles et al. 2013, 2016a, 
b). The classic hemispheric sulcus, which as a result of this 
partial evagination indents the eminential pial surface, was 
held to divide the telencephalon from the diencephalon (e.g., 
Johnston 1909; Kuhlenbeck 1973), but is actually an inac-
curate external landmark that is not consistent with the true 
molecular diencephalo(prethalamo)-telencephalic boundary.

The dorsoventral dimension of the PThE expands ros-
trally, probably because it participates in the mitogenic stim-
ulus that expands the telencephalic field. This allows it to 
contact via its topologically dorsal postforaminal evaginated 
portion [see use of this term in Puelles (2019)] the caudal 
end of the medial pallium (hippocampus) and the underlying 
pallial amygdala, while its topologically ventral part meets 

the paraventricular hypothalamic alar domain under the fora-
men and along the ascending vertical spike of this area that 
also evaginates jointly along the hypothalamo-diencephalic 
border (Fig. 1a; Fan et al. 1996; Puelles et al. 2000, 2012; 
Puelles and Rubenstein 2003, 2015).

The avian PThE is clearly visible at early and middle 
embryonic stages, but becomes rather cryptic at perinatal or 
postnatal stages, unless mapped with PThE-specific molecu-
lar markers. As mentioned above, the characteristic markers 
of the PThE include Calb2, Lhx9, Lhx5, Tbr1, Tbr2 and 
Pax6 (the latter two markers are expressed selectively in the 
ventricular PThE territory, as occurs in the telencephalic 
pallium; Tbr1 is expressed widely and strongly in the PThE 
mantle layer, likewise as in the pallium; Puelles et al. 2000). 
This expression profile distinguishes the PThE from the rest 
of alar prethalamic territories, where genes such as Dlx2/5/6, 
Six3, and Pax6 expressed in the mantle layer are characteris-
tic (Puelles et al. 2000, 2012; Shimogori et al. 2010). On the 
other hand, the PThE shares with the hypothalamic paraven-
tricular area (Pa) expression of Pax6, Calb1, Tbr1 and Fezf2 
genes, thus defining jointly what is occasionally mentioned 
in the literature as the mixed (hypothalamo-prethalamic) 
‘optoeminential domain’ (Bulfone et al. 1993, 1995; Puelles 
et al. 2012). Nevertheless, the Pa differentially expresses 
characteristic gene markers that are essentially absent at the 
PThE, including Otp and Sim1/2 (Bardet 2007; Bardet et al. 
2008; Puelles et al. 2012). As mentioned, the intrinsic PThE 
cell population forms basically a glutamatergic bed nucleus 
of the stria medullaris, which receives afferents from that 
tract, and also projects its own axons via the same pathway 
into the thalamic habenular region (Díaz and Puelles 1992a, 
b). The stria medullaris tract and the BSM were classically 

Fig. 1   Tbr1 expression in the prethalamic eminence (PThE). a Micro-
photograph of a sagittal brain section from a HH26 chick embryo, 
processed for ISH with the Tbr1 probe as commented in Methods, 
showing the expression of this gene in the PThE. Note its relationship 
with the interventricular foramen. b Schematic sagittal representation 

of the same section, showing the topological position of the PThE in 
relation to other forebrain structures. Note in particular the vicinity 
of PThE to pallium, hypothalamus and subpallium. The foramen of 
Monro is represented by a red dashed oval
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conjectured to convey olfactory input to the habenula, appar-
ently an error due to a postamygdalar component of the lat-
eral olfactory tract which ascends through this pathway to 
a crossing in the habenular commissure, without any local 
habenular connections (but some secondary olfactory fibres 
reach the underlying dorsomedial nucleus of the thalamus). 
Recent studies have established the stria medullaris as part 
of a striatal pathway involving the dorsal entopeduncular 
nucleus and targeting selectively the lateral habenula (Wal-
lace et  al. 2017). Other parallel pathways targeting the 
medial habenula are thus possible.

As development advances there apparently emerge from 
the PThE several neuronal migrating streams expressing 
eminential mantle markers, which penetrate the extended 
amygdala (EA), subpallial diagonal (Dg) and preoptic (POA) 
domains, as well as the whole septal commissural plate (next 
to anterior and hippocampal commissures), and the paraven-
tricular hypothalamic area. This suggests their possible tan-
gentially migrated eminential origin, though in some cases 
alternative migratory origins from pallial territories that 
express the same markers need to be considered (Bulfone 
et al. 1995, 1999; Puelles et al. 2000; Englund et al. 2005; 
El Mestikawy et al. 2011). Various studies have described 
a possible neuronal migration from the PThE to the subpal-
lium (Hetzel 1974, 1975; García-López et al. 2008; Abel-
lán et al. 2010a; Medina and Abellán 2012). These results 
essentially refer to the subpallial extended amygdala (EA) 
and septum (Se). The PThE also has been implicated in the 
mouse as a source of migrating cells that enter the develop-
ing pallium (e.g., Lot1-, Gdf10- and Tbr2-expressing neu-
rons; Ruiz-Reig et al. 2017). There is also a subpopulation 
of Cajal–Retzius neurons invading layer 1 of the develop-
ing isocortex which was reported to originate at the PThE 
(review in Puelles 2011). Other eminential populations may 
colonize also the accessory olfactory bulb and the NLOT 
nucleus (Puelles et al. 2000, 2019; Soriano and Del Rio 
2005; Remedios et al. 2007; Cabrera-Socorro et al. 2007; 
García-López et al. 2008; Abellán and Medina 2008, 2009; 
García-Moreno et al. 2010; Abellán et al. 2010a; Medina and 
Abellán 2012; Huilgol et al. 2013; Ruiz-Reig et al. 2018).

We were intrigued by the apparent progressive late-devel-
opmental diminution and dispersion of the initially dense 
and massive chicken PThE population, suggestive of either 
cell death or tangential migration of many PThE-derived 
neurons. To examine this point, we performed a detailed 
mapping of Tbr1 expression in the chicken PThE, examining 
also neighbouring septal, subpallial, amygdalar, hippocam-
pal and hypothalamic areas at selected medium to late-
embryonic stages and in three planes of section. Another 
point examined with various complementary markers was 
the relationship of PThE derivatives with the dorsal migra-
tory expansion of the paraventricular area at the telence-
phalic stalk, correlative with the formation of the medial 

amygdala homolog (Bardet et al. 2008). Our anatomic refer-
ence was the chicken stereotaxic atlas of Puelles et al. (2007, 
second edition in 2019).

Materials and methods

Animals

All experimental protocols and handling, use, and care of 
laboratory animals were conducted in compliance with the 
current normative standards of the European Union (Direc-
tive 2010/63/EU), the Spanish Government (Royal Decree 
1201/2005 and 53/2013; Law 32/107), and the approval of 
the University of Murcia committee for animal experimental 
ethics.

Fertilized chick (Gallus gallus) eggs from commercial 
sources were incubated at 37 °C in a forced-draft incubator 
with humidified atmosphere at 65% until the desired embry-
onic stage. Embryos were staged according to Hamburger 
and Hamilton (1951).

Tissue preparation

Embryos were fixed in 4% paraformaldehyde fixative. Brains 
of stage HH25 to HH35 embryos were dissected and fixed 
by immersion in 4% paraformaldehyde (diluted in 0.1 M 
phosphate-buffered, pH 7.4; PB) at 4 °C for 48 h. Embryos 
from stage HH36 to HH40 were deeply anesthetized and 
then perfused transcardially with 0.75% NaCl saline solu-
tion, followed by phosphate-buffered 4% paraformalde-
hyde. Dissected brains postfixed in paraformaldehyde were 
washed in phosphate-buffered 0.1 M, pH 7.4. Brains were 
processed by in situ hybridization as free-floating sections 
after embedding in 4% agarose (low-melting point agarose) 
diluted in PBS 0.1 M and pH 7.4. Sections 80–90 µm-thick 
were obtained in horizontal, sagittal or coronal planes using 
a vibratome, and were processed further as free-floating sec-
tions (Ferrán et al. 2015).

In situ hybridization

Brains were processed for in situ hybridization with digox-
igenin-UTP-labeled antisense riboprobes. Riboprobes for 
Tbr1 (NM 003641638, size 2000 bp, positions 147–2032), 
Otp (NM 011021.2, size 412 bp, positions 179–592) and 
Foxg1 (NM 205193., size 633 bp, position 1153–1786) were 
synthesized from plasmids kindly provided by JL Rubenstein 
(Tbr1), A Simeone (Otp) and K Yun (Foxg1). The hybridi-
zations on floating vibratome-sections were done according 
to the standard protocol reported by Ferrán et al. (2015). As 
general in situ hybridization (ISH) controls, sense and anti-
sense probes were applied to adjacent representative sections 
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(the signal was present only with antisense probe), and some 
sections were processed without either sense or antisense 
probes, to check for possible background due to the other 
reactives used in the standard ISH procedure. To detect the 
hybridized product, sections were incubated overnight with 
alkaline phosphatase-conjugated antidigoxigenin Fab frag-
ments (1:3500, Roche Diagnostics, Manheim, Germany), 
and nitroblue tetrazolium/bromochloroindolyl phosphate 
(NBT/BCIP) was used as chromogenic substrate for the 
final alkaline phosphatase reaction (Boehringer, Mannheim, 
Germany).

Imaging

Digital microphotographs were obtained with a Zeiss Axi-
ocam camera (Carl Zeiss, Oberkochen, Germany) or with a 
ScanScope digital slide scanner (Aperio, Vista, CA, USA), 
and the images were corrected for contrast and brightness 
using Photoshop CS6 (Adobe Systems, San Jose, CA, USA). 
All plates were produced and labeled in Adobe Illustrator 
CS6 software (Adobe Systems, San Jose, CA, USA).

Results

We examined PThE Tbr1 expression by ISH in coronal, 
horizontal and sagittal sections of embryonic chick brains 
at stages HH25-26 (5 days in ovo; 5 d.i.o.), HH29-33 (6.5–7 
d.i.o.), HH35 (9 d.i.o.), HH37 (11 d.i.o.), and HH40 (14 
d.i.o.). Expression of the Tbr1 transcription factor is char-
acteristic of glutamatergic neurons in the cerebral cortex 
and cerebellar nuclei (Englund et al. 2005; Fink et al. 2006); 
we checked that Tbr1-positive cells in the avian PThE are 
also glutamatergic. Mapping of Tbr1 in cells emerging from 
the PThE locus is complicated in practice by similar cells 
possibly spreading from pallial telencephalic territories 
nearby (Bulfone et al. 1995; Puelles et al. 2000). It was thus 
important to identify precisely the original limits of PThE 
and appropriate anatomic and genoarchitectonic landmarks 
allowing to assess its subsequent position (Puelles et al. 
2000, 2007, 2012; Puelles 2018; Puelles and Rubenstein 
2003).

Like any other radial histogenetic unit of the brain wall 
(Nieuwenhuys and Puelles 2016), the PThE may be con-
ceived as a more or less deformed cuboid in three dimen-
sions, with six faces. The radial dimension connects the 
ventricular and pial surfaces of the complex through the 
intervening ventricular and mantle strata. The dorsoventral 
dimension relates the PThE to the local bordering (dorsal) 
roof plate structure (basically chorioidal in nature) and to 
relatively more ventral alar structures also belonging to the 
prethalamus, namely the central part of the prethalamus (the 
latter includes the reticular, pregeniculate and subgeniculate 

nuclei; farther ventrally lies the subcentral complex inclusive 
of the zona incerta). The terms ‘central’ and ‘subcentral’ 
prethalamus are borrowed with permission from an ongoing 
companion study on the mammalian prethalamus (Puelles 
et al. in preparation). Finally, the anteroposterior dimen-
sion through the PThE points caudally into the habenular 
thalamic region (p2), while, rostrally, as explained above, a 
non-evaginated ventral part of PThE contacts the paraven-
tricular area within the alar peduncular hypothalamus (Pa; 
PHy; hypothalamic hp1), and a more dorsal evaginated part 
of both the paraventricular area and the PThE participate in 
the caudal wall of the interventricular foramen and neigh-
bouring hemisphere, approaching the medial amygdala, pal-
lial amygdala and the hippocampal pallium. Precise bounda-
ries have never been established in this cryptic area.

A constant feature due to its partial evagination is that the 
avian PThE cuboid is bent upon itself some 90° at the caudal 
wall of the interventricular foramen (this bend approaches 
180° in mammals). As a result, the eminential ventricular 
surface is convex and relatively expanded (where it partici-
pates at both the 3rd and lateral ventricles), while its pial 
surface oriented into the hemispheric sulcus is concave and 
significantly compressed upon itself (Fig. 1a, b). The cho-
rioidal roof tela of the prethalamus, which limits dorsally 
the PThE is similarly bent, extending also partly into the 
lateral ventricle. An important rostral anatomic landmark at 
the hypothalamic border of the PThE is the cerebral pedun-
cle, which courses dorsoventrally through the superficial 
part of the peduncular hypothalamus, passing very close 
to the whole prethalamo-hypothalamic boundary (Puelles 
et al. 2012; Puelles and Rubenstein 2015). The peduncle is 
accordingly useful for topographic delineation of the bound-
ary between Pa (or hypothalamus) and PThE (Figs. 2, 3, 4, 5, 
6, 7, 8, 9, 10). Recent molecular studies have suggested that 
the hypothalamo-telencephalic boundary is marked by the 
border of expression of the Foxg1 transcription factor, which 
may or may not coincide with the border of Otp expression 
in the hypothalamic paraventricular area (Shimogori et al. 
2010; Puelles et al. 2012).

Stages HH25/26 (4.5–5 d.i.o.)
Our analysis begins at stages HH25-26, in which emi-

nential neurogenesis is starting. In a caudorostral series of 
coronal sections taken at the back of the hemisphere (see 
section plane in Fig. 2j) we already see the Tbr1-positive 
bulge of the PThE at the back of the interventricular fora-
men, bent upon itself (PThE; ivf; Fig. 2a, b). The emi-
nence displays an incipient strongly Tbr1-positive mantle 
layer and a Tbr1-negative ventricular zone, while nearby 
central areas of the prethalamus are negative (p3; Fig. 2a). 
The PThE contacts at the back of the hemisphere the pri-
mordia of the pallial amygdala and the medial pallium, or 
prospective hippocampus (PThE; PallA; MPall; Fig. 2a, 
b). In the next more dorsal sections the PThE is substituted 
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Fig. 2   Tbr1 expression in the prosencephalon at stage HH25-26. a–d 
Caudorostral series of coronal sections through the caudal part of the 
telencephalic hemispheres. The bulge of the PThE is visible at the 
back of each hemisphere, strongly positive for Tbr1 (a, b). e–i Dors-
oventral series of horizontal sections through the rostral prosencepha-
lon. The rostral end of PThE abuts the caudal prospective hippocam-
pus (MPall) (e), and the pallial amygdala (PallA). j Schema of an 

HH26 embryonic brain, illustrating the plane of the sections shown 
in a–i. Red arrowheads in a–c and g–i point to putative migrated neu-
roblasts moving from the PThE to the Pa and the extended amygdala 
(EA), while blue arrowheads in c–i point to putative pallial neurons 
migrated subpially into the subpallium. Black asterisks in f–h indi-
cate the terminal sulcus. Scale bars in a–i, 300 µm, and in j, 2.5 mm
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by the chorioidal roof area, represented by the thalamic 
median roof of the 3rd ventricle (thalamic chorioidal tela: 
thch; Fig. 2c, d), which is continuous bilaterally with lat-
eral portions of chorioidal tissue extending into the medial 
wall of the hemisphere (anlage of the chorioidal fissure). 
The proximal bent part of this lateral tela is interpreted 
here as eminential (prethalamic) chorioidal tela, since it 
attaches at the underlying PThE (best seen in sagittal sec-
tions; Fig. 1a) (ech; Fig. 2a–d, compare PThE in Fig. 2a, 
b). The distal rest of the lateral roof tissue represents the 
complementary telencephalic hippocampal tela, which 
attaches at the fimbrial hem (fich; Fig. 2a, b). Sporadic 
Tbr1-positive cells are seen along the ech and fich cho-
rioidal roof tissue (migrated from subjacent alar plate?), 
but not in the thch.

Horizontal sections in Fig.  2e–i (see section plane 
in Fig. 2j) offer a complementary view, illustrating the 
Tbr1-positive PThE primordium as a tongue-shaped dis-
tinct portion of the diencephalic neural wall at the back 
of the interventricular foramen, which clearly bends from 
the evaginated hemisphere wall into the diencephalon 
(PThE; Fig. 2e, f). Under the interventricular foramen 
the rostroventral continuation of the PThE appears as a 
tapering flat Tbr1-positive domain (PThE; Fig. 2g, h), 
which finally ends short of the paraventricular hypotha-
lamic area (PThE; Pa; Fig. 2i). In this section plane it is 
easier to assess that the dorsalmost rostral PThE primarily 
contacts laterally the caudal end of the prospective hip-
pocampus (or medial pallium). This occurs underneath the 
horizontal section levels where the chorioidal roof would 
separate them (PThE; MPall; Fig. 2e; compare Fig. 2b). 
Immediately below this PThE-MPall contact, and nearer 
to the hemispheric stalk, the eminence also contacts ros-
trolaterally the pallial amygdala, a thicker Tbr1-positive 
primordium which borders rostrally with the subpal-
lium (PThE; PallA; SPall; Fig. 2f). As observed above in 
coronal sections (and in Fig. 1a), the PThE also extends 
under the PallA, adopting a flat shape at the bottom of 
the hemispheric stalk region (PThE: Fig. 2g, h); note that 
at later stages the entire rostral ventricular surface of the 
PThE subdomain next to the interventricular foramen will 
form the diencephalic bank of the future terminal sulcus, 
establishing the contrast of the eminential Tbr1-positive 
bank with the subpallial Tbr1-negative bank of the termi-
nal sulcus in the ventricular relief (asterisk in Fig. 2f–h; 
compare Fig. 3n–p). The terminal sulcus is a remnant of 
the caudally evaginated portion of the lateral ventricle at 
the levels of the amygdalo-hippocampal primordia. How-
ever, the underlined useful molecular contrast at its banks 
should not be confused with the true tel-diencephalic 
boundary, because this separates one from another the 
PThE and amygdalo-hippocampal territories, both of them 

Tbr1-positive (the marker Foxg1 approximates this bound-
ary, leaving the PThE negative; see Fig. 3i, j).

At these subforaminal (extratelencephalic) levels we 
observe that the rostral border of the PThE is continuous 
with what appears to be a migratory stream of Tbr1-positive 
cells in the subpial mantle, which reaches the neighbour-
ing hemisphere under the PallA, that is, at the presumptive 
extended amygdala area (red arrowheads; EA; Fig. 2g–i; 
see also red arrowheads in Fig. 2a–c). The identification of 
EA is consistent with observations at subsequent stages and 
other observations; see “Discussion”). In contrast, the tel-
encephalic subpallium contains only isolated Tbr1-positive 
cells, which apparently migrate out of the neighbouring pal-
lium, and do not reach the EA (blue arrowheads; Fig. 2c–i). 
In the following we will call the subpial PThE-EA stream 
the peripeduncular eminential migratory stream for reasons 
that will be obvious in Fig. 3. More ventrally, where the 
PThE contacts rostrally the hypothalamus, we see that the 
incipient Tbr1-negative mantle of the hypothalamic para-
ventricular area is covered by a thin marginal layer of posi-
tive cells probably migrated likewise from the PThE (red 
arrowhead; Pa; Fig. 2i). This hypothalamic migration will 
later expand deep to the peduncle, and we therefore called it 
the juxtapeduncular eminential migratory stream. Caudally, 
the PThE limits beyond the zona limitans (zl) with the unla-
belled habenular thalamic domain (Hb; zl; Fig. 2a, b).

Stages HH29‑30 (6.5–7 d.i.o.)

At stages HH29-30, the Tbr1-expressing PThE mantle is dis-
tinctly thicker than at stages HH25-26. Our analysis of this 
and subsequent stages indicates that it is characteristic of the 
PThE that its thick Tbr1-positive mantle extends uniformly 
from the ventricle to the pia, irrespective whether it displays 
a ventricular convex bulge (e.g., PThE in Fig. 3a, b, e, f, 
n–p), or adopts finally a relatively flat ventricular surface 
next to the hypothalamus (Fig. 3q). Note the peduncle is now 
present as a distinct Tbr1-negative hypothalamic landmark 
(pe; Fig. 3a–d, g, p, q).

Coronal, sagittal and horizontal sections (Fig. 3a–l) illus-
trate that, as before, the PThE essentially remains bent upon 
itself at the back of the now relatively reduced interventricu-
lar foramen, and in dorsal contact with the eminential cho-
rioidal roof specialization (PThE; ech; see also fich; Fig. 3c, 
d). It also contacts the habenular thalamic area caudally (Hb; 
Fig. 3a, b). Rostrally the Tbr1-positive PThE bends partly 
into the hemispheric evagination, and is continuous most 
dorsally with the evaginated hippocampus, their contact 
occurring just under the chorioidal roof tissue (PThE; Hi; 
relationship best seen in Fig. 3m, n; see also ech and fich in 
Fig. 3c, d, e–h). Below the Hi, and below the interventricular 
foramen, the eminence contacts the pallial amygdala, which 
at this stage still lies partly rostral to the PThE, projecting 



488	 Brain Structure and Function (2020) 225:481–510

1 3



489Brain Structure and Function (2020) 225:481–510	

1 3

its ventricular zone into the rostral bank of the terminal sul-
cus (PallA; Fig. 3a, b, g, h, n, o). A terminal sulcus is now 
well visible, but is unlike the definitive one in having Tbr1-
positive domains (eminential and pallial amygdalar) at its 
two banks (PThE; PallA; Fig. 3a, b; see ts in Fig. 3f, i–k; 
asterisk in Fig. 3o, p). Note in Fig. 3m–o the relationship 
of the terminal sulcus with the overlying caudal recess of 
the lateral ventricle and the amygdalo-hippocampal pallial 
region, as compared with the moderately bulging Tbr1-neg-
ative subpallial region. The position in horizontal sections of 
the tel-diencephalic boundary at the PThE/PallA-Hi inter-
face was traced with white dashes (Fig. 3n–p), partly on the 
basis of differential expression of Foxg1 in the telencephalon 
(Fig. 3i, j; Hatini et al. 1994). Note also the neighbouring 
medial amygdala (MA; Fig. 3k), which we identified next to 
the terminal sulcus with the Otp marker, according to Bar-
det et al. (2008; see “Discussion”). Finally, the eminential 
border with the Tbr1-negative hypothalamic paraventricu-
lar area is maintained (PThE; Pa; Fig. 3a, b, e, f, r, r′); it 
shows groups of Tbr1-positive eminential cells passing into 
the paraventricular area (the juxtapeduncular stream; black 
arrowheads; Pa; Fig. 3e, f; see also Morales-Delgado et al. 
2011, 2014).

Indeed, both the peripeduncular and juxtapeduncular emi-
nential migration streams we described at the earlier stage 
are now better developed and more massive. The peripedun-
cular stream clearly sorts superficially out of the PThE under 
the pallial amygdala, and then surrounds the peduncle along 
the hemispheric stalk, first dorsally and then laterally, always 
subpially (red arrowheads in Fig. 3a–h, p–r). The majority 

of its cells seem to reach the extended amygdala (red arrow-
heads; EA, Fig. 3b–d, g, h, o, p). Other superficial cells of 
the peripeduncular stream seem to diverge medialward into 
the preoptic area, which they cross from lateral to medial, 
approaching the median preoptic region that subsequently 
forms superficial to the crossing of the anterior commissure 
(red arrowheads; LPO; MPO; Fig. 3d–f, r, r′). Others bypass 
the EA and the preoptic area and enter the diagonal band 
domain of the subpallium, advancing therein towards the 
septum (red arrowheads; DB; Fig. 3c–f, q, r). The diagonal 
band cells lie close to the gradiental tapering end of the 
migration of pallial Tbr1-positive cells that invades the sur-
face of the olfactory tuberculum (Tu; Fig. 3e–h, m–r).

The juxtapeduncular stream sorts out of the PThE at 
intermediate mantle levels and penetrates the rostrally lying 
hypothalamic paraventricular area just superficial to the 
negative paraventricular nucleus, and deep to the pedun-
cle (prospective lateral hypothalamus; black arrowheads; 
Fig. 3a–c, e–h, p–r, r′). The derivatives seem to be the local 
sector of the lateral hypothalamus and the dorsal entopedun-
cular nucleus (see below). This stream may also contribute 
some cells to the preoptic area and the diagonal band, due to 
the fact that the peripeduncular and juxtapeduncular streams 
fuse together at the rostral border of the peduncle (Fig. 3a, 
b, left side).

At this stage we saw also evidence of a third eminential 
migration, represented by a periventricular pathway identi-
fied by us as an eminentio-septal migratory stream. This 
deep stream courses rostralward under the interventricular 
foramen until it reaches the roof plate area of the preoptic 
area, occupied by the anterior commissure, and enters the 
septal commissural plate caudally to that commissure. This 
stream is rather discontinuous at stage HH30, when we first 
observed it (green arrowheads; Fig. 3d, p–r), but is much 
better developed, though still a bit discontinuous, at stage 
HH33 (green arrowheads; Fig. 3u, v).

Stages HH33‑HH34 (8 d.i.o)

A horizontal HH33 series and coronal and sagittal HH34 
series of sections illustrate two singular morphogenetic 
changes in the telencephalon, which are of interest for the 
present analysis. On one hand, there is a marked increase in 
the size of the pallium as a whole. The amygdalo-hippocam-
pal pallial pole results pushed outwards and backwards, and 
forms a diminutive ‘temporal pole’ (TP; Figs. 3t–v, 4a–c). 
This process stretches at the back of the hemisphere the fim-
brial chorioidal tela, as well as the thin hippocampal corti-
cal primordium found under it (fich; Hi; Figs. 3s, t, 4a–d), 
tending to separate  the latter from its earlier contact with 
the evaginated part of the PThE (PThE; Hi; Figs. 3s–u, 4c). 
Underneath the remnant of this contact we see a caudal 
surface of the hemisphere that is Tbr1-negative; we think 

Fig. 3   Expression of Tbr1, Foxg1 and Otp in the prosencephalon at 
stages HH29-33. a–d Caudorostral series of coronal sections through 
the caudal part of the telencephalic hemispheres at HH29, showing 
Tbr1 expression. e–h Mediolateral series of parasagittal sections 
through the rostral prosencephalon at HH29, showing Tbr1 expres-
sion. i–j Horizontal sections through the rostral prosencephalon at 
HH30, showing Foxg1 expression. This gene is expressed selectively 
in the telencephalon (in mouse, except for the dentate gyrus primor-
dium); the PThE is negative for this marker. k Horizontal section 
through the medial amygdala (MA) at HH30, showing Otp expres-
sion (implying neurons migrated tangentially from the paraventricular 
hypothalamic area). l Schema of an HH30 embryonic brain a, illus-
trating the plane of the sections shown in a–d and m–r′. m–r′ Dors-
oventral series of horizontal sections through the rostral prosencepha-
lon at stage HH30, reacted for Tbr1; the green arrowheads (p–r) 
mark the apparent initial stage of the periventricular eminentio-septal 
migration stream. s–x Dorsoventral standard horizontal vibratome 
series through the rostral prosencephalon at stage HH33 labelled with 
Tbr1. The periventricular eminentio-septal migratory stream is now 
clearly observable (green arrowheads in u, v). Red arrowheads in a–
h, o–r′ and u–x point to the peripeduncular migratory stream. Double 
red arrowheads in u–w point to the hypothalamic component of the 
peripeduncular migratory stream. Black arrowheads in a–h, p–r′ and 
v–w point to the juxtapeduncular migratory stream. Yellow arrow-
heads in u–w point to the septo-commissural migratory stream. Black 
asterisks in n–p and s–t indicate the position of the terminal sulcus. 
Scale bars in a–k and m–x, 500 µm, and in l, 2.5 mm

◂
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this possibly corresponds to the pial surface of the medial 
amygdala, which lies close to the neighbouring temporal 
pole (MA; TP; right side in Fig. 3t; left side in Figs. 3u). At 
the same time, the pallial amygdala is also pushed laterally; 
as a consequence, its earlier subforaminal extension results 
stretched into a very thin corridor passing over the medial 
amygdala; this amygdalar pallial corridor apparently still 
retains contact with the PThE at some points (PallA; PThE; 
MA; Figs. 3s, t, 4b, c). The reduction of the presence of the 
pallial amygdala territory at the terminal sulcus, particu-
larly medially, causes a part of the subpallium (probably 
the diagonal area; see Fig. 4i) to become the partner of the 
PThE at the banks of that sulcus (asterisks; Fig. 3s, t). That 
is, the early PThE-pallial terminal sulcus is substituted by a 
PThE-subpallial sulcus. Sagittal HH34 material in Fig. 4g–l 
demonstrates that in medial sections the PThE secondarily 
limits (or seems to limit) with the subpallium across the 
terminal sulcus (Fig. 4h, i), whereas more laterally there is 
a transition into PThE limiting with the stretched corridor 
of the pallial amygdala (Fig. 4j, k).

On the other hand, we also observe a marked increase in 
the size of the Tbr1-negative subpallial septum, compared 
to its scarce extension at stages HH29/30 (compare Fig. 3q, 
r with Figs. 3s–x, 4g). It seems improbable that this can 
be due to a local septal proliferative increment. We think 
rather that it may be an indirect effect of global hemispheric 
morphogenesis, by which redistribution of increasing pallial 
masses around the subpallium as a whole generates forces 
that may push medial portions of subpallium which initially 
developed at the external or ventral hemispheric wall into 
the medial (septal) wall. We conclude that in the chick these 
septal changes occur between stages HH30 and HH33. Cur-
rent models of subpallial subdivision emphasize the adult 
extension of striatal, pallidal and diagonal subpallial molec-
ular sectors into the septal wall (Puelles et al. 2013, 2016a).

This morphogenetic enlargement of the subpallial sep-
tum coincides with bilateral appearance of a thin marginal 
line of Tbr1-positive cells which apparently sort out of the 
strongly Tbr1-positive pallial septum, and advance through 

the negative subpallial septum into the area of the incipient 
hippocampal commissure (PallSe; yellow arrowheads; hic; 
Fig. 3t–w). We call this transient septal formation the septo-
commissural migratory stream. The telencephalic commis-
sural plate lies at the midline of the subpallial septum, form-
ing the rostralmost component of the forebrain roof plate.

As regards the eminential migration streams at HH33, we 
note first that the peripeduncular stream is still partly con-
nected with the PThE, though the bridge of connecting cells 
is no longer massive (red arrow; Fig. 3u; left side; Fig. 4a, 
b). Moreover, as the peripeduncular eminential cells pass 
around the peduncle, they divide now into two neighbouring, 
but separate streams. One of them seems less compact now, 
and clearly continues subpially beyond the peduncle into 
the telencephalic extended amygdala (red arrowheads; EA; 
Figs. 3u–w, 4a–f, k–m). Some of its cells reach as well the 
lateral preoptic area and the diagonal band (red arrowheads; 
LPO; DB; Figs. 3x, 4d,e,i). Out of LPO a good number of 
positive cells extend linearly medialwards (along the preop-
tic marginal stratum), passing through the medial preoptic 
area into the median preoptic area. Many positive cells accu-
mulate there, particularly superficially to the incipient ante-
rior commissure (red arrowheads; MPO, MnPO; Figs. 3w, 
x, 4d–f, h; compare Fig. 3d–f). The other peripeduncular 
stream is smaller, but very compact, and courses around 
the peduncle strictly outside the telencephalon, apparently 
within the paraventricular hypothalamic area (double red 
arrowheads; Figs. 3u–w, 4k). This smaller but dense sub-
pial mass will finally stabilize in the area of the supraoptic 
nucleus (SO; Fig. 4k).

The juxtapeduncular stream which coursed deep to the 
peduncle builds by this stage a tapering Tbr1-positive cell 
population within the lateral hypothalamus (LH) adjacent 
to the negative paraventricular nucleus (black arrowhead; 
LH; Pa; Figs. 3v, 4a, b, i, j). Other derivatives of this stream 
apparently include a small dorsal entopeduncular cell group 
(EPD), as well as what we call the ‘preoptic island’ (POI), 
a rounded positive cell aggregate found at the dorsal end of 
the positive HL area (black arrowheads; EPD; POI; Figs. 3w, 
4i, j).

As mentioned above, the eminentio-septal stream is first 
clearly distinct at HH33. It sorts out of the PThE at the 
same horizontal level as the other streams, but selectively 
courses rostralward through the periventricular stratum, and 
approaches the septal commissural plate passing under the 
interventricular foramen (green arrowheads; Fig. 3u, v). Its 
cells apparently do not yet reach the median septal territory 
at this stage, where they are preceded by some of the Tbr1-
positive pallial septal migrated elements. In contrast, some 
Tbr1-positive cells of the eminentio-septal stream penetrate 
the septal commissural plate at HH34, moving past the ante-
rior commissure into the area of the hippocampal commis-
sure (ac; hic; Fig. 4h).

Fig. 4   Tbr1 expression in the prosencephalon at stage HH34. a–f 
Caudorostral series of coronal sections through the caudal part of 
the telencephalic hemispheres. a′ Schema of an HH34-36 embryonic 
brain, illustrating the planes of the sections shown in a–f. g–m Medi-
olateral series of parasagittal sections through the rostral prosenceph-
alon. The inset h′ is a drawing indicating the mediolateral range of 
the sagittal sections shown. Red arrowheads in a–f and h–m point to 
the telencephalic component of the peripeduncular migratory stream. 
Red double arrowhead in k points to the hypothalamic component of 
the peripeduncular migratory stream. Black arrowheads in a–e and 
i–j point to the juxtapeduncular migratory stream. Green arrowheads 
in c–e point to the eminentio-septal migratory stream. Red arrows in 
a, b point to the bridge of cells connecting the PThE with the peripe-
duncular migratory stream. Scale bars in a–m, 500 µm, and in a′ and 
h′, 2.5 mm

◂
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Stage HH36 (10 d.i.o.)

A horizontally sectioned series at HH36 shows a very simi-
lar pattern in most aspects, but shows more advanced devel-
opment of the eminentio-septal migration. Dorsal sections 
display the stable relationships of the partially evaginated 
PThE with the eminential chorioidal tela, in lateral conti-
nuity with the fimbrial tela (ech, fich Fig. 5a, b). The third 
section shown is alevel with the terminal sulcus and contains 
the lateral continuity of PThE with pallial amygdala (under 
the sulcus) and also with the neighbouring caudal tip of the 
hippocampus (PThE; PallA; Hi; Fig. 5c). The neighbour-
hood of the medial amygdala also shows some dispersed 
positive cells (MA; Fig. 5c–f). The eminentio-amygdalar 
Tbr1-positive bridge is partly disrupted by the passage of a 
thin rounded fibre tract, which we think is the ventral amyg-
dalofugal tract (vaf; Fig. 5c–e; check Puelles et al. 2007, 
2019; particularly Atlas Figures 94–95). This tract also can 
be seen more ventrally, traversing subpially the peripeduncu-
lar migratory stream (vaf; Fig. 5f, g), before it incorporates 
into the peduncle. At these various levels the PThE contin-
ues showing a compact Tbr1-positive population throughout 
its thickness. It bulges medially into the 3rd ventricle (PThE; 
Fig. 5c–i), but hardly rostrally, into the reduced interven-
tricular foramen (PThE; Fig. 5b, c).

The eminentio-septal migratory stream is now better 
developed. It is formed by a voluminous periventricular 
Tbr1-positive population that exits the rostral boundary of 
the PThE, and then proceeds rostralward, always periven-
tricularly, until it reaches the characteristic U-shaped nucleus 
of the hippocampal commissure (Puelles et al. 2007, Puelles 
2018), as well as some other cell groups in the septocommis-
sural region (green arrowheads; Fig. 5d–h). At levels where 
this stream passes behind the anterior commissure to reach 
more caudal parts of the septum, some cells diverge, forming 
bilaterally the nucleus of the anterior commissure (ac; AC; 
Fig. 5i). The HiC nucleus also receives a separate Tbr1-
positive migratory stream emanating from the Tbr1-positive 
pallial septum (yellow arrowheads; PallSe; Fig. 5a–i). The 

HiC population as a whole seems continuous with the large 
mass of the similarly labelled triangular septal nucleus, 
which ends just at the level of the anterior commissure (HiC; 
TS; ac; Fig. 5h–j). The TS is substituted under the commis-
sure by the median preoptic cell group (MnPO) apparently 
migrated separately via the peripeduncular stream and the 
LPO and MPO areas (red arrowheads; Fig. 5j, k), though 
some of these cells might as well come via the juxtapedun-
cular stream and the POI (black arrowheads; Fig. 5l–n).

The juxtapeduncular migratory stream appears at this 
stage somewhat discontinuous, possibly indicating that the 
migration per se has ended, and resulting eminentia-derived 
formations are becoming stabilized and differentiated at 
various positions. The major derivative of this intermediate 
stream is the lateral hypothalamic area adjacent to the unla-
belled paraventricular nucleus; the LH occupies the inter-
mediate stratum of the Pa area, deep to the peduncle (LH; 
Pa; pe; Fig. 5g–l). This population shows in the more ventral 
sections a tapering trail of labelled cells that extend into 
the underlying hypothalamus, following the peduncle (small 
black arrowheads: Fig. 5i–l). Rostral to LH there appear 2–3 
islets of positive cells, which converge rostromedially into 
the medial preoptic area (MPO; Fig. 5l–n). There is a salient 
preoptic island in this area which repeatedly shows a particu-
larly dense Tbr1-positive cell population. This seems not to 
have been described previously; we named it tentatively the 
preoptic island (POI; Fig. 5k–n).

The peripeduncular migratory stream is still clearly vis-
ible, and remains connected proximally to its eminential 
apparent source, while it reaches subpially the extended 
amygdala on the other end (red arrowheads; PThE; ped; 
EA; Fig. 5e–l). However, as mentioned above, some of these 
peripeduncular elements diverge from the EA medialwards, 
entering the neighbouring diagonal band formation. The lat-
ter can be followed rostrally into the medial septum, where 
a relatively compact vertical nucleus of the diagonal band 
is always observed subpially in our material (DB; VDB; 
Fig. 5l–n). We also observed again at the hemispheric stalk 
the separate compact group of peripeduncular migrating ele-
ments which remain outside the telencephalic subpallium 
(double red arrowheads; Fig. 5g–i). We think that this sub-
pial group contributes to the supraoptic nucleus complex 
(double red arrowheads; SO; Fig. 5j–m).

Stage HH37 (11 d.i.o.)

At HH37, expression of Tbr1 has diminished in density at 
the PThE compared with earlier stages (PThE; Figs. 6a–c, 
7a–g). Tbr1-positive neurons are now most abundant perive-
ntricularly, though the earlier characteristic ventricular bulge 
has diminished (PThE; Figs. 6a–c, 7a–d). The PThE also 
seems now more distant from the hippocampus and the pal-
lial amygdala, since the stretched pallial corridor connecting 

Fig. 5   Tbr1 expression in the prosencephalon at stage HH36. a–n 
Dorsoventral series of horizontal sections through the rostral prosen-
cephalon. o Schema of an HH34-36 embryonic brain, illustrating the 
plane of the sections shown in a–n. Black arrows in c–e indicate rem-
nants of the earlier connection between the PThE and the amygdalar 
pallium. Red arrowheads in c–n point to the telencephalic component 
of the peripeduncular migration. Red double arrowheads in g–l point 
to the hypothalamic component of the peripeduncular migration. 
Black arrowheads in j–n point to the juxtapeduncular migration. 
Small black arrowheads in i–l point to a small hypothalamic compo-
nent of the periventricular migration. Yellow arrowheads in a–i point 
to the septo-commissural migration. Green arrowheads in d–j point 
to the eminentio-septal migration. Black asterisk in k–m indicate the 
position of the dorsal entopeduncular nucleus (EPD). Scale bars in 
a–n, 500 µm, and in o, 2.5 mm
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them previously has largely disappeared. In part this dis-
connection may be due to the growth of the vaf tract and 
other accompanying fibre packets exiting the amygdala (vaf; 
Fig. 7a–c). The PThE thus relates mainly at this stage with 
several subpallial telencephalic territories, either septal, par-
aseptal or central -pallidal or diagonal- in nature (Fig. 7a–h; 
see subpallium model in Puelles et al. 2013, 2016a, b). The 
Tbr1-negative subpallial septal area also has advanced 
significantly in its massive development (Fig. 7a–m). The 
former septo-commissural migration stream is no longer 
visible, and we see only some isolated Tbr1-positive septal 
patches next to the pallio-subpallial boundary, which we ten-
tatively interpreted as the septo-fimbrial nucleus, supposedly 
a remnant of the septo-commissural migration stream (SFi; 
Fig. 7a–j).

As regards the eminentio-septal stream, its labelled deriv-
atives within the formerly Tbr1-negative septo-commissural 
area are now strongly developed. We still observed at this 
stage dense positive cells interconnecting the PThE remnant 
with the septal CoS and HiC nuclei, suggesting a final phase 
of this migration; this cellular bridge typically passes under 

the interventricular foramen (asterisk and green arrow-
heads; CoS, HiC; Figs. 6b, c, 7a–g). Other septal labelled 
cells are found at the nucleus of the anterior commissure 
(AC; Figs. 6d–f, 7g–j) and the triangular septal nucleus (TS; 
Figs. 6e–i, 7e–h).

The earlier lateral continuity of the PThE with the peripe-
duncular migration stream appears significantly diminished 
in cell number now; only a remnant of that transient struc-
ture was detected, still stretched over the peduncle (red 
arrowheads; Figs. 6a, b, 7k, l). This subpial stream leads 
into extratelencephalic and intratelencephalic derivatives. 
The intratelencephalic ones connect with a disperse labelled 
population within the subpallial extended amygdala (EA; 
Fig. 6b–f; also red arrowheads in Fig. 7g–m), while other 
subpial elements apparently transported by this stream 
appear more ventrally in association with the diagonal band 
area (Dg; Fig. 7j–l). Usually we observed a small very dense 
subpial labelled patch at the medial septal surface, found just 
rostrally to the csm tract, which we think may correspond to 
the ventral diagonal band nucleus (VDB; Fig. 7k, l); a pos-
sible more disperse horizontal diagonal band counterpart 

Fig. 6   Tbr1 expression in the prosencephalon at stage HH37. a–c 
Caudorostral series of coronal sections through the transition from 
the peduncular hypothalamus and PThE to the telencephalon. a′ 
Schema of an HH37 embryonic brain, illustrating the plane of 
the sections shown in a–c. Red arrowheads in a, b point to the tel-
encephalic component of the peripeduncular migration. Red dou-

ble arrowheads in a–c point to the hypothalamic component of the 
peripeduncular migration. Black arrowheads in a, b point to the jux-
tapeduncular migration. Green arrowheads point to the eminentio-
septal migration. Asterisks in b, c indicate the eminentio-septal cel-
lular bridge. Scale bars in a–f, 500 µm, and in a′, 5 mm
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Fig. 7   Tbr1 expression in the prosencephalon at stage HH37. a–m 
Dorsoventral series of horizontal sections through the rostral prosen-
cephalon at HH37. n Schema of an HH37 embryonic brain, illustrat-
ing the plane of the sections shown in a–m. Red arrowheads in d–f 
and i–m point to the telencephalic component of the peripeduncular 
migration. Red double arrowheads in g–m point to the hypothalamic 

component of the peripeduncular migration. Small black arrowheads 
in g–i point to juxtapeduncular migrated cells dispersed in the diago-
nal area (Dg). Green arrowheads in a–g point to the eminentio-septal 
migration. Asterisks in a–g indicate the eminentio-septal cellular 
bridge. Scale bars in a–m, 500 µm, and in o, 5 mm
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is also visible (HDB; Dg; Fig. 7k–m). In contrast, the sub-
pial extratelencephalic peripeduncular migrated population 
reported above, which is associated topographically to the 
hypothalamic paraventricular area, appears at HH37 as a 
dense and strongly Tbr1-positive subpial cell group (e.g., 
double red arrowheads; Fig. 7g–j) which ends ventrally at 
the supraoptic nucleus or its immediate neighbourhood (SO; 
Figs. 6a–c, 7k–m).

The juxtapeduncular stream (found deep to the pedun-
cle) has decomposed, as we already saw one stage before, 
into distinct populations, which are now more distinctly 
distinguished. Closest to the PThE, within the peduncu-
lar hypothalamus, there is the previously described lateral 
hypothalamic area (LH), its labelling being restricted to the 
sector lying external to the negative paraventricular hypo-
thalamic nucleus (LH; Pa; Fig. 7h–m). The LH appears 

Fig. 8   Tbr1 expression in the prosencephalon at stage HH40. a–i 
Caudorostral series of oblique coronal sections through the di-telen-
cephalic transition. j Schema of an HH40 embryonic brain at HH40, 
illustrating the plane of the sections shown in a–i. Red arrowheads in 
b–i point to the telencephalic remnants of the peripeduncular migra-

tory stream. Red double arrowheads in a–c point to the hypothalamic 
component peripeduncular migration derivatives. Black asterisk in 
c indicates the caudal tip of the eminentio-septal area (ESA). Red 
asterisks in e–g indicate the CoS wing subnucleus. Scale bars in a–i, 
500 µm, and in j, 5 mm
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compact dorsally, where it lies deep to the peduncle (LH; 
Figs. 6a–c, 7g–j), but more ventrally it expands gradually 
into the topologically superficial peduncular tract. Here we 
noted a small hypothalamic extension parallel to the pedun-
cle, and a small entopeduncular population. The latter repre-
sents the Tbr1-positive dorsal entopeduncular nucleus (EPD; 
Figs. 6a, b, 7k–m). Diverging rostromedially from this locus, 
other migrated juxtapeduncular elements enter the terminal 
hypothalamus, approaching the neighbouring lateral preoptic 
area. A number of cells of this more rostral juxtapeduncular 
stream soon arch medialwards in the direction of the medial 
preoptic area and the related anterior commissure. At this 
inflexion there appears the dense previously unknown aggre-
gate named above the preoptic island (POI; Figs. 6d, 7k–m).

Stage HH40 (14 d.i.o.)

We illustrate what may be the final state of development 
of PThE derivatives at HH40 (14 days of incubation; i.e., 
1 week before hatching), using oblique coronal sections 

(Fig. 8); this section plane seems intermediate between 
standard coronal and horizontal orientations, but is strictly 
topologically horizontal relative to the rostral diencephalon 
and the hypothalamus, i.e., parallel to the optic tract (schema 
in Fig. 8j). This plane is truly orthogonal to the peduncular 
tract as it courses within the peduncular hypothalamus, just 
rostrally to the prethalamus (pe; Fig. 8a–c). We will com-
pare as well standard sagittal and horizontal sections at this 
stage (Figs. 9, 10). Generalities described for stage HH37 
on the overall topography of the PThE relative to the later-
ally displaced amygdalo-hippocampal posterior (temporal) 
pole of the hemisphere and the new eminential relationships 
with various subpallial domains including the commissural 
septum remain valid.

The four caudalmost coronal sections show extratelen-
cephalic elements of the whole thalamo-prethalamic alar 
complex (e.g., Hb, Th), featuring as well the PThE, which 
is now visible as a somewhat flocculent, well-delimited 
deep composite of weakly Tbr1-positive and negative cell 
patches. Remarkably, it lacks in general periventricular level 

Fig. 9   Tbr1 expression in the prosencephalon at stage HH40. a–j 
Mediolateral series of parasagittal sections through the rostral prosen-
cephalon. Red arrowhead in j points to the telencephalic remnants of 
the peripeduncular migratory stream. The inset a′ is a drawing show-
ing the mediolateral range of sagittal sections shown in this series. 

Red double arrowheads in h–i point to the hypothalamic derivatives 
of the peripeduncular migration. Black asterisks in d, e indicate the 
caudal tip of the eminentio-septal area (ESA). Scale bars in a–j, 
500 µm, and in a′, 5 mm
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representation of labelled cells, and has practically lost its 
former ventricular relief (PThE; Figs. 8a-d, 9a–g, 10a′, b–e). 
In contrast, the eminential complex remains connected lat-
erally with the stretched rest of the peripeduncular migra-
tory stream (red arrowheads), whose remnants can now be 
assumed to be fixed positionally. We suggest calling ‘emi-
nential wings’ these eminential populations approaching 
bilaterally the caudal aspect of the peduncle (EW; Figs. 8b, 
c, 10a–e). The subpial aspect of the peduncle is now practi-
cally devoid of migrating peripeduncular cells, though some 
small subpial patches can be seen distal to the stream’s origin 
(e.g., red arrowheads and double red arrowheads; Figs. 8b, c, 
10e). As noted before, the extratelencephalic component of 
this stream (double red arrowheads) stabilizes in the area of 
the supraoptic nucleus (SO; Figs. 8a–c, 10f–h), while the tel-
encephalic component ends in the extended amygdala (EA; 
Figs. 8e–i, 10f–h), after leaving midways a number of cells 
that penetrate medialwards the lateral, medial and median 
preoptic areas (LPO, MPO, MnPO; Figs. 8e–h, 10j–l), as 
well as other cells further along the telencephalic stalk 
that enter the subpial diagonal band formation. A distinct 
compact cell group forms within the vertical diagonal band 
nucleus (VDB; Figs. 9c, 10j–l). There is also a dispersed 
weakly labelled population which occupies the innominate 
area of the Dg subpallium surrounding caudally and laterally 
the cortico-septo-mesencephalic tract (Dg; csm; Figs. 8g–i, 
9e–g, 10f–l); the latter diverges lateral- and caudalwards 
under the marginal septal and preoptic areas, to access the 
dorsolateral diencephalic surface in its descending path to 
the midbrain tectum (not shown). The topographic position 
of the relatively dispersed HDB and the VDB labelled ele-
ments is just rostral to this tract, as seen in sagittal and hori-
zontal sections (see VDB, csm; Figs. 8i, 9c, h, 10j–l).

Passing now to derivatives of the juxtapeduncular migra-
tory stream, the para-paraventricular lateral hypothalamic 
area (LH) displays a well-delimited Tbr1-positive popula-
tion at intermediate mantle levels, deep to the peduncle (pe) 
and superficial to the paraventricular hypothalamic nucleus 
(Pa), which remains itself largelly unlabelled, though it also 
appears slightly flocculent, due to some weakly labelled 
neurons maybe dispersed from the neighbouring PThE (Pa; 
Fig. 8a–d). The LH leads ventrolaterally into the dorsal 
entopeduncular nucleus (LH, EPD; Figs. 8a–d, 9e–g, 10f–l). 
We still see medially to the EPD the small dense mass we 

tentatively named ‘preoptic island’(POI; Figs. 8c, d, 9e, g, 
10g–l).

Finally, the stabilized derivatives of the eminentio-septal 
migratory stream form a continuous periventricular bridge 
passing under the interventricular foramen between the alar 
PThE in p3 and the telencephalic septocommissural alar/
roof region in hp1 and hp2 (hippocampal and anterior com-
missures, respectively; hic, ac). The bridging cells, inter-
preted not to be motile any longer at this stage (i.e., we 
think they initiated, but did not finish the migration), can 
be identified tentatively as an interposed eminentio-septal 
area (ESA). They generally form a denser population than 
the PThE proper (ESA; Figs. 8c–h, 9a–d, 10a–e; this cell 
group was not identified previously by Goodson et al. 2004; 
Puelles et al. 2007, 2019; Puelles 2018, or any other source). 
The ESA seems to contact at its rostral end the nucleus of 
the anterior commissure, which supposedly represents the 
entrance point of the eminentio-septal stream into the septo-
commissural region (AC; Figs. 8e–g, 10e, f).

The eminential cells migrated into the caudalmost septo-
commissural area are found in the neighbourhood of the 
hippocampal commissure. They essentially include the 
median nucleus of the hippocampal commissure (HiC), the 
triangular septal nucleus (TS), and the paramedian commis-
sural septal nucleus (CoS); the latter may be divided into 
connected medial and lateral parts, ovoid in shape, which 
resolve rostrally into a laterally tapering wing, which points 
to the medial amygdala (HiC, CoSM, CoSL and red asterisk 
for the CoS wing; Figs. 8d–h, 9a–e, 10a–d).

The HiC (Figs. 8g, h, 9a, b, 10a–d) lies medial to the 
CoS and can be subdivided into a thin median portion that 
accompanies the hippocampal commissural fibres across the 
midline (see HiC; Figs. 8g, 9b), and two lateral ovoid por-
tions, which are separated by the interhemispheric fissure, 
and limited laterally by the fimbrial tract as it approaches 
the commissure (HiC, fi; Figs. 8h, 9a; compare Puelles et al. 
2007; Puelles 2018; atlas plate 15). It is possible that the 
HiC, and particularly its bilateral ovoid parts, receive Tbr1-
positive cells from the pallial septum (Figs. 3p–r, 5a–i). It 
is therefore uncertain whether the eminentio-septal stream 
actually contributes to this nucleus.

Horizontal sections show that the bilateral HiC masses 
limit rostrally with the triangular septal nucleus, which 
extends along the commissural septum down to levels 
through the anterior commissure (TS; Figs.  8f–i, 9a–d, 
10b–f). The TS appears itself in continuity with the bilateral 
bands of labelled cells located along the superficial medial 
preoptic region, caudally to the csm tract, at both sides of 
the paramedian preoptic nucleus (TS, MPO, MnPO, ac, csm; 
Figs. 8f–i, 9a–d, 10b–f).

Other derivatives of the eminentio-septal migratory 
stream penetrate the hp2 portion of the septum, where 
they associate with the anterior commissure (the latter 

Fig. 10   Tbr1expression in the prosencephalon at stage HH40. a–k 
Dorsoventral series of horizontal sections through the rostral pros-
encephalon. k′ Schema of an HH40 embryonic brain, illustrating the 
plane of the sections shown in a–k. Red arrowheads in b–k point to 
the telencephalic remnants of the  peripeduncular  migratory stream. 
Red double arrowheads in e–l point to the hypothalamic derivatives 
of the peripeduncular migration. Black arrowheads in a′–b and f–h 
point to juxtapeduncular migrated cells dispersed in the diagonal area 
(Dg). Scale bars in a–k, 500 µm, and in k′, 5 mm

◂
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was fate-mapped in the chick as the rostral end of the 
neural roof plate; Cobos et al. 2001). The nucleus of the 
anterior commissure is formed bilaterally at the backside 
of the commissure (AC; Figs. 8f, g, 9d, 10f).

Discussion

Our results show that between the first and second week of 
incubation of chick embryos there occur remarkable changes 
in the distribution of Tbr1-expressing cell populations in the 
area containing the prethalamic eminence and its surround-
ings. The PThE itself, which is initially massively labelled, 
gets progressively reduced to an interstitial or bed nucleus 
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of the stria medullaris (BSM). This tract carries fibres from 
the basal forebrain, septum, preoptic area and hypothala-
mus (lateral hypothalamus and the dorsal entopeduncular 
nucleus),  which target the PThE itself. It transits longitudi-
nally across the PThE and then ends at the thalamic habenu-
lar region, or crosses the habenular commissure (Díaz and 
Puelles 1992a). Accompanying the differentiation of the 
BSM at the PThE locus, numerous surrounding structures 
which initially did not contain Tbr1-positive cells acquire 
such elements, in some cases quite massively. This pattern 
might be understood in principle as due to delayed inde-
pendent expression of this marker at the diverse emergent 
sites, but this interpretation is contradicted by our staged 
sequences of histological images, which are consistent 
instead with the alternative notion that many labelled cells 
originate at the PThE and stream via three well-defined tan-
gential migration pathways into the surrounding territories. 
Some eminential derivatives apparently stabilize at inter-
mediate points along these pathways, establishing bridges 
of labelled cells between the PThE and neighbouring hypo-
thalamic and telencephalic regions (Fig. 11).

The migratory interpretation of these phenomena clearly 
needs caution, given the existence of alternative potential 
Tbr1-positive sources at least for some of the hypothetically 
migrating contingents (e.g., pallial septum, pallial amygdala, 
or other parts of telencephalic pallium). There is experi-
mental evidence that some pallial neurons migrate tangen-
tially into the subpallium (e.g., Striedter et al. 1998). We 
also saw images consistent with that phenomenon, but these 
are distant and can be separated from the apparent eminen-
tial migrations. On the other hand, Watanabe et al. (2018) 
reported recently experiments revealing an eminential origin 
of two mouse septal nuclei (the bed nucleus of the anterior 
commissure and the triangular septal nucleus). Experimen-
tal testing and corroboration of any migratory hypothesis is 
obviously appropriate.

It so happens that our analysis of this chick brain region 
started as an experimental fate-mapping approach (thesis 
work of A.A.), but the unsystematised anatomic complexity 
of the apparent derivatives of the PThE in scarcely under-
stood surrounding forebrain parts (further complicated by 
considerable undescribed morphogenetic deformation of 
the telencephalic stalk area) rendered both the description 
and interpretation of experimental results very difficult. We 
thus turned to the present preliminary and strictly descrip-
tive longitudinal mode of analysis of this Cinderella-like 
brain region, an endeavour made possible by the relative 
selectivity of the Tbr1 marker for eminential cells and the 
peculiar position of the PThE (Fig. 11a, c). This allowed 
us to recognize and systematize the three different migra-
tory routes, following individually the respective progres-
sive changes to produce an overall model of the postulated 
PThE migratory phenomena (Fig. 11a–c). We threw light in 

Fig. 11   Diagrams summarizing the conclusions drawn about the emi-
nential migration streams. a The telencephalon and neighboring fore-
brain are represented here as seen from above and rendered transpar-
ent, to visualize schematically the PThE as a bent and tapering dark 
gray mass extending partly into the medial wall of the evaginated 
hemisphere. Other relevant landmarks entered are the peduncle (pe; 
light gray), passing underneath the eminentia into the hypothala-
mus, and the anterior commissure (ac; light gray), which indicates 
the transition between the preoptic area (POA) and the commissural 
septum (ComSe). The three eminential migrations are color-coded. 
The peripeduncular stream is represented in blue color; it sorts out of 
the PThE in lateral direction, passes subpially over the peduncle and 
divides into thick telencephalic and thin extratelencephalic compo-
nents (non-dashed portion of the blue trace, visualized on top of the 
peduncle). As the cells migrate around the peduncle they spiral vari-
ously into telencephalic territory (dashed blue traces), dividing into 
separate streams that reach the extended amygdala (EA), the preoptic 
area (POA), the diagonal band nuclei (DB) and, via the extratelence-
phalic component, into the supraoptic nucleus (SO) and the preoptic 
area (POA). All of them advance subpially, but on the underside of the 
area visualized in this schema, seen by transparency (dashed traces). 
The juxtapeduncular stream is represented in mauve color. It descends 
in the intermediate stratum from the PThE into the medial aspect of 
the peduncle to reach the lateral hypothalamus (LH); some cells pen-
etrate the peduncle and form there the dorsal entopeduncular nucleus 
(EPD; dashed mauve trace). Finally, the eminentio-septal stream is 
shown in red color. The cells contour in an arch the interventricular 
foramen (see c), pass behind the anterior commissure (ac) and enter 
the commissural septum, advancing therein into the hippocampal 
commissure (not shown in a, but see c). b This schema visualizes the 
hemisphere and peduncle as seen from the ventral forebrain surface 
(i.e., viewpoint opposite the perspective in a, and, implicitly, the con-
tralateral hemisphere). The peripeduncular stream (blue trace) and the 
juxtapeduncular stream (mauve trace) are accordingly seen directly as 
they approach EA, DB, POA, SO and LH (therefore, no dashes), after 
sorting the peduncle on its lateral or medial aspects, respectively. Only 
the juxtapeduncular cells entering the EPD are seen by transparency 
(dashed mauve trace). c This schema represents the right half of the 
rostral diencephalon (thalamus, Th, and prethalamus, PTh) and hypo-
thalamus (Hy), visualizing the ventricular surface through a median 
sagittal section. The interprosomeric boundaries of Th and PTh, 
including the interthalamic zona limitans (zl), are seen as transversal 
lines extending from roof to floor, crossing orthogonally the alar-basal 
boundary (thicker longitudinal black line; see also ‘alar’ and ‘basal’ at 
right). The hypothalamo-telencephalic boundary (or hypothalamo-pre-
optic limit) is indicated by a black dash-line. The interventricular fora-
men is drawn as a black surface which receives through the underlying 
hypothalamus (Hy) the peduncular tract (Pe; light gray). The foramen 
is limited caudally by the PThE, which bulges into it where it bends 
into its evaginated tapering portion (compare bent shape of PThE in 
a). The PThE is shaded in dark gray. It occupies an extreme dorsal 
position within alar PTh, and displays dorsally the taenial attachment 
of the prethalamic or eminential chorioidal roof plate (ech); the latter 
is caudally continuous with the thalamic analogue (thch) (both ech and 
thch in light gray). Other markings include the habenular area (Hb), 
the optic chiasma (oc), the preoptic area (POA), the anterior commis-
sure (ac), the hippocampal commissure (hic) and the commissural 
septum (ComSe). The periventricular course of the eminentio-septal 
stream is represented as a red dashed trace extending along the hemi-
spheric stalk into the septal commissural roof plate (ComSe), thus 
expanding the visual image of this stream given in a. This course is 
held to be restricted to the evaginated telencephalon, eschewing the 
POA territory (this refers to distinct prosomeres hp1—where the 
migration occurs in relation  with the peduncle—and hp2—contain-
ing the eschewed POA—these prosomeric units were not represented 
explicitly for reasons of simplicity)

◂



502	 Brain Structure and Function (2020) 225:481–510

1 3

this process on some anatomic issues that were previously 
unclear in the existing literature. Such results did not seem 
reducible to a brief anatomic introduction within our report 
of experimental results. Their publication in full was deemed 
to be of interest, since there are very few published data 
on the development of the avian (or any other) PThE. We 
present here this analysis, drawing only provisional conclu-
sions as regards the postulated migrations, reaching only as 
far as these can be supported by sequential descriptive data 
in three section planes, and pending ulterior corroboration 
by our existing experimental results, whose presentation and 
interpretation indeed results much simplified by the avail-
ability of a preliminary developmental anatomic model.

The PThE as an anatomic and developmental unit.

At early stages up to HH25-26 (Fig. 1) the chicken pretha-
lamic eminence (PThE) constitutes a well-defined dorsal alar 
domain of the diencephalic prethalamus (in fact, the dorsal-
most prethalamic area; Puelles et al. 2007, 2019; Puelles 
2018; Fig. 11c). It displays in both the chick and the mouse 
a singular molecular profile that distinguishes it from the 
rest of the prethalamic alar plate. It does not express Dlx 
genes (and therefore does not produce GABAergic neurons), 
and expresses instead gene markers consistent with the local 
generation of glutamatergic neurons (Pax6 in the ventricu-
lar zone, Tbr2 in the subventricular zone, and Calb2, Tbr1, 
Lhx5, Trp73, Grm1, vGlut2, Tfap2a, Gdf10, and Lhx9 in 
the mantle zone (Abbott and Jacobowitz 1999; Puelles et al. 
2000, 2012; Abellán et al. 2010a; Shimogori et al. 2010; 
Ruiz-Reig et al. 2017, 2018). This eminential prethalamic 
area is often misidentified in the literature as ‘thalamic emi-
nence’. This obsolete usage refers to an old terminology 
coming from historic periods in which it was not yet recog-
nized that the ‘thalamus’ shows embryonic and adult sub-
divisions into parts now generally recognized as ‘thalamus’ 
(old ‘dorsal thalamus’) and ‘prethalamus’ (old ‘ventral thala-
mus’) (Puelles and Rubenstein 2003). Once this fundamental 
subdivision is accepted, and the zona limitans intrathalamica 
of Rendahl (1924) is acknowledged as the intervening trans-
versal boundary [Puelles 2018; zl in Fig. 11c; incidentally, 
the zl also serves as the local secondary organizer for rostro-
caudal pattern; see Puelles and Martínez (2013)], the emi-
nentia clearly turns out to be prethalamic.

Using the prosomeric forebrain model as a descriptive 
background (Puelles et al 2000, 2012; Puelles and Ruben-
stein 2003, 2015), the PThE has a dorsal taenial border 
where the corresponding prethalamic part of the dience-
phalic chorioidal tela attaches (prethalamic or eminential 
taenia; Figs. 1, 11c; see Puelles 2019). The PThE initially 
contacts rostrally the hypothalamic paraventricular area, as 
well as the caudal poles of the evaginated amygdalar and 
hippocampal pallial areas of the telencephalic hemisphere. 

While an eminential contact with the pallial amygdala and 
the caudal hippocampus is evident early on (this contact 
occurs underneath the prospective chorioidal fissure of the 
lateral ventricle; Figs. 1, 2a, b, e, f; tapering part of PThE 
in Fig. 11a), subsequent disproportionate enlargement of 
the hemisphere causes the pallial amygdala and the hip-
pocampus to be pulled apart from the PThE, so that at more 
advanced stages it seems to have portions of the subpal-
lium as closest neighbours, including the medial amyg-
dala (Fig. 3k). It becomes increasingly unclear whether a 
stretched eminentio-amygdalo-pallial contact territory per-
sists in a cryptic form at the bottom of the terminal sulcus.

The PThE participates variously in the process of telence-
phalic evagination [depending on the species, and more so in 
mammals (Puelles et al. 2000) than in birds; present results; 
Figs. 2, 3, 4, 11a]. In the chicken case a small rostrodorsal 
part of the PThE forms a neuroepithelial flap that appears 
deflected into the posteromedial wall of the hemisphere 
(carrying with it roof-derived chorioidal tissue transitional 
between prethalamus and telencephalon; Puelles 2019). The 
resulting bent ventricular surface of the PThE generates a 
markedly protruding bulge at the back of the interventricular 
foramen. This bulge is what originally inspired the classi-
cal Latin descriptor ‘eminentia thalami’ (i.e., the ‘thalamic 
bulge’; see Figs. 2b, e, f, 3b, i, n, 4d, 11a, c). However, in 
the chick the major part of the PThE remains within the 
diencephalic wall, immediately caudal to the interventricular 
foramen.

The PThE limits caudally (across the zona limitans 
boundary) with the thalamic habenular area (Hb; Fig. 11c), 
which is a similarly hyperdorsal, roof-contacting area within 
the thalamus. The stria medullaris tract courses longitu-
dinally in sequence across the dorsal alar hypothalamus, 
the PThE and the habenula, extracting fibre components 
from hypothalamic and eminential bed nuclei of the stria 
medullaris which target the habenula (Díaz and Puelles 
1992a; Puelles et al. 2012).

It might be tempting to conjecture that the PThE, given 
its molecular profile, which is similar in several aspects to 
the initially continuous telencephalic pallium, represents an 
ectopic, extratelencephalic part of the pallium (this point is 
still under discussion in the case of lampreys, or agnathans; 
see Pombal and Puelles 1999). One observation that discrep-
ates with this notion (present results) is that the PThE does 
not express the telencephalic marker Foxg1, though this also 
occurs in part of the mouse hippocampus (Xuan et al. 1995; 
Shimogori et al. 2010; Kumamoto and Hanashima 2017; 
Watanabe et al. 2018).

While the PThE is clearly identifiable anatomically and 
molecularly in embryos (Fig. 1), it apparently becomes 
reduced in relative size, and is rather cryptic at advanced 
embryonic stages, particularly so after hatching in the chick, 
but also in mammals. Indeed, some authors have held the 
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PThE represents a transient anatomic structure (commented 
by Watanabe et al. 2018). Standard atlases of the brain of 
rodents or birds usually do not identify a PThE, though they 
may illustrate the bed nucleus of the stria medullaris without 
clarifying its prethalamic ascription (BSM; e.g., Paxinos and 
Watson 2014). The avian PThE is nevertheless identified in 
a recent chick brain atlas (Puelles et al. 2007, 2019).

We have used the pervasive expression of Tbr1 mRNA 
observed within the eminential mantle layer at early embry-
onic stages (Fig. 1a) to examine in detail the histogenetic 
evolution of this little understood prethalamic formation. 
It turns out that the progressive late-embryonic reduction 
in visibility of the PThE is accompanied by appearance of 
various other Tbr1-positive cell populations in the rostral 
forebrain, all of which tend to remain connected by Tbr1-
labelled cell bridges with the PThE. This pattern is sugges-
tive of at least three distinct routes of tangential migration 
of eminential neurons expressing Tbr1, using respectively 
deep, intermediate and marginal strata of the mantle layer. 
These apparently migrating populations all invade in topo-
logical rostralward direction neighbouring hypothalamic and 
telencephalic areas (Fig. 11a–c), but some derivatives stop 
at intermediate positions along these pathways, establishing 
persistent bridges.

The apparent migratory routes and eminential 
derivatives classified by migration route.

Correlative histological images suggestive of Tbr1-labelled 
cell populations emerging from the PThE and penetrating 
neighbouring forebrain territories illustrate three distinct 
phenomena called by us the peripeduncular, juxtapeduncu-
lar and eminentio-septal migratory streams (Fig. 11). The 
peripeduncular and juxtapeduncular streams can be distin-
guished already in HH25-26 embryos as a joint advancing 
front, in presence of a barely incipient peduncle (Fig. 2a, b). 
As the peduncle enlarges subsequently, it separates a sub-
pial (marginal) peripeduncular component from an inter-
mediate juxtapeduncular component (deep to the pedun-
cle; Fig. 11a, b). Later, a deep subpopulation of the PThE 
migrates separately (always periventricularly) under and in 
front of the interventricular foramen and thereafter enters the 
septo-commissural area, representing our eminentio-septal 
stream (Fig. 11c). We also found evidence of an independ-
ent Tbr1-positive septo-commissural tangential migration 
originated in the pallial septum (Puelles et al. 2000). All 
three eminential streams advance first rostrally into the 
hypothalamus, before entering the overlying telencephalon 
and diverging into different target territories in telencepha-
lon or hypothalamus.

1.	 The peripeduncular stream crosses subpially the trans-
verse hypothalamo-prethalamic boundary and penetrates 

the marginal stratum of the hypothalamic paraventricular 
area, which lies immediately rostral to the PThE, cours-
ing therein rostralward and subpially around the pedun-
cle (note the peduncle courses dorsoventrally through 
the superficial stratum of the peduncular hypothalamus, 
as interpreted in the prosomeric model; Puelles et al. 
2012; Puelles and Rubenstein 2015). This voluminous 
migratory stream includes telencephalic and extratelen-
cephalic sections (Fig. 11a, b): after surpassing the 
peduncular obstacle, the dorsalmost cell population 
advances in an oblique spiral into the telencephalon. 
These cells remain subpial, and one of their targets is 
the extended amygdala, while others are diverted before 
from that route either by entering into the diagonal band, 
or into the preoptic area. In the last case, labelled cells 
proceed subpially across the lateral and medial preop-
tic areas, and reach finally the median preoptic nucleus, 
located rostrally to the anterior commissure. The latter 
group, as well as cells coursing through the diagonal 
band, contribute also to dispersed cells in the innominate 
area (surrounding the cortico-septo-mesencephalic tract 
at the base of the septum). In contrast, the extratelence-
phalic peripeduncular migrating elements remain within 
the marginal hypothalamus (paraventricular area). Once 
past the peduncle, they enter the terminal hypothalamus, 
and end superficially in the characteristic neighbourhood 
of the supraoptic nucleus (Fig. 11a, b).

	   As development advances, our results show that the 
number of cells forming the peripeduncular stream 
gradually diminishes (coinciding with the increase in 
labelled cells at the target territories), but there always 
remains a stretched proximal or bridge contingent that 
becomes definitively stabilized in contact with the 
PThE, forming what we called the ‘eminential wings’.

	   Abellán et  al. (2010a) and Vicario et  al. (2017), 
describing expression of Lhx genes in mouse, chicken 
and zebra finch embryos, observed eminential Lhx5-
positive cells apparently migrating around the cerebral 
peduncle (our peripeduncular stream), and entering 
the medial extended amygdala territory (Abellán et al. 
2010a; their Fig. 1f, 5b, e, 8a–c). Vicario et al. (2017) 
showed further zebra finch Lhx5 labelling, where 
labelled peri- and juxtapeduncular migratory streams 
coming out of the PThE can be clearly identified (their 
Fig. 6c). Bulfone et al. (1995) found Tbr1-positive cells 
within the mouse diagonal band nuclei, which were 
thought to be probably migrated, but without postulat-
ing the prethalamic eminence as their potential source. 
Puelles et al. (2000) observed chicken Tbr1-positive 
cells in the shape of the peripeduncular stream (at 8 
d.i.o.; their Fig. 8b), as well as in places we would now 
interpret as the extended amygdala and the septo-com-
missural area (at 10 d.i.o; their Fig. 9j, labelled as DBH 
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and DBV, respectively). Cabrera-Socorro et al. (2007) 
showed an image consistent with a peripeduncular emi-
nential migratory stream in a lizard (their Fig. 3d).

2.	 The juxtapeduncular stream also invades the hypotha-
lamic paraventricular area, but penetrates it at inter-
mediate levels of the mantle layer, through the local 
‘lateral hypothalamus’ tier (site of the medial forebrain 
bundle, deep to the peduncle; Puelles et  al. 2012); 
accordingly, its major cell population advances, and 
partly becomes fixed, deep to the peduncle. This popu-
lation may correspond to that named prereticular lat-
eral hypothalamic nucleus in the mouse (Puelles et al. 
2012); the aim in that prosomeric study was to classify 
molecularly distinct dorsoventral components of the 
classic lateral hypothalamus across the basal and alar 
domains of the hypothalamus; we presently confirm 
that the chicken also has a Tbr1-positive prereticular 
lateral hypothalamic nucleus. This population is found 
within the peduncular hypothalamus (PHy), just super-
ficially to the main mass of the paraventricular nucleus, 
which remains Tbr1-negative itself (this cell group also 
appears labelled selectively with Lhx5, another emi-
nential marker, in Vicario et al. 2017; their Fig. 6c). A 
smaller and topologically more superficial contingent 
of this stream penetrates the peduncle interstitially and 
forms therein the dorsal entopeduncular nucleus (this 
is homologous to the mammalian counterpart, which is 
also Tbr1-positive; Wallace et al. 2017; Puelles et al. 
2012 and unpublished observations). Having passed 
deep to the peduncle, the juxtapeduncular stream ends 
within the terminal hypothalamus (THy) and the asso-
ciated preoptic area. At this point another subgroup of 
its neurons—named by us provisionally the ‘preoptic 
island’—coalesces in the neighbourhood of a fibre tract. 
Previous analysis of this area in the mouse (Puelles et al. 
2012) indicated the existence of a hypothalamic bed 
nucleus of the stria medullaris (hBSM) divided into ter-
minal and peduncular moieties. These formations lie just 
under the preopto-hypothalamic border, a locus that is 
consistent with that of the ‘preoptic island’. It is credible 
that part of the eminential neurons migrated under the 
peduncle into the chicken hypothalamus may constitute 
an avian hypothalamic BSM nucleus, which presumably 
projects to the habenula via the stria medullaris tract.

3.	 The eminentio-septal stream represents another Tbr1-
positive cell population exiting the PThE in rostral 
direction (Fig. 11a, c). It becomes visible later than the 
two other streams (it was first observed clearly at stage 
HH33; 8 d.i.o.), and courses periventricularly rostral-
ward under the interventricular foramen (traversing the 
dorsalmost alar hypothalamus before entering the tel-
encephalon), and finally approaching the median septo-
commissural region. It enters this region passing first 

behind the anterior commissure, and then progressing 
backwards towards the locus of the hippocampal (pal-
lial) commissure. The main eminentio-septal stream 
derivatives finally lie at median and paramedian sites 
of the septal commissural plate, associated to the hip-
pocampal commissure or to the anterior commissure. 
However, these septal elements remain connected with 
the PThE by a voluminous bridge of stabilized labelled 
cells (named by us the eminentio-septal area, or ESA), 
which occupies the compacted space in between. These 
septo-commissural target sites in the forebrain roof plate 
are found very close to the PThE at late-embryonic 
stages (Figs. 6, 7, 8, 9), but actually are quite distant 
topologically, since they are separated from the PThE by 
the prethalamo-telencephalic chorioidal roof plate (non-
permissive for cell migrations), as well as by the whole 
evaginated hemisphere (Figs. 1a, b; 11c).

An identical calretinin-positive eminentio-septal cell 
migration has been recently demonstrated experimentally 
in the mouse by Watanabe et al. (2018). According to these 
authors, who did not name this migration, it gives rise to the 
bed nucleus of the anterior commissure and the triangular 
septal nucleus (a nucleus of the hippocampal commissure). 
These mouse eminential cells apparently follow a similar 
pathway under and in front of the interventricular foramen, 
though the authors did not describe it precisely. The appar-
ent avian derivatives of the eminentio-septal stream likewise 
include a bed nucleus of the anterior commissure and a tri-
angular septal nucleus, in addition to the nucleus of the hip-
pocampal commissure and the commissural septal nucleus 
(HiC, CoS). The possible homologs of these other nuclei 
in mammals are unknown. Cabrera-Socorro et al. (2007) 
showed that the lizard HiC nucleus distinctly expresses Tbr1 
(their Fig. 6b). Hetzel (1974, 1975) concluded from his 
embryological studies in a lizard that the reptilian nucleus of 
the pallial commissure, a possible homolog of the triangular 
septal nucleus of birds and mammals, derives embryologi-
cally from the eminential region. This nucleus was found to 
project to the habenula in lizards (Díaz and Puelles 1992a; 
Font et al. 1998).

We show that the chicken CoS nucleus appears divided 
into medial and lateral parts. These two CoS parts were illus-
trated, but not distinguished or named, by Goodson et al. 
(2004) and Puelles et al. (2019). Incidentally, the newly 
published color images of the chick atlas reveal that CoS is 
largely formed by parvalbumin-positive cells, whose axons 
seem to course ipsilaterally via the ESA, the PThE and stria 
medullaris into the habenula; these neurons accordingly 
would not represent true commissural cells. Our present 
results add their Tbr1-positive typology, which possibly is 
related to a glutamatergic nature.
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Importantly, though, we identified in the pallial septum a 
second potential source of Tbr1-positive septo-commissural 
neurons. We saw this apparent septo-septal or septo-com-
missural migration at stages HH33 and HH36, in the shape 
of distinct bilateral streams of labelled cells which sort out 
of the pallial septum, and traverse the unlabelled subpal-
lial septum until they reach the area of the hippocampal 
commissure (Figs. 3u–w, 5a–i). These migrations seem to 
stop after HH36, leaving next to the septal pallio-subpallial 
boundary a string of labelled cell aggregates which we ten-
tatively identified as the avian septo-fimbrial nucleus. Our 
data suggested that this septal migration might contribute 
mainly to the lateral HiC masses in the area of confluence 
with the eminentio-septal stream, but this point absolutely 
needs experimental corroboration.

Abellán et al. (2010a) illustrated chick embryo mate-
rial showing expression of both VGlut2 (at 12 d.i.o) and 
Lhx5 (at 10 d.i.o) at similar bilateral septo-commissural 
streams, interpreting them not as a migration targeting the 
hippocampal commissure, but as an ‘extension’ of the pal-
lial septum (their Figs. 4e, f, g, g′). The nucleus of the hip-
pocampal commissure itself was shown by Abellán et al. 
(2010a) to express Emx1 at 10 d.i.o. (their Fig. 4h); this 
marker is also shared by both the PThE and the pallial sep-
tum (LP—unpublished observations—observed likewise 
years ago a septo-commissural migration of Emx1-positive 
cells). Abellán et al. (2010a) further reported Lhx1-positive 
neurons at the chicken CoS (12 d.i.o.), but we think that 
what they identified as CoS is a non-commissural preoptic 
cell population lying adjacent to the anterior commissure; 
it does not agree in relative position with our concept of 
the CoS, always found next to the hippocampal commissure 
(Goodson et al. 2004; Puelles 2018).

Other eminential migrations postulated 
in the literature

Apart of reported evidence cited above, which corrobo-
rates the three eminential tangential migration streams 
we presently postulate (peripeduncular, juxtapeduncular 
and eminentio-septal), the literature contains as well other 
hypotheses about some long-range eminential migrations. 
We discuss them separately in this section because we did 
not find evidence for them in our Tbr1-reacted material. This 
does not mean we negate their existence, because it is well 
possible that Tbr1 may not be an appropriate marker for their 
demonstration.

On one hand we have the hypothesis in mouse of a long-
range migration of eminential cells into the accessory olfac-
tory bulb, which reportedly shows characteristic expression 
of the Ap2α, Lhx5, NP2 and Tbr2 markers (Huilgol et al. 
2013; review in Ruiz-Reig and Studer 2017). This cell 
stream proceeds rostralwards along a lateral pallial pathway 

that apparently coincides with the ventropallial lateral olfac-
tory tract (lot). It is known that the lot has in many species a 
postamygdalar habenulo-commissural extension that circu-
lates within the stria medullaris through the PThE. It would 
seem, accordingly, that this stream uses the topologically 
rostral border of the PThE with the pallial amygdala to enter 
a ventropallial course towards the accessory olfactory bulb, 
guided or not by the lot fibres. Given the deduced course 
through the ventral pallium (Puelles et al. 2016b), local pal-
lial Tbr1-positive neurons would impede us recognizing this 
migration in our material (but we did not distinguish this 
contingent in our chick material either with Tbr1 or with 
Tbr2). Birds seem to have lost evolutionarily the accessory 
olfactory bulb, and this might cause this migration to be 
absent in birds, if it depends on an attraction effect from 
its target, or on guidance via the accessory olfactory tract. 
Nevertheless, birds maintain a reduced olfactory tract puta-
tively reaching the habenular commissure, so that rostral-
ward guidance of this migration through the subpial ventral 
pallium might be assured if it depends on contact with the 
lot, even if final lack of target-derived trophism later leads 
to death of the migrated cells.

A second reported eminential migration we did not 
observe is that of ‘lot’ cells, that is, the so-called ‘guidepost 
cells’ of the lateral olfactory tract (Ruiz-Reig et al; 2016; 
Ruiz-Reig and Studer 2017). This migration is characterized 
molecularly by expressing selectively mGluR1, Lhx5, Trt73, 
Grm1 and Lot1. Again in this case, the putative migration 
courses beyond the pallial amygdala through the ventral 
pallium.

A further long-range migration which is reported to origi-
nate partially in the PThE in reptiles and mammals is that 
of prethalamic Cajal–Retzius neurons (C-R); a contingent 
of such cells expressing p73 (but being reelin-negative; see 
below) has been postulated to invade tangentially corti-
cal layer 1, similarly as other C-R neurons do which come 
from various other sources around the cortex (Grove et al. 
1998; Meyer and Goffinet 1998; Meyer and Wahle 1999; 
Meyer et al. 1999, 2002; Zecevic and Rakic 2001; Takigu-
chi-Hayashi et al. 2004; Bielle et al. 2005; Yoshida et al. 
2006; Louvi et al. 2007; Imayoshi et al. 2008; Tissir et al. 
2009; Abellán et al. 2010a,b; Griveau et al. 2010; Teissier 
et al. 2010; Zimmer et al. 2010; Meyer 2010; reviews in 
Pierani and Wassef 2009; Borello and Pierani 2010; Puelles 
2011; Barber and Pierani 2016). Given that the PThE does 
not contact directly the dorsal pallium (the primordium of 
the neocortex; see Pattabiraman et al. 2014; Puelles et al. 
2019), it remains unclear so far how the postulated emi-
nential C-R cells would cross the outer allocortical ring, 
as well as the inner mesocortical ring, to reach the neocor-
tex, or one of its sectors. Though there is clear evidence of 
p73 expression at the PThE, the translocation of eminen-
tial p73 cells into the cortex is insufficiently documented. 
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The image used by Cabrera-Socorro et al. (2007) to support 
the hypothetic spread of eminential p73-positive C-R cells 
into the hemisphere of a lizard is comparable to our chicken 
Tbr1 material indicating partial evagination of the PThE 
into the telencephalic posterior wall, up to a contact with 
the caudal hippocampal cortex (their Fig. 1b; note lack of 
eminential reelin expression in their Fig. 1c). Tissir et al. 
(2009) mapped DeltaNp73 mRNA in embryonic mice and 
concluded that the positive C-R cells do not originate from 
the PThE (identified as ‘eminentia thalami’). These authors 
concluded that the observed DeltaNp73-positive neocorti-
cal C-R cells largely originate from the retrobulbar area and 
the cortical hem (fimbrial or hippocampal taenia); they also 
illustrated aggregates of DeltaNp73-positive elements at the 
site of the lot, and along the diagonal band (the latter detail 
would be consistent with our subgroup of peripeduncular 
cells arriving at the diagonal band nuclei).

Patterns of connectivity

It is remarkable that various putatively migrated PThE deriv-
atives share a projection to the habenula, this being also 
a property of the non-migrated eminential BSM nucleus. 
These projections are largely grouped into those targeting 
the medial or the lateral habenula, with scarce examples of 
cell groups projecting to both targets.

As regards reptiles, in vitro HRP-labelling experiments 
restricted to the medial habenula of Gallotia galloti lizards 
produced retrograde labelling within the ‘nucleus eminentiae 
thalami’, i.e., the BSM, the nucleus of the posterior pal-
lial commissure (an anatomic singularity of lizards), and 
the ‘nucleus septalis impar’ (a triangular septal nucleus 
homolog). Similar experiments on the lateral habenula 
caused retrograde HRP transport at the BAC, the DBH, the 
lateral preoptic area, the ‘anterior entopeduncular nucleus’ 
(corresponding to the dorsal entopeduncular nucleus of 
the present account), the lateral hypothalamic area (corre-
sponding to our prereticular lateral hypothalamic nucleus), 
the lateral mamillary nucleus, and the nucleus of the stria 
medullaris (Díaz and Puelles 1992a). The sites mentioned 
which appear in italics (all except the mamillary body) cor-
respond to loci where Tbr1-positive eminential derivatives 
were traced in the chick. Font et al. (1998) placed two con-
trol HRP injections in the habenula of the lizard Podarcis 
hispanica, and obtained retrograde transport at the nucleus 
of the posterior pallial commissure and their ‘impar septal 
nucleus’ (the latter may be compared in position to the tri-
angular septal nucleus in birds and mammals).

In mammals, habenular afferences were studied in detail 
in the rat by means of retrograde HRP transport by Herk-
enham and Nauta (1977). They found that label depos-
ited at the medial habenula was transported selectively 
to the entopeduncular nucleus and neighbouring lateral 

hypothalamus, with minor labelling of the local perifor-
nical nucleus, and the lateral preoptic area. Their illus-
trations show that the labelled EP, LH and PFx neurons 
are found precisely at levels through the paraventricular 
hypothalamic nucleus, as we would predict if they relate to 
the juxtapeduncular migration stream. Moreover, there is 
abundant evidence that a dorsal component of the mouse, 
rat and monkey entopeduncular nucleus projects differen-
tially to the lateral habenula, whereas the neighbouring 
ventral entopeduncular component projects to the thala-
mus (Nauta 1974; Herkenham and Nauta 1977; Carter and 
Fibiger 1978; Parent 1979, 1986; Parent et al. 1981, 1984; 
van der Kooy and Carter 1981; Parent and De Bellefeuille 
1982; Namboodiri et al. 2016; Zahm and Root 2017). This 
result was recently verified with modern optogenetic meth-
odology by Wallace et al (2017).

In the monkey (e.g., Parent 1986), the presumptive 
‘entopeduncular’ habenulopetal neurons were identified ven-
tromedially to the thalamopetal neurons found in the primate 
internal pallidal segment (which is widely assumed to lie 
within the telencephalon). However, the habenulopetal cells 
invaded the cerebral peduncle, that is, had an entopeduncular 
hypothalamic topography, suggesting against the dogma we 
see in the literature that monkeys (not only rodents) also 
have entopeduncular nuclei, apart of having two pallidal por-
tions (external and internal). One probably can now expect 
generally in mammals two telencephalic pallidal centers 
(see Silberberg et al. 2016) and at least two different hypo-
thalamic entopeduncular formations, according to the cir-
cuitry shown by Wallace et al. (2017) in mice. This allows 
an updating of the standard comparative model of the basal 
ganglia circuit in rodents and primates.

More sporadically, the lateral habenula experiments of 
Herkenham and Nauta (1977) labelled also dispersed cells 
within the ‘magnocellular basal forebrain’. This included the 
diagonal band, substantia innominata and basal nucleus of 
Meynert, all of which are modernly ascribed to the diagonal 
subpallial area (Puelles et al. 2013, 2016a), also related to 
the ‘extended amygdala’ concept of Heimer and colleagues 
used by us in the chick (de Olmos and Heimer 1999). Some 
such cells were also observed contralaterally. Remarkably, 
Abellán et al. (2010a) show considerable expression of 
VGlut2 (the glutamatergic marker) in the avian extended 
amygdala, characterizing it as a ‘pallial extended amygdala’ 
(EAp in their Figs. 4e, 6f, 8e). This category was first pro-
posed in the Puelles et al. (2007) chick brain atlas; other-
wise, Heimer’s original concept of the extended amygdala 
requires subpallial characteristics. In the present context, 
we think that this avian para-amygdalar VGlut2 expression 
is probably due to the eminential origin of many cells in 
this area, rather than to a pallial origin. Nevertheless, our 
descriptive analysis is not able to support strongly enough 
this hypothesis.
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The crossed ‘basal forebrain’ habenulopetal elements of 
Herkenham and Nauta (1977) could not be confirmed in our 
chick material. Interestingly, they may be due to a singularity 
of mammals represented by the median fusion of the sep-
tal halves across the primary interhemispheric fissure. This 
fusion in principle would allow eminential cells migrating 
along the diagonal band to pass contralaterally, eventually 
carrying passively elongating axons with them. Alterna-
tively, some cells migrated only ipsilaterally can send their 
axons across the fused median septum into the contralateral 
stria medullaris and habenula (but neither birds nor reptiles 
display a septal median fusion; see Fig. 10). Such sparser 
labelled basal forebrain elements agree with the distribu-
tion of some of our telencephalic peripeduncular eminential 
migratory cells.

Alonso et al. (1986) interestingly described anterograde 
transport of autoradiographic label from the rat supraop-
tic nucleus (SO) into the lateral habenula. This source may 
represent the extratelencephalic eminential peripeduncular 
subpopulation which targets the supraoptic nucleus, whose 
main hypophysotropic population surely is of hypothalamic 
paraventricular origin.

On the other hand, Herkenham and Nauta (1977) found 
that HRP deposits restricted to the medial habenula labelled 
mainly septocommissural formations, such as the triangular 
septal nucleus and the septofimbrial nucleus (these experi-
ments also labelled sparser neurons within the diagonal 
band—mainly its horizontal part—and the basal nucleus of 
Meynert). Work by Swanson and Cowan (1979) and Staines 
et al. (1988) found in addition habenulopetal neurons within 
the BAC nucleus, which also targets the rat medial habenula 
(see also Risold, 2004). We already mentioned results of 
Watanabe et al. (2018) on habenular projections of cal-
retinin-positive triangular septal nucleus and BAC nucleus 
in the mouse, which they experimentally proved to migrate 
from the prethalamic eminence. These migrated septocom-
missural habenulopetal formations thus correspond clearly 
to the derivatives of our eminentio-septal migration stream 
in the chick.

In most cases, these habenulopetal sites are known to con-
tain glutamatergic neurons (Watanabe et al. 2018; Otsu et al. 
2018). The habenulopetal hodological similarity of emi-
nential derivatives having quite distinct adult topographies 
ranging through the PThE itself, peduncular hypothalamus, 
preoptic area, extended amygdala, diagonal band, posterior 
commissural septum and BAC, jointly with their general 
glutamatergic nature, incites the conjecture that these shared 
properties may be due to a common origin within the pretha-
lamic eminential progenitor domain and its unique molecu-
lar specification. The observed hodological groupings with 
regard to medial versus lateral habenular targets suggests 
that there might exist separate eminential compartments 
where these are differentially originated and migrate from; 

it is revealing that those projecting to the relatively late-
born medial habenula neurons seem to migrate selectively 
through the later developed deep eminentio-septal stream, 
while those targeting the early-born lateral habenula neu-
rons migrate precociously via the marginal and intermediate 
peripeduncular and juxtapeduncular streams. It seems also 
conceivable that all these populations initiate their respec-
tive axonal connections with the habenula before they exit 
the PThE. The causes of their apparent differential migra-
tory behaviour are presently unclear, but a hypothetic single 
repelling mechanism with the source located at the zona 
limitans (the mid-diencephalic organizer; Puelles 2017, 
2018), or within the habenular area, seems parsimonious 
compared to the notion of multiple attraction mechanisms. 
It seems significant that the three streams depart in the same 
general direction: rostralwards. Maybe the repelled cells just 
use the nearest available permissive pathways to evade from 
the PThE at the moment when they are ready to migrate 
(e.g., after sending out their habenulopetal axons, probably 
at different time points), thus variously finding by temporal 
order different target sites.
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