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Abstract

The amygdala controls emotional and social behavior and regulates instinctive reflexes such as
defense and reproduction by way of descending projections to the hypothalamus and brainstem.
The descending amygdalar projections are suggested to show a cortico-striato-pallidal
organization similar to that of the basal ganglia (Swanson [2000] Brain Res 886:113-164). To test
this model we investigated the embryological origin and molecular properties of the mouse
centromedial and extended amygdalar subdivisions, which constitute major sources of descending
projections. We analyzed the distribution of key regulatory genes that show restricted expression
patterns within the subpallium (DIx5, Nkx2.1, Lhx6, Lhx7/8, Lhx9, Shh, and Gbx1), as well as
genes considered markers for specific subpallial neuronal subpopulations. Our results indicate that
most of the centromedial and extended amygdala is formed by cells derived from multiple
subpallial subdivisions. Contrary to a previous suggestion, only the central—but not the medial—
amygdala derives from the lateral ganglionic eminence and has striatal-like features. The medial
amygdala and a large part of the extended amygdala (including the bed nucleus of the stria
terminalis) consist of subdivisions or cell groups that derive from subpallial, pallial (ventral
pallium), or extratelencephalic progenitor domains. The subpallial part includes derivatives from
the medial ganglionic eminence, the anterior peduncular area, and possibly a novel subdivision,
called here commissural preoptic area, located at the base of the septum and related to the anterior
commissure. Our study provides a molecular and morphological foundation for understanding the
complex embryonic origins and adult organization of the centromedial and extended amygdala.
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The amygdala is a complex telencephalic structure composed of multiple nuclei that regulate
emotion, social behavior, and hypothalamic function (Aggleton, 2000; Davis, 2000;
Gallagher, 2000; LeDoux, 1992, 2000 Zald, 2003). It is a key component of two distinct
(but interrelated) networks: 1) a circuit comprised primarily of subcortical structures, which
regulates autonomic and neuroendocrine systems by way of descending projections to the
hypothalamus and brainstem; this circuit participates in unconscious, reflex-like (instinctive)
behavior such as defense, ingestion, and reproduction; 2) a circuit involving connections
with the cerebral cortex, which participates in conscious recognition of emotion (such as
facial recognition of emotion) and in decision-making based on the context and previous
experience and memory (Swanson, 2000; Stefanacci and Amaral, 2002; de Gelder, 2005).

It has been suggested that the amygdalar circuitry involved in autonomic and neuroendocrine
behavior is organized similarly to striato-pallidal pathways that control somatomotor
behavior (Turner and Zimmer, 1984; Alheid and Heimer, 1988; Alheid et al., 1995;
Swanson, 2000; Alheid, 2003). In particular, Swanson and colleagues argue that the
amygdala should be considered an integral part of a cortico-striato-pallidal pathway that
projects to effector centers in the hypothalamus and brainstem (Swanson and Petrovich,
1998; Swanson, 2000). To understand how the amygdala integrates within such functional
pathways it is essential to elucidate its organization, including how its divisions are related
to the basic organization of the telencephalon.

Developmental and neurochemical studies have demonstrated so far that the amygdala
consists of pallial and subpallial components, which are essentially comparable to either the
claustrum and cerebral cortex (pallium) or the basal ganglia (subpallium), respectively
(Holmgren, 1925; Turner and Zimmer, 1984; Alheid and Heimer, 1988; Swanson and
Petrovich, 1998; Puelles et al., 2000). Data on the expression of transcription factors have
proven to be very useful for elucidating the fundamental organization of the developing
telencephalon and, in particular, the amygdala (Puelles et al., 2000; Stenman et al., 2003;
Medina et al., 2004; Remedios et al., 2004; Tole et al., 2005). These data indicated that the
centromedial and extended amygdalar nuclei (including the bed nucleus of the stria
terminalis or BST), which constitute the major output centers projecting to the
hypothalamus, derive—at least partially—from striatal and pallidal divisions of the
subpallium (Puelles et al., 2000; Stenman et al., 2003; Medina et al., 2004; Tole et al., 2005),
corroborating previous insights by Holmgren (1925) and Swanson and Petrovich (1998).
However, the subpallium includes at least three major histogenetic subdivisions (striatal,
pallidal, and anterior entopeduncular subdivisions), in addition to the anterior, subpallial part
of the preoptic area (Bulfone et al., 1993; Puelles et al., 2000, 2004> Marin and Rubenstein,
2002), but there persist uncertainties over what specific parts of the amygdala derive from
each subdivision. For example, while neurochemical evidence points to a striatal nature of
both central and medial amygdalar nuclei (Swanson and Petrovich, 1988), expression of
transcription factors—such as Pax6 and DIx5—suggests that possibly only the central
amygdalar nucleus is striatal-like (Puelles et al., 2000; Medina et al., 2004; Tole et al.,
2005). The exact origin and nature of the medial amygdalar nuclear complex is unclear, as it
shows some expression of both the subpallial transcription factor Nkx2.1 (a pallido-
entopeduncular marker) and the pallial transcription factor Thrl (Puelles et al., 2000).

J Comp Neurol. Author manuscript; available in PMC 2016 June 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Garcia-Lopez et al.

Page 3

Moreover, it has been suggested that a posterior part of the BST may have an
extratelencephalic origin (Puelles et al., 2000, 2004). Furthermore, it remains unknown
whether any part of the amygdala proper or the extended amygdala (including the BST)
originates in the anterior entopeduncular area (AEP).

To address uncertainties about the origin and molecular nature of the centromedial and
extended subdivisions of the amygdala, we used in situ hybridization and
immunohistochemistry to analyze the expression of genes encoding transcription factors and
signaling proteins. In particular, we examined the expression of genes that distinguish
striatal (DIx5) versus pallido-entopeduncular subdivisions (Nkx2.1, Lhx6, Lhx7/8), and
genes that distinguish the entopeduncular-preoptic region (Gbx1, Sonic hedgehog). We
supplemented this analysis by examining the expression of neuropeptides (somatostatin,
neuropeptide Y), choline acetyltransferase, or calbindin. Moreover, we examined the
expression of the gene L/x9, a marker of the ventral pallium (Tole et al., 2005), to help
distinguish subpallial versus pallial parts of the amygdala. Our analysis enabled us to
suggest that the centromedial and extended amygdala (including the BST) include distinct
cell groups that originate from striatal, pallidal, and AEP subpallial subdivisions, as well as
from a novel median (septal) subpallial subdivision that we termed the commissural preoptic
area (in addition to some extratelencephalic cells). In addition, the medial amygdala appears
to contain cells of extratelencephalic origin, and our data suggest that a specific part of it
derives from the ventral pallium.

MATERIALS AND METHODS

Mouse embryos of 12.5 days postcoitum (E12.5) through birth (P0), and postnatal mice
through day 7 (P7) were used in the present study. All animals were treated according to the
regulations and laws of the European Union (86/609/EEC) and the Spanish Government
(Royal Decree 223/1998; more recently Royal Decree 1021/2005) for care and handling of
animals in research. Pregnant female mice were deeply anesthetized with ethyl ether and the
embryos removed by cesarean section. Embryos from E12.5 through E15.5 were fixed by
immersion in phosphate-buffered 4% paraformaldehyde (pH 7.4). Older animals (E16.5—
E18.5 and PO-P7) were first anesthetized by cold or with ethyl ether, then perfused
transcardially with 0.6% NaCl saline solution, followed by phosphate-buffered 4%
paraformaldehyde (pH 7.4). The brains were dissected, postfixed overnight at 4°C, and
embedded in 4% agarose for sectioning. The brains were sectioned at 125-150 um-thick (for
hybridization) or 70 pm-thick (for immunohistochemistry) using a vibratome in either
frontal, horizontal, or sagittal planes.

Brain sections were processed for in situ hybridization following a standard procedure using
digoxigenin-labeled riboprobes (Pérez-Villegas et al., 1999; Medina et al., 2004). The genes
analyzed were DIx5 (Eisenstat et al., 1999), Nkx2.1 (Sussel et al., 1999), LAx6 (Grigoriu et
al., 1998), LAx7/8 (Grigoriu et al., 1998), Sonic hedgehog (Shimamura and Rubenstein,
1997), GbxI (Rhinn et al., 2004), and L/Ax9 (Retaux et al., 1999). For in situ hybridization
we synthesized antisense digoxigenin-labeled riboprobes for the genes mentioned above.
Following washes with phosphate-buffered (PB) saline (PBS; pH 7.4, 1x) containing 0.1%
Tween-20 (PBT 1x), sections were treated with proteinase K (10 pg/mL; Roche Diagnostics,
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Mannheim, Germany) in PBT for 5 minutes. After that, sections were abundantly washed
and postfixed with PB 4% paraformaldehyde containing 0.1% glutaraldehyde for 20
minutes. The basic solution for hybridization contained 25 mL (50%) of deionized
formamide, 3.25 mL of 20 standard saline citrate (pH 5), 0.5 mL of 0.5M ethylene-
diaminetetraacetic acid (pH 8.0; Sigma-Aldrich, Steinheim, Germany), 250 uL of yeast
tRNA (Sigma-Aldrich), 1 mL of 10% Tween-20, 100 pL of heparin (50 mg/mL; Sigma-
Aldrich), completed to 50 mL with water (free of RNAase and DNAase; Sigma-Aldrich).
Sections were prehybridized in this solution (diluted 1:1 in PBT 1x) at 58°C for 90 minutes.
Thereafter, sections were hybridized overnight at 58°C in the hybridization solution
containing 1 pL/mL of riboprobe. After hybridization, all sections were washed, incubated
in an alkaline phosphatase-coupled anti-digoxigenin antiserum (diluted 1:3,500; Roche
Diagnostics), and stained with BM Purple (Roche Diagnostics).

To better understand the localization of the genes and their relation to specific cell groups,
some series of parallel sections and some of the hybridized sections were immunostained for
calbindin (CALB), choline acetyltransferase (CHAT), neuropeptide Y (NPY), somatostatin
(SOM), or the transcription factor NKX2.1 (TTF-1; protein) following a standard avidin-
biotin procedure described previously (Legaz et al., 2005a). Series of parallel sections were
also stained for thionin.

For immunostaining we used the following primary antisera. The anti-CALB was raised in
rabbit against recombinant rat calbindin D-28k (Swant, Bellinzoa, Switzerland; Cat. No.
CB-38a; Lot No. 9.03 and 18F; used at a 1:2,000 dilution). Staining with this antiserum is
colocalized with the mRNA distribution of the same protein using in situ hybridization
histochemistry (Sequier et al., 1990). The anti-CHAT was generated in goat against the
recombinant human placental enzyme (whole enzyme) (Chemicon International, Germany;
Cat. No. AB144-P; Lot No. 220900336; used at a 1:100 dilution). The specificity of this
antiserum has been checked in rat by Western blot (Brunelli et al., 2005), and the staining
with it is colocalized with the mRNA distribution of the same enzyme using in situ
hybridization histochemistry (Oh et al., 1992). The anti-NPY was raised in rabbit against
synthetic porcine neuropeptide Y (whole molecule) conjugated to bovine serum albumin
(BSA) (DiaSorin (Stillwater, MN; Cat. No. 22940; Lot No. 208001; used at a 1:2,000
dilution). Staining with this antiserum was abolished when preincubated with the
immunizing peptide (manufacturer’s technical information). Moreover, staining with it is
colocalized with the mRNA distribution of the same peptide using in situ hybridization
(Gehlert et al., 1987). The anti-SOM was generated in rabbit against the synthetic human
peptide (whole molecule) conjugated to BSA (Chemicon International; Cat. No. AB5494;
Lot No. 23110299 and 24041363; used at a 1:1,000 dilution). Staining with this antiserum is
colocalized with the mRNA distribution of the same peptide using in situ hybridization
histochemistry (Fizpatrick-McElligott et al., 1988, 1991). Finally, the anti-NKX2.1 (anti-
thyroid transcription factor 1 or TTF-1) was raised in rabbit against a synthetic peptide
derived from rat TTF-1 (110-122 amino acids at the amino terminus) (Biopat
Immunotechnologies, Italy; Cat. No. PA 0100; used at a 1:1,000 dilution). Staining with this
antiserum is colocalized with the mRNA distribution of the same protein using in situ
hybridization histochemistry (Lazzaro et al., 1991; Marin et al., 2000, 2002; present results).
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The primary antisera were diluted in PBS containing 0.3% Triton X-100 and the tissue was
incubated for 2 days at 4°C under constant and gentle agitation. Following this incubation
and standard washes in PBS-Triton the sections were incubated in a secondary antiserum for
1 hour at room temperature. The secondary antisera used were either biotinylated goat
antirabbit IgG (for CALB, NPY, SOM, and TTF-1) or biotinylated rabbit antigoat 1gG (for
CHAT). Both secondary antisera were purchased from Vector (Burlingame, CA) and were
diluted at 1:200. After washing the sections were incubated in the avidin-biotin complex
(ABC kit; Vector; 0,003% dilution) for 1 hour at room temperature. The immunolabeling
was revealed by 0.05% diaminobenzidine (DAB; Sigma-Aldrich) in 0.05 M Tris (pH 7.6)
containing 0.03% H,0,. To check the specificity of our secondary antisera, some sections
were processed omitting the primary antiserum.

For identification of telencephalic cell masses during development, we used known atlases
of developing mouse (Jacobowitz and Abbot, 1997) and rat (Paxinos et al., 1994; Foster,
1998) brain, as well as our own publications on the subject. For BST and amygdalar
subdivisions we followed the brain atlas of Paxinos et al. (1999) and Paxinos and Franklin
(2004), which followed the scheme of Alheid et al. (1995).

Finally, digital photographs were taken on a Leica microscope (DMR HC) equipped with a
Zeiss Axiovision digital camera. Digital images were adjusted for brightness/contrast using
Adobe Photoshop and figures were mounted and labeled using FreeHand 10.

RESULTS

The combined expression of DIx5, Nkx2.1, Lhx6, Lhx7/8, Gbx1, Shh, SOM, NPY, CALB,
and CHAT has enabled us to distinguish striatal, pallidal, and septo-penduncular subpallial
progenitor subdomains and their derivatives, which contribute cells to the amygdala proper,
the extended amygdala (including the BST), and the septum. These results have also
provided evidence for a novel commissural preoptic subdivision, located at the base of the
septum.

The septo-peduncular subdivision corresponds to a domain that extends rostrocaudally from
the pallidal septum to the AEP; the AEP is located across the telencephalic stalk and is
related to (contains) the cholinergic corticopetal cells groups of the basal telencephalon (see
below) and to the internal capsule/cerebral peduncle when entering/exiting the telencephalon
(Bulfone et al., 1993; Marin and Rubenstein, 2002; Puelles et al., 2004). Since the AEP is
associated with the peduncular region but is not restricted to cells inside the peduncle (as the
term “entopeduncular” mistakenly suggests), here we prefer to refer to it as the “anterior
peduncular area.”

Below we describe our results on genes expressed in the subpallium in two developmental
periods: 1) early development (E12.5-E14.5), when all subpallial progenitor domains are
distinguishable and some of their derivatives are already migrating into the mantle (Figs. 1—
5); 2) intermediate-late development (E16.5-P7), when most of the derivatives of each
subpallial subdivision are in their final (or nearly final) positions in the mantle (Figs. 6-13).
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Finally, we also provide data on Lhx9 expression, which suggests that the ventral pallium
contributes some cells to the medial amygdala (Fig. 14).

Early subpallial development: distinction of striatal, pallidal, septo-peduncular, and
commissural preoptic subdivisions

During early mouse development (E10.5-E14.5), DIx5 expression appears to mark the entire
subpallium (Eisenstat et al., 1999), whereas expression of Nkx2.1, Lhx6, and Lhx7/8 in
progenitor zones is restricted to the pallidal (MGE), septo-peduncular, and preoptic regions
(Fig. 1; Table 1A,B) (Grigoriu et al., 1998; Marin et al., 2000; Asbreuk et al., 2002; Marin
and Rubenstein, 2002). At E12.5 the lateral ganglionic eminence (LGE; corresponding to the
striatal subdivision) shows DIx5 expression, but lacks expression of Nkx2.1, Lhx6, and
Lhx7/8, except in tangentially migrating interneurons destined for the striatum and pallium
(Fig. 1A-F). On the contrary, all of these genes (DIx5, Nkx2.1, Lhx6, and Lhx7/8) are
expressed in the medial ganglionic eminence (MGE; corresponding to the pallidal
subdivision) plus an additional ventricular ridge at the junction between the lateral and third
ventricle, corresponding to the anterior peduncularpreoptic ridge. The latter ridge is
continuous rostromedially with the septum (Fig. 1D-F). In contrast to the MGE, at E12.5 the
peduncular-preoptic ridge does not show mantle zone expression of DIX5, Lhx6, and Lhx7/8,
whereas it exhibits ventricular zone expression of Shh (Fig. LA-I). However, only part of the
peduncular-preoptic ridge expresses Shh in the ventricular zone (Fig. 1F-I). Analysis at
E14.5 indicates that this Shh-expressing ventricular zone domain is restricted to a median
(septal) region of the subpallial preoptic area where the anterior commissure crosses the
midline (Fig. 2A,C,E). For this reason, we called this Shh-expressing domain the
commissural preoptic area (POC). Comparison of Shh and Lhx6 expression indicates that
the POC represents a distinct histogenetic subdivision of the preoptic subpallium, which is
intercalated between the AEP and more rostroventral parts of the preoptic area (Fig.
2B,C,E).

At E12.5 a band of Shh-expressing cells extends tangentially from the POC ventricular zone
into the subventricular zone of the AEP and MGE (best seen in horizontal section; arrows in
Fig. 1J). POC derivatives identified by their Shh expression are observed more clearly at
E14.5, and include the dorsolateral part of the preoptic area (Figs. 2E,F; 3). Shh expression
extends lateralward to invade the primordium of the medial amygdalar nucleus (Me),
reaching its anterior and posteroventral subdivisions (MePV) (Figs. 2F, 3C). This suggests
that at least a subset of cells in these medial amygdalar subnuclei originate in POC (see
discussion). As previously, at E14.5 Shh signal still extends into the subventricular zone of
the MGE, AEP (Fig. 2E), and pallidal part of the septum (not shown).

Comparison of Shh and Gbx1 suggests that some POC-derived cells apparently express
Gbx1 or overlap with cells doing so (Fig. 1J,K). Correlation of Gbx1 and CHAT (a marker
of cholinergic neurons) suggests that the Gbx1-expressing cells include the corticopetal
cholinergic neurons of the basal telencephalon, such as those of the diagonal band nucleus
and medial septum, as well as those of the basal magnocellular complex (Fig. 4A,B,E,F). As
previously observed (Asbreuk et al., 2002; Zhao et al., 2003), these corticopetal cholinergic
cell groups also express the LIM-homeodomain gene Lhx7/8 (Fig. 4C,D).
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In contrast to the POC, the AEP lacks ventricular zone expression of Shh and is
topographically related to the locus where the internal capsule/cerebral peduncle enters/exits
the telencephalon (Figs. 1G, 2C,E,F, 3A,B; Table 1A,B). During early development the AEP
resembles the MGE in its molecular profile: expression of DIx5, Nkx2.1, Lhx6, and Lhx7/8,
and lack of ventricular zone expression of Shh (Figs. 1A-G, 2A-C,E). However, analysis of
Lhx6 and SOM at E14.5 indicates that the AEP corresponds to a distinct radial domain,
sandwiched between the MGE (pallidum proper) and the POC, which produces specific cell
groups such as SOM+ cells (Fig. 2B,D). This suggests that the AEP might represent a
pallidal-like domain distinct from MGE, and we might talk about a main or principal
pallidum (MGE; pallidum proper) and a peduncular or AEP pallidum. The AEP is rostrally
continuous with the pallidal part of the septum, which shows a similar molecular profile
(Fig. 1D-F). However, while the septal and AEP subdivisions of the pallidal-like septo-
peduncular domain share common molecular features, they also have distinct properties. For
example, at E14.5 the AEP (but not the pallidal septum) is specifically related to a stream of
SOM-immunostained cells that spread radially from the ventricular zone to the brain surface
(Fig. 2D). These SOM-immunostained cells spread below the developing globus pallidus,
across the developing sublenticular* extended amygdala. At caudal telencephalic levels,
AEP derivatives—expressing Lhx6 and including SOM+ cells—appear to enter the
amygdala proper and are related to the primordium of the intraamygdaloid part of the BST
(BSTia; Figs. 2D, 3B,D). The connection between the AEP ventricular zone and the
amygdala proper is also evident in horizontal sections (Fig. 5). In this view the AEP appears
as a distinct Lhx6-expressing domain extending from the ventricular zone, through the path
of the stria terminalis, into the BSTia and MePD regions of the amygdala, which correlates
with a cell corridor of CALB+ cells following a similar trajectory (Fig. 5A-C).

Thus, the AEP is a distinct histogenetic subdivision of the subpallium, related to the internal
capsule / cerebral peduncle, and appears to produce SOM+ and CALB+ cells that spread
into specific parts of the amygdala primordium. All of these features make the AEP clearly
distinct from the pallidal septum, MGE, and POC (Figs. 2B,D, 5A-E).

Intermediate—late stages of subpallial development: amygdalar derivatives of the striatal,
pallidal, pallidoseptal, peduncular, and commissural preoptic subdivisions

At E16.5 the mouse telencephalon and, in particular, the amygdala proper and the extended
amygdala (including the BST) begin to show a mature morphological aspect (Figs. 6C, 7—
10). All major amygdalar nuclei/areas are distinguishable and most of them appear located
at final (or nearly final) positions. The expression of DIx5, Nkx2.1, and Lhx6 at E16.5 is—in
general—similar to that at E14.5, allowing distinction of striatal derivatives versus
derivatives from the MGE, septo-AEP, and POC subdivisions (Figs. 6, 7; Tables 1C, 2). In
addition to the strong Lhx6 expression in the pallido-septo-AEP-POC territory, this gene is
also expressed in immature interneurons that emigrate tangentially into the striatum and

*The topographic term “sublenticular” refers to the globus pallidus—putamen complex, originally called “lenticular nucleus” in
classical anatomical works; “supra,” “retro,” and “sublenticular” are still in use in neuroanatomical and neurological terminology,
although “lenticular nucleus” has fallen into disuse, due to its implicit erroneous assumption that the putamen and globus pallidus
form a morphological unit.
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pallium/cerebral cortex (including the claustrum and pallial amygdala; Marin et al., 2000;
Alifragis et al., 2004; Legaz et al., 2005b) (Figs. 2B,C, 7C).

Differences in the expression of Nkx2.1, Lhx7/8, and Shh, together with CALB, CHAT,
NPY, and SOM, help distinguish MGE, pallidoseptal, AEP, and POC derivatives at E16.5.
Nkx2.1 expression (MRNA and protein) is very strong in MGE derivatives, but is clearly
weaker in pallidoseptal, AEP, and POC derivatives (Figs. 7D, 8B,C; here the NKX2.1
protein is detected by immunohistochemistry, which closely resembles Nkx2.1 mRNA
expression; Table 1C). In addition, by E16.5 Lhx7/8 expression is reduced in the progenitor
zones of MGE and AEP and becomes primarily restricted to the globus pallidus, pallidal
septum, and POC, plus some derivatives such as the diagonal band nuclei and dorsolateral
preoptic area (Figs. 7B,E, 8E). Moreover, at E16.5 Shh continues to be specifically
expressed in POC derivatives in the mantle (Figs. 9C, 10B).

On the other hand, while most AEP derivatives contain a subpopulation of NPY- or SOM-
immunostained cells, derivatives from MGE, pallidal septum, or POC generally show very
little or no trace of NPY or SOM immunoreactivity at E16.5 (for example, Fig. 8D; see
below for details). Furthermore, although CALB+ neurons are numerous in many parts of
the telencephalon at E16.5, the AEP continues to be particularly rich in CALB+ cells.
Double labeling of Lhx6 and CALB indicates that the CALB-rich AEP domain is physically
connected to (is continuous with) the ventricular zone of the caudal septum, and can be
followed more rostrally into a narrow cell band (Fig. 11), which appears related to a rostral
and septal part of the extended amygdala. Thus, several features, such as the high density of
CALB-+ cells, distinguish the AEP (including its narrow septal extension) from the pallidal
septum.

Therefore, the combined analysis of the expression of DIx5, Nkx2.1, Lhx6, Lhx7/8, Shh,
and several markers of specific neuronal subpopulations (including CALB, NPY, SOM, and
CHAT) at E16.5 and during later development distinguishes striatal, pallidal, pallidoseptal,
AEP, and POC subpallial derivatives, and are particularly relevant for those in the
centromedial and extended amygdala. Below we describe how these patterns evolve from
E16.5 through P7; these results are summarized in Tables 1C and 2 and Figures 15 and 16.

Striatal derivatives (from LGE)—These are defined by strong, nearly homogeneous
expression of DIx5 and scattered expression of Nkx2.1 or Lhx6 in interneurons produced in
the pallido-peduncular region (Marin et al., 2000). During late development, DIX5
expression (previously in the entire subpallium) becomes restricted to LGE and its
derivatives, and appears to be downregulated in MGE and AEP. Moreover, most striatal
derivatives (except at caudal levels) can be distinguished from those of other subpallial
subdivisions by their specific expression of the LIM-only gene Lmo4 (Fig. 6B). Based on
these criteria, the following nuclei of the amygdala and extended amygdala have striatal-like
molecular properties: 1) the interstitial nucleus of the posterior limb of the anterior
commissure, or IPAC (previously called striatal fundus; a medial portion of IPAC is
considered to be part of the extended amygdala; Alheid et al., 1995; Shammah-Lagnado et
al., 2001); 2) the central amygdalar nucleus (Fig. 6A-D); 3) the main intercalated amygdalar
masses; and 4) the dorsal part of the anterior amygdala (not shown; Medina et al., 2004; Tole
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et al., 2005). In contrast, no part of the medial amygdala meets these criteria. Curiously, the
BSTL, which shows expression of pallidal marker genes such as Nkx2.1 and Lhx6, and
appears to primarily derive from MGE (see below) (Fig. 7C,D), also shows expression of
DIx5 during intermediate—late development (Fig. 6A). This suggests that BSTL includes a
subset of neurons that originate LGE (see below).

Pallidal derivatives (from MGE or pallidum proper)—These are defined by very
strong expression of Nkx2.1 (both mRNA and protein) and Lhx6 and include the globus
pallidus and part of the ventral pallidum (these centers represent the major parts of the
pallidum proper; Figs. 7C,D, 8A—C). However, based on NKX2.1 expression and
topography, only a caudal, commissural part of the ventral pallidum (at the level of the
posterior limb of the anterior commissure) appears to derive from MGE (Fig. 7D). In
contrast, the rostral (precommissural) part of the ventral pallidum only shows moderate
NKX2.1 expression (not shown) and appears directly connected to (and to derive from) the
pallidal septum (see below; Fig. 7A,B). Furthermore, the MGE and some of its
periventricular derivatives show only negligible Lhx7/8 signal at E16.5 (Fig. 7E); this trend
for Lhx7/8 downregulation becomes more pronounced later in development.

The lateral part of the developing BST (BSTL; which includes the primordium of the oval
subnucleus, as identified by Ju and Swanson, 1989; this is called dorsal subnucleus in the
atlas by Paxinos and colleagues) lies immediately adjacent to the proliferative zone of MGE,
intercalated between this and the pallidum (ventral pallidum; globus pallidus; Figs. 7, 8). It
shows Nkx2.1 and Lhx6 expression, but only negligible Lhx7/8 expression (Figs. 7C-E,
8A-C). Based on its position and gene expression profile during early development, the
BSTL primordium may primarily derive from MGE. However, the expression of NKX2.1
protein and Lhx6 in the BSTL is only moderate to light at E16.5 (Figs. 7C,D, 8A-C), and
becomes generally weak during subsequent development. During the first postnatal week the
BSTL only contains scattered cells showing nuclear expression of NKX2.1 (Fig. 13). This is
in sharp contrast with other MGE derivatives, and raises question as to the origin of BSTL
cells that do not express NKX2.1 (see Discussion). As noted above, the BSTL also shows
expression of DIx5 during late development (Fig. 6A), suggesting that it contains a subset of
striatal cells (possibly immigrant cells).

In general, the expression patterns described in MGE and derivatives at E16.5 are still
observed at E18.5 and during the first postnatal week (Fig. 13A-D). At P7, most MGE
derivatives (including the globus pallidus) lack or show relatively low Lhx7/8 signal (Fig.
13E,F). In the globus pallidus, strong expression of Lhx7/8 has become mostly restricted to
a subpopulation of cells (Fig. 13E,F), which—based on their somatic size and number—
could correspond to the cholinergic neurons.

Septopallidal and AEP derivatives—At E16.5 and later the molecular features of the
septopallidal and AEP subdivisions and their derivatives are, in general, similar to those of
the pallidum proper (MGE) and derivatives, with slight differences in expression intensity of
Nkx2.1, Lhx6, and Lhx7/8 (Figs. 7-11; Table 1C). In general, Nkx2.1 expression is
strongest in the MGE, intermediate in the pallidal septum, and weak in the AEP (Table 1C).
Pallidoseptal and AEP derivatives generally show moderate-to-strong Lhx6 expression
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(except part of the pallidal septum, such as the lateroventral septal nucleus, which shows
very low Lhx6 signal). On the other hand, Lhx7/8 expression is moderate to strong in
derivatives of the pallidal septum, but most AEP derivatives generally show weak expression
of Lhx7/8.

Two additional features are going to distinguish the pallidal septum from the AEP and MGE:
1) the topographic position in the septum or the morphological evidence that cells derive
directly from it; 2) the relation with subpopulations of peptidergic (SOM+, NPY+) or CALB
+ cells, which are typical in AEP derivatives (in fact, the AEP appears to be an important
source of these types of cells in the telencephalon, although additional sources appear to
exist). In contrast to AEP derivatives, the pallidal septum is generally poor in these cell

types.

Based on these features the lateroventral septal nucleus and a rostromedial (precommissural)
part of the ventral pallidum appear to derive from the pallidal septum (Figs. 4C, 7B-E, 16).
The medial septal nucleus, or part of it, may also be a derivative of the pallidal septum (Fig.
7B, 16). However, the medial septum also shows Gbx1 expression correlated with a
subpopulation of cholinergic cells that may derive from POC (see below).

On the other hand, most AEP derivatives are located at the level of the anterior commissure,
or more caudally, generally show strong Lhx6 expression but moderate to light Nkx2.1 and
Lhx7/8 expression, and have densely grouped CALB+ cells or dispersed NPY+ or SOM+
cells. Based on this, the anterior part of the medial BST (BSTMa), part of the posterior
BSTM (mainly its posteromedial part or BSTMpm) and the intramygdaloid BST (BSTia)
appear to derive from the AEP (Figs. 7C-E, 8A-C,E, 10A, 16). Further, the ventral part of
the anterior amygdala (AAv), the posterodorsal part of the medial amygdala (MePD), and at
least part of the anterior medial amygdalar nucleus (MeA) also appear to derive from the
AEP (Figs. 8A-C, 9A,B, 10A, 12B, 16). However, the MeA also shows Shh expression (Fig.
9C), suggesting that MeA also may contain cells derived from POC (see below and
Discussion).

Most of the extended amygdala also appears to derive from the AEP division. This includes
its sublenticular part (SLEA, below the globus pallidus), extending from the periventricular
part of BSTM to the MeA and BSTia/MePD (Figs. 8A-C, 9A). In addition, a rostromedial
extension of the extended amygdala (in the septum) that is rich in CALB+ cells also appears
to derive from AEP (Figs. 11, 16). This rostral extension abuts the precommissural part of
the ventral pallidum (sandwiched between it and the diagonal band nucleus); this region is
sometimes referred to in the literature as the anterior part of the substantia innominata (Gritti
etal., 1993, 2003).

In addition to the numerous NPY+ or SOM+ cells present in many AEP derivatives (except
its extension into the septum), a subpopulation of dispersed NPY+ or SOM+ cells is also
present in striatal and pallial (cortical) derivatives, including striatal and pallial parts of the
amygdala (Figs. 8D, 9F, 10C,D, 12E,F). These peptidergic cells observed in striatal and
various pallial regions may represent immigrant cells of AEP origin. Among them, there is a
striking group of large SOM-containing cells located in part of the central amygdala at
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E16.5 (Figs. 9D, 10C,D). Later in development, this specific cell group appears to represent
a specific subpopulation of neurons located in the medial part of the central amygdala (CeM;
Fig. 12E,F).

POC derivatives—At E16.5 and later, POC and some of its derivatives continue to
show strong expression of Shh and/or Lhx7/8. Based on this, the so-called anterodorsal
preoptic nucleus (ADP, adjacent to the anterior commissure) and the lateral preoptic area
appear to derive from the POC (Figs. 2E, 7E, 9E, 13B,C). Further, the paramedian preoptic
nucleus (not shown) and ventromedial preoptic nucleus (Fig. 13C) express either Shh or
Lhx7/8, respectively, suggesting that they may originate in POC. As previously (E14.5), its
strong Shh expression suggests that the posteroventral part of the medial amygdalar nucleus
(MePV), particularly a central part of it, may at least partially derive from POC (Fig. 10B).
In addition, based on its weak Shh signal, the MeA may receive a minor cell contribution
from the POC (Fig. 9C). However, both MePV and MeA may also include cells from
hypothalamic origin (see Discussion). Finally, the correlation between Gbx1, Lhx7/8, and
CHAT (also observed at E14.5) suggests that the corticopetal cholinergic cell groups
(CHAT-immunoreactive) of the basal telencephalon derive from POC, including the
cholinergic neurons of the basal magnocellular complex, plus those of the diagonal band
nucleus and medial septum (Figs. 4A-E, 7E,F, 8E,F).

Ventral pallial contribution to the medial amygdala based on Lhx9 expression

At E12.5 the ventral pallium shows specific expression of the LIM-homeodomain gene Lhx9
(Fig. 14A; Tole et al., 2005; see also Retaux et al., 1999). At this age the in situ
hybridization signal is located in the ventral migratory stream plus the ventral pallial part of
the amygdala. Interestingly, the expression domain of Lhx9 in the pallial amygdala bends
medially near the surface and overlaps partially the medial amygdala primordium (Fig.

14A). This is also observed at E14.5, suggesting that the ventral pallium produces some cells
of the medial amygdala. At E14.5-E16.5, Lhx9 expression is specifically observed in
amygdalar derivatives of the ventral pallium, including the basomedial amygdalar nucleus,
the anterior and posteromedial cortical amygdalar areas, layer 1 of the nucleus of the lateral
olfactory tract (LOT1), the bed nucleus of the accessory olfactory tract (BAOT), as well as
the anterior and posteroventral parts of the medial amygdala (MeA, MePV; Fig. 14B-E). At
E18.5, expression of Lhx9 in MePV becomes restricted to a thin superficial band, coinciding
with an area of high cell density of this nucleus (Fig. 14G). This particular superficial area of
MePV did not show Shh expression at E16.5, which suggests that MePV contains two
distinct subdivisions of different origins: a superficial band, expressing Lhx9, that derives
from the ventral pallium; and a central part, expressing Shh, that derives from the POC (and
possibly the hypothalamus; see Discussion).

DISCUSSION

Four subpallial histogenetic divisions produce most of the cell masses of the
centromedial and extended amygdala

We present evidence, based on the combined analysis of the expression of seven
developmental regulatory genes and four phenotypic neuronal markers, indicating that the
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mouse subpallium contains at least four major histogenetic divisions that give rise to
different parts of the centromedial and extended amygdala (including the BST) (Figs. 15,
16). These divisions are the LGE (striatal division), the MGE (the pallidum proper), the AEP
pallidum and a novel commissural preoptic division or POC (at the base of the septum, in
relation to the anterior commissure and dorsolateral preoptic area). Conventional
developmental studies already indicated the contribution of LGE and MGE to parts of the
amygdala and the BST (Holmgren, 1925; see also Bayer, 1987; review by Swanson, 2000).
More recently, analysis of transcription factors combined with morphological analysis
indicated that the subpallium includes four major subdivisions: the LGE (striatal part), the
MGE (pallidal part), the so-called anterior entopeduncular area or AEP, and an anterior,
subpallial part of the preoptic area (Bulfone et al., 1993; Puelles and Rubenstein, 1993,
2003 Puelles et al., 2000; Marin and Rubenstein, 2002). The AEP was initially related to the
cholinergic and other cell groups at the telencephalic stalk, and to the fiber tracts that go
through it connecting telencephalon and thalamus/brainstem (internal capsule/cerebral
peduncle) or both hemispheres (anterior commissure) (reviewed by Marin and Rubenstein,
2002).

The LGE, MGE, and AEP were previously noted to express different combinations of
developmental regulatory genes (encoding transcription factors or signaling proteins), and
some of these were used as markers to identify the derivatives of each division. The LGE
and its derivatives were characterized by expression of DIx1/2/5 (Puelles et al., 2000;
Medina et al., 2004); the MGE derivatives were characterized by expression of DIx1/2/5 and
Nkx2.1 (Sussel et al., 1999; Puelles et al., 2000); and the AEP was characterized by
expression of DIx1/2/5, Nkx2.1, and Shh (Shimamura and Rubenstein, 1997; reviewed by
Marin and Rubenstein, 2002; Puelles et al., 2004). These studies provided evidence that the
central amygdala derives from the LGE (striatal subdivision) (Puelles et al., 2000; Medina et
al., 2004; Tole et al., 2005), an anterior part of the BST derives from the Nkx2.1-expressing
domain (including MGE or pallidal subdivision) (Puelles et al., 2000), whereas the AEP was
said to give rise to most cholinergic cells of the basal telencephalon (Marin and Rubenstein,
2002; Zhao et al., 2003) and was also considered a source of telencephalic oligodendrocytes
(Olivier et al., 2001).

Our results largely corroborate fundamental aspects of earlier work, but provide novel and
more specific data on the amygdalar derivatives of each subpallial subdivision. In addition,
we present data indicating that the previously defined AEP consists of two distinct
histogenetic subdivisions: a true AEP related to the peduncle (here called the anterior
peduncular area; see Results); and a novel commissural preoptic area (or commissural septo-
preoptic area; POC), located at the base of the septum and related to the anterior commissure
and dorsolateral preoptic area. Notably, only the POC—but not the AEP—shows ventricular
zone expression of Shh. Based on Shh expression, we propose that POC derivatives include
at least a subpopulation of cells of the medial amygdala. In addition, POC derivatives appear
to include the cholinergic corticopetal cell groups of the basal telencephalon, such as the
basal magnocellular complex (basal nucleus and preoptic magnocellular nucleus), the
diagonal band nuclei, and likely the cholinergic cells of the medial septum, which show
expression of Gbx1 as well as Lhx7/8 (Asbreuk et al., 2002; Zhao et al., 2003). In addition,
since the POC is the only telencephalic ventricular sector expressing Shh, it is likely that it
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constitutes the source of telencephalic oligodendrocytes previously attributed to the Shh-
expressing AEP (Olivier et al., 2001; Kessaris et al., 2006).

Our results also show a specific and interesting relation between the expression of Shh and
the developing anterior commissure. Data in the spinal cord have indicated that—in addition
to its known role in dorsoventral patterning during early developmental stages (Briscoe and
Ericson, 2001)—Shh has other roles later in development, guiding commissural growing
axons (Charron et al., 2003; Bourikas et al., 2005). In particular, in the spinal cord Shh acts
(in collaboration with netrin-1) as a chemoattractor of growing axons toward the floor plate
where the commissure forms (Charron et al., 2003), or, later, as a repellent factor of
postcommissural growing axons, leading them to turn and direct rostrally (Bourikas et al.,
2005). The close relationship between Shh expression and the anterior commissure during
early development suggests that, in the telencephalon, Shh may also play a role in guiding
commissural growing axons.

In contrast to the POC, the AEP lacks ventricular zone expression of Shh. At E14.5 the AEP
appears as a distinct histogenetic territory sandwiched between POC and MGE, which
expresses both Lhx6 and Nkx2.1, and is related to a distinct cell corridor of peptidergic
(SOM+ or NPY+) and calbindin-containing neurons spreading through the extended
amygdala into the amygdala proper. The close relationship between the AEP and a corridor
of CALB+ cells extending into the amygdala was noted in a previous publication (Legaz et
al., 2005a). The AEP is rostromedially continuous with the pallidal septum, and both show a
similar molecular profile. However, only the AEP is correlated with the corridor of
peptidergic or CALB+ cells and produce cell groups distinct from those of the pallidal
septum (see below). Based on their molecular profile similar to that of MGE during early
developmental stages—strong expression of Nkx2.1, Lhx6, Lhx7/8 and lack of Shh—the
pallidal septum and AEP subdivisions appear to represent additional pallidal-like domains of
the telencephalon (septal pallidum and peduncular pallidum), distinct from the MGE (which
represents the pallidum proper). As explained in detail in the next section, the MGE and
AEP (as well as the POC) produce different parts of the medial and extended amygdala
(including the BST).

In addition, a previous study indicated that the septum also includes a striatal-like division
that expresses DIx family genes but lacks Nkx2.1 expression in the proliferative zone
(Puelles et al., 2000). In fact, Puelles et al. (2000) already showed that all subpallial
subdivisions extend rostromedially into the septum. Our data are consistent with this, and
provide additional evidence indicating that the subpallial part of the septum actually includes
striatal, pallidal, AEP, and POC subdomains (Fig. 16). Based on expression of Nkx2.1,
Lhx6, Lhx7/8, and specially Gbx1, the diagonal band nuclei and perhaps the cholinergic
cells of the medial septum appear to derive from POC (Figs. 15, 16). On the other hand, the
lateroventral septal nucleus expresses Nkx2.1, Lhx7/8, but not Gbx1, and appears to derive
from the pallidal septum. Previous functional studies considered the medial septum and
diagonal band as the “pallidal part” of the septum, whereas the lateral septum was
considered “striatal,” irrespective of their apparent superposed radial disposition (Swanson,
2000). Our data provide an alternative map of the histogenetic divisions of the septum,
which may help in the understanding of some septal connectivity patterns. For example, the
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lateroventral septal nucleus shows connections similar to those of some derivatives of the
peduncular pallidum or AEP (as the anterior BSTM), such as subicular (hippocampal) input
and output to the neuroendocrine hypothalamic zone (Swanson, 2000; Dong et al., 2001),
and both may represent pallidal-like output stations of the telencephalon.

On the other hand, our data indicate that a large rostral, precommissural part of the ventral
pallidum derives from the septal pallidum (or pallidal septum), but the remaining caudal,
commissural part of the ventral pallidum derives from MGE (Figs. 15, 16). It would be
interesting to analyze in the future whether these two parts differ substantially in their
connectivity patterns. Based on its apparent MGE origin, the connections of the commissural
ventral pallidum might be similar to those of the globus pallidus (also a MGE derivative),
and might be primarily related to somatomotor functions. On the contrary, based on its
pallidoseptal origin, the rostral part of the ventral pallidum might be primarily connected to
parts of the so-called limbic system (hippocampus, septum, hypothalamus).

Amygdalar and extended amygdalar derivatives of the LGE, MGE, AEP, and POC

Our gene expression results suggest that the subpallial subdivisions LGE, MGE, AEP, and
POC give rise to different parts of the centromedial and extended amygdala (including the
BST) (Figs. 15, 16).

Striatal derivatives (from LGE)—Based on their strong DIx5 expression and weak
Nkx2.1, Lhx6, and Lhx7/8 expression, the IPAC, the central amygdalar nucleus, and the
main intercalated amygdalar masses appear to derive from the LGE (possibly from its caudal
extension in the so-called caudal ganglionic eminence), thus representing the striatal parts of
the amygdala proper and extended amygdala. This is consistent with the previous suggestion
of the striatal nature of the central amygdalar nucleus (Puelles et al., 2000; Medina et al.,
2004) and main intercalated masses (Medina et al., 2004) based on expression of Pax6
and/or DIx2/5, but the absence of pallial marker genes such as Thrl. Our interpretation is
also consistent with the suggestion that the central and intercalated amygdalar nuclei are in
part derived from the dorsal part of the LGE (dLGE), a molecular subdomain expressing
Pax6 but lacking pallial marker genes such as Lhx2, Lhx9, and Emx2 (Yun et al., 2001; Tole
et al., 2005). Similarly, it appears that the dorsal part of the anterior amygdala (AAd) is also
a dLGE derivative (Tole et al., 2005). Our results provide novel developmental evidence
supporting the striatal nature of IPAC (previously called striatal fundus or fundus striati)
(Alheid et al., 1995, 1999 Shammah-Lagnado et al., 2001). In particular, Shammah-
Lagnado et al. only considered the lateral part of IPAC as “striatal,” whereas its medial part
was considered to be part of the extended amygdala system. According to our data, both
parts may be striatal derivatives. Consistent with their LGE (striatal) origin, the central and
main intercalated nuclei, as well as the IPAC, show striatal-like chemoarchitecture and
connectivity features (Swanson and Petrovich, 1998; Swanson, 2000; Shammah-Lagnado et
al., 2001; Gartner et al., 2002).

In addition, the BSTL—which as discussed below appears to primarily derive from MGE—
also shows DIx5 expression, suggesting that although primarily pallidal it may contain a
subset of striatal cells (originating in LGE). This is consistent with a previous suggestion
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that part of BSTL originates in the caudal ganglionic eminence (CGE) (Nery et al., 2002),
which includes a major striatal domain. Nery et al. consider the CGE as a histogenetic entity
distinct from LGE and MGE, giving rise to distinct subsets of cortical and subcortical
neurons, including those of the central amygdala and part of BSTL. However, the CGE
includes striatal and pallidal portions (the CGE contains, in fact, a major caudal continuation
of LGE and a minor caudal continuation of MGE) and, for this reason, the conclusions of
Nery et al. (2002) need to be considered with caution. Nevertheless, it appears that the
striatal part of CGE gives rise to a different subset of cortical interneurons (Xu et al., 2004),
and includes a dorsal subdomain (apparently an expanded caudal continuation of dLGE) that
gives rise to the central amygdala (Tole et al., 2005). Perhaps this striatal dorsal subdomain
of CGE giving rise to part of the central extended amygdala also produces a subset of cells
that populate part of the BSTL (a structure that, as noted above and below, appears to be
primarily pallidal).

MGE, AEP, and POC derivatives—Our results indicate that the MGE, AEP, and POC
subpallial subdivisions give rise to different parts of the medial and extended amygdala
(including different parts of the BST) (Figs. 15, 16). The three subdivisions show strong
expression of Nkx2.1, Lhx6, and Lhx7/8 during early development, and from E16.5 they
start to show differences in expression intensity (see details in Results and Table 1C).
Moreover, POC differs from the rest because of its expression of Shh, whereas the AEP
differs due to its correlation with SOM+, NPY+, and CALB+ cells (Table 1C). Based on the
features explained above and summarized in Table 1C, the AEP appears to give rise to
MePD, part of MeA, several BST subnuclei (BSTMa, BSTMpm, BSTia), the sublenticular
and rostral/septal parts of the extended amygdala (SLEA, SEA), and the ventral part of the
anterior amygdala (AAv) (Fig. 16). The posterolateral part of the BSTM (BSTMpl) shows
weak expression of Nkx2.1, Lhx6, and Lhx7/8, and apparently includes a minor
subpopulation of subpallial cells (perhaps derived from AEP and/or POC). Based on Shh
expression, the POC may generate at least a subset of cells of MePV (located in its central
part) and MeA, although these nuclei also appear to include cells of diencephalic origin (see
next section) (Fig. 16). Based on the expression of Lhx9, some cells of MeA and a
superficial part of MePV derive from the ventral pallium. On the other hand, based on its
position and gene expression profile, the BSTL primoridum may primarily derive from the
MGE (pallidum proper) (Fig. 16). However, as it matures it appears to receive a
subpopulation of striatal neurons (based on DIx5 expression and experimental data provided
by Nery et al., 2002; explained above). In addition, BSTL may receive a subset of
Shhexpressing cells derived from POC, noted above to migrate tangentially into MGE (Figs.
1], 2E).

Our results are consistent with the previous suggestions that part of BST derives from the
Nkx2.1-expressing domain of the subpallium (Puelles et al., 2000) or from MGE (Bayer,
1987). Our data also confirm previous descriptions of expression of several LIM-
homeodomain genes (Lhx6, Lhx9) in specific subnuclei of the medial amygdala during
development (Remedios et al., 2004; Tole et al., 2005). Recent data indicate that these
transcription factors are also expressed in similar patterns in the amygdala of adult mice
(Choi et al., 2005). However, our analysis of the combinatory expression patterns of genes
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and markers of neuronal subtypes provides relevant information for understanding the exact
histogenetic origin of many parts of the centromedial and extended amygdala in either LGE,
MGE, AEP, or POC subdivisions of the subpallium, or in the ventral pallium. Moreover, our
analysis provides the embryological basis that helps understanding the complex molecular,
cellular, and anatomical features of the centromedial and extended amygdala.

Comparison to previous studies on the centromedial and extended amygdala

Medial amygdala: multiple subdivisions and origins—Our analysis is
particularly relevant for understanding the medial amygdala, which appears to be formed by
components of different origins: MePD from AEP, a central part of MePV from POC, a
superficial part of MePV from the ventral pallium, and MeA from AEP, POC, and ventral
pallium (Fig. 16). As discussed below, it is likely that MePV and MeA also contain cells of
hypothalamic/diencephalic origin. Remarkably, no part of the medial amygdala derives from
the pallidum proper or MGE, although some cell groups derive from the peduncular
pallidum or AEP (i.e., these could be regarded as pallidal-like based on their similar
molecular profile). However, our data disagree with the suggestion of a striatal nature of the
medial amygdala (Swanson and Petrovich, 1998; Swanson, 2000). Our data are consistent
with a recent study showing that Lhx6- and Lhx9-expressing cells of the medial amygdala
represent different subpopulations, most of which occupy different positions either in MePD
or MePV, respectively (Choi et al., 2005; see also Remedios et al., 2004; Tole et al., 2005).
Our data indicate that these two cell populations originate either in AEP or ventral pallium,
respectively. The subpallial origin of Lhx6 cells of MePD is consistent with these cells being
GABAergic and having inhibitory projections to the BST and hypothalamus in adult rodents
(Choi et al., 2005).

The MePV, on the other hand, appears to have glutamatergic projections to the
hypothalamus, although these projections do not originate in Lhx9 cells of MePV (Choi et
al., 2005). Our data indicate that Lhx9 cells of MePV concentrate in a superficial part of the
nucleus with ventral pallial origin, which is consistent with the previous finding of Tbrl
expression in this superficial area (Puelles et al., 2000; see also Medina et al., 2004). The
MePV projections to the ventromedial hypothalamic nucleus reported to be glutamatergic
originate in the central part of the nucleus (see fig. 7 in Choi et al., 2005); i.e., the part that
shows Shh-expressing cells, putatively derived from POC. The phenotype of the Shh-
expressing cells of MePVc is unknown, although these likely are either GABAergic or
cholinergic, but not glutamatergic (which would be atypical for the subpallium). It is
possible that the glutamatergic cells of the central part of MePV originate in a subdivision
other than POC, such as the thalamic eminence or the supraopto-paraventricular
hypothalamic domain (Puelles et al., 2000, 2004: Medina et al., 2004). Both
extratelencephalic domains express Tbrl (Puelles et al., 2000, 2004 Medina et al., 2004), a
transcription factor involved in differentiation of glutamatergic neurons (Hevner et al.,
2001). Moreover, the supraoptic-paraventricular hypothalamic domain shows specific
expression of Sim1 and Otp, which extends into (and may contribute cells to) the amygdala
(Fan et al., 1996; Wang and Lufkin, 2000).
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The MeA also appears to contain cells of different histogenetic origins, including at least the
ventral pallium (Lhx9-expressing cells), the AEP (Lhx6-expressing cells), the POC (Shh-
expressing cells), as well as extratelencephalic. Interestingly, the MeA also includes a
subpopulation of neurons expressing Lhx5 in adult (Choi et al., 2005), as well as developing
mice (Abellan and Medina, unpubl. obs.). The Lhx9-, Lhx6-, and Lhx5-expressing cells of
the medial amygdala represent nonoverlapping subpopulations (Choi et al., 2005), which is
consistent with their distinct embryological origin. As noted above, the Lhx6-expressing
cells appear to derive from AEP, whereas the Lhx9 cells are likely to derive from the ventral
pallium. It is possible that the Lhx5-expressing cells of the MeA originate in the thalamic
eminence and/or the supraoptic-paraventricular hypothalamus, which show specific
expression of this transcription factor during mouse development (Sheng et al., 1997;
Abellan and Medina, unpubl. obs.).

A very interesting observation is that the different origins of MePD and MePV correlate well
with, and might explain, their different patterns of projections to the BST and medial
hypothalamus and their functional differences (see below). For example, the MePD (an AEP
derivative) is specifically activated by sexual olfactory stimuli and projects primarily and
heavily to the hypothalamic centers involved in control of reproductive behavior, such as the
ventrolateral part of the ventromedial hypothalamic nucleus, or VMH (Petrovich et al., 2001;
Choi et al., 2005). This projection is specifically mediated by MePD cells expressing Lhx®6,
which are GABAergic (Choi et al., 2005). On the other hand, the MePV (mainly a POC
derivative) is activated mainly by defensive stimuli, but also by reproductive stimuli, and
projects to hypothalamic centers involved in either defensive behavior (such as the
dorsomedial part of VMH) or reproductive behavior (the ventrolateral VMH) (Petrovich et
al., 2001; Choi et al., 2005). It appears that the MePV cells that project to either part of
VMH (reproductive or defensive) are distinct, and both are excitatory (Choi et al., 2005).
Interestingly, the MePV cells that project to the reproductive part of VMH are specifically
activated by defensive stimuli (but not by reproductive stimuli), offering a double-gate
mechanism for control of reproduction: either by way of reproductive stimuli and the
inhibitory projection of MePD, or by way of defensive stimuli and the excitatory projection
of MePV (Choi et al., 2005) (see Fig. 17).

BST and the extended amygdala—Our analysis is also helpful for understanding the
origin of different subdivisions of the extended amygdala and, particularly, the BST (Fig.
14). According to our data, the BSTL (or at least a subset cells of BSTL) appears to derive
from the MGE, whereas the anterior and posteromedial BSTM and the BSTia derive from
the AEP. Furthermore, the posterolateral BSTM appears to contain a minor subpopulation of
cells derived from the subpallium (perhaps AEP and/or POC). However, most cells of the
posterolateral BSTM do not express subpallial marker genes, and may have an
extratelencephalic origin. The existence of a posterior part of the BST having an
extratelencephalic origin (possibly in the eminentia thalami) was previously noticed by
Puelles et al. (2000), based on expression of Tbrl and Pax6 (eminentia thalami markers),
and the lack of the subpallial markers DIx2 and Nkx2.1. Based on Sim1 expression, the
supraoptic-paraventricular hypothalamic domain (which also expresses Thrl and Pax6) has
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also been suggested as a possible contributor of cells to the BST (Fan et al., 1996; Puelles
and Rubenstein, 2003; Puelles et al., 2004).

The BST has been divided into anterior and posterior parts based on developmental criteria
(Johnston, 1923; Bayer, 1987; see also Ju and Swanson, 1989), a scheme that has been
adopted in recent developmental studies including the BST (Puelles et al., 2000). The
anterior—posterior divisional scheme was recently modified to anteromedial, anterolateral,
and posterior divisions to better account for the complex BST connectivity patterns (Dong et
al., 2001). On the contrary, other authors have divided the BST in lateral and medial major
components (Alheid et al., 1995; brain atlas by Paxinos et al., 1999; and Paxinos and
Franklin, 2004; here we have followed this scheme). Our data indicate that the development
of the BST is more complex than previously thought, and apparently contains subdivisions
that originate in different subpallial histogenetic territories (MGE and AEP), and may also
include an extratelencephalic part. It is not clear whether the nomenclature based on
anteroposterior divisions (for example, Dong et al., 2001) is more appropriate than the one
based on lateromedial divisions (Paxinos and Franklin, 2004) or vice versa. For example, the
posterior BST of Dong et al. (2001) includes derivatives from AEP (our posteromedial
BSTM) and possibly from outside the telencephalon (most of the posterolateral BSTM).
However, as a first approximation, our data agree with the existence of anterolateral,
anteromedial, and posterior parts of the BST derived from different histogenetic divisions.
The anterolateral BST (our BSTL) appears to primarily derive from the MGE (apparently
with a contribution from LGE). The anteromedial BST derives from the AEP division and
includes the BSTMa and BSTMpm, whereas the posterior BST may primarily have an
extratelencephalic origin and includes the posterolateral BSTM.

On the other hand, analysis of the BST connections (see excellent review by Dong et al.,
2001) in the context of the embryological origin of subdivisions (as evidenced here) shows
some interesting correlations (Fig. 17). For example, among the pathways related with the
accessory olfactory system, projections from the MePD (an AEP derivative) show a trend to
specifically target BST nuclei derived from the AEP division (anterior BSTM and
posteromedial BSTM), but avoid BST nuclei derived from MGE or other origins (BSTL,
posterolateral BSTM) (see fig. 3 of Dong et al., 2001). On the contrary, MePV (which
central part derives from POC) projects very heavily to the posterolateral BSTM (primarily
extratelencephalic), but shows only light to moderate projections to AEP derivatives
(anterior and posteromedial BSTM), and does not project at all to MGE/LGE derivatives
(BSTL). Thus, some of the complex connectivity patterns of the BST with the amygdala are
consistent with our proposed embryological origin of their subdivisions; future studies will
be needed to further evaluate this suggestion.

On the other hand, our data are partially consistent with previous studies indicating the
existence of a continuum of cells connecting the centromedial amygdala with the BST
(extended amygdala concept, proposed by Alheid, Heimer, and de Olmos; Alheid and
Heimer, 1988; Alheid et al., 1995; Alheid, 2003). Herein, we provide developmental and
genetic evidence indicating the existence of a true cell corridor connecting the MePD and
the BSTM: both the cell corridor (including the sublenticular part of the extended amygdala
or SLEA) and the extremes (MePD/BSTia caudolaterally and BSTMa/BSTMpm medially)
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derive all from AEP. During early developmental stages (E14 in rat), the corridor connecting
the BSTM and MePD appears related to glial fibers (possibly radial glial fibers; Cooke and
Simmerly, 2005), supporting that this represents a true radial histogenetic domain. Thus, this
continuum constitutes both an embryological unity (according to our data) as well as a
functional unity (based on chemoarchitecture and connections; Alheid et al., 1995).
Neurochemical and connectivity data support the existence of central and medial divisions
of the extended amygdala as proposed by Alheid et al. (1995): i.e., one cell corridor
connecting the central amygdala-BSTL and another one connecting the medial amygdala-
BSTM (involving central and medial subdivisions of SLEA) (Alheid and Heimer, 1988;
Alheid et al., 1995; Shammah-Lagnado et al., 1999, 2001 Alheid, 2003; Bourgeais et al.,
2001). The proposed central and medial divisions of the extended amygdala are not clearly
distinguished based on embryological data, since the entire SLEA appears to derive from
AEP and is pallidal-like. However, it is interesting to note that while all components of the
medial extended amygdala derive from AEP, most components of the central extended
amygdala (central amygdala, IPAC, BSTL) derive from either LGE or MGE.

Central amygdala: a striatal nucleus with a subpopulation of AEP-derived
cells—As noted previously, the central nucleus of the amygdala derives from the caudal
part of LGE and is striatal-like (Puelles et al., 2000; Medina et al., 2004; Tole et al., 2005;
present results). The caudal part of the LGE would correspond to the main, lateral part of the
caudal ganglionic eminence (CGE) described in previous studies. However, our
developmental data indicate that the central amygdala includes a subpopulation of
immigrant SOM+ cells that originate in the AEP (see Results). This group of immigrant
cells is going to occupy the medial part of the central amygdala, and constitutes a
remarkable cell group of large, strongly SOM+ cell bodies. It is unknown whether these
immigrant neurons of the medial part of the central amygdala are interneurons (as usually
occurs in the caudoputamen; Marin et al., 2000) or whether they constitute a subset of
ectopic pallidal-like projections neurons, a possibility that has been observed in the striatum
of birds (Farries et al., 2005). Supporting the latter suggestion, a subset of projection
neurons the mammalian central amygdala co-contain GABA and somatostatin (Batten et al.,
2002; Saha et al., 2002) as do some projection neurons of BSTL and other pallidal/MGE-
derived structures (Vincent and Brown, 1986; Moga et al., 1989). Interestingly, the medial
part of the central amygdala contains a type of projection neuron that receives pallial/cortical
input (from the basolateral amygdala), striatal-like input from the capsular/lateral divisions
of the central amygdala, and projects to the hypothalamus/brainstem; this pathway is
important for modulation of autonomic fear responses (Huber et al., 2005). This resembles a
pallidal-like cell in a cortico-striato-pallidal output pathway, similar to those described in
other parts of the telencephalon (Swanson, 2000; see discussion on this below).
Nevertheless, more studies are needed to know whether the cell type described by Huber et
al. (2005) in the medial part of the central amygdala is striatal-like or pallidal-like from an
embryological point of view.

Implications for understanding the functional organization of the amygdala

It has been suggested that the amygdala is a central component of a cortico-striato-pallidal
output circuit involved in control of neuroendocrine and autonomic systems (Swanson,
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2000). This interesting proposal should be reexamined in the context of our current
understanding of the embryological origin of the different amygdalar and extended
amygdala subdivisions. Our data indicate that, in addition to pallial/cortical parts (Puelles et
al., 2000; Medina et al., 2004), the amygdala proper and the extended amygdala include
striatal (LGE), pallidal (MGE), peduncular (AEP, pallidal-like), and commissural preoptic
(POC) subpallial derivatives, in addition to cells derived from the diencephalon/
hypothalamus. Thus, the amygdalar pathways for control of neuroendocrine and autonomic
systems need to be reevaluated considering these new data (Fig. 17). For example, the
central amygdala—a striatal derivative—receives cortical/pallial input (including, among
others, input from gustatory and visceral neocortical areas, and from the lateral and
basolateral amygdala) and projects directly to the lateral hypothalamic region involved in
autonomic system control (Bourgeais et al., 2001; Petrovich et al., 2001; Alheid, 2003). In
addition, the central amygdala projects indirectly to the hypothalamus, primarily by way of
the dorsal BSTL (MGE derivative, with LGE contribution), and weakly to moderately by
way of the anterior BSTM (AEP derivative) (Dong et al., 2001). These may represent two
different pallidal or pallidal-like stations of a cortico-striato-pallidal output pathway for
indirect regulation of different aspects of autonomic behavior.

On the other hand, the medial amygdala is known to project to medial parts of the
hypothalamus, but the projections differ depending on the embryological origin of the
subdivision (explained above; Fig. 17). For example, the MePD (an AEP derivative) projects
heavily to the hypothalamic region involved in control of reproductive behavior, and this
projection is inhibitory (Petrovich et al., 2001; Choi et al., 2005; see also Coolen and Wood,
1998; Coolen et al., 1998). On the contrary, the MePV (which central part may derive from
the POC and diencephalon) projects to hypothalamic centers involved in either reproductive
or defensive behavior, and this projection is excitatory (Petrovich et al., 2001; Choi et al.,
2005); moreover, the MePV shows the heaviest influence on the neuroendocrine system
(Petrovich et al., 2001). In addition, the medial amygdala shows indirect projections to the
hypothalamus by way of the BST (Coolen and Wood, 1998). As noted above, each
subdivision of the medial amygdala projects preferentially to BST parts of similar
embryological origin. Thus, there may be separate indirect pathways for modulation of
different aspects of behavior. However, these pathways cannot be explained following the
cortico-striato-pallidal model as applied previously (Swanson, 2000), since the medial
amygdala does not appear to be striatal. Instead, they appear to represent different AEP or
POC (or other) output pathways to the hypothalamus (Swanson, 2000; Dong et al., 2001).
The latter is not surprising, since many of the previously recognized cortical projections to
the pallidum, such as those to the substantia innominata and most parts of the BST (see
review by Swanson, 2000), include targets in the pallidum proper (MGE), AEP, and POC
parts of the basal telencephalon. Another interesting observation is that, as many other
pallidal, pallidal-like (AEP) or POC structures, all parts of the medial amygdala show direct
(reciprocal) projections to the cortex (hippocampal formation) (McDonald et al., 1999;
Petrovich et al., 2001). In contrast, the striatal central nucleus shows no direct cortical
projections (Petrovich et al., 2001), but projects to corticopetal cell groups of the basal
telencephalon (targeting mostly noncholinergic neurons, but also a caudal subset of
cholinergic cells, shown here to be POC derivatives) that in turn project to the cerebral
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cortex, and this indirect pathway to the cortex has been involved in attention during
association learning tasks (Gastard et al., 2002; Jolkkonen et al., 2002).
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Abbreviations
AAd

AAv
ac
AC
Acc
ACo
ADP

AEP

BAOT
Bas
BC
BM
BMC
BST
BSTia
BSTL

BSTLd

BSTLp

Anterior amygdala, dorsal part
Anterior amygdala, ventral part
Anterior commissure

Nucleus of the anterior commissure
Nucleus accumbens

Anterior cortical amygdalar area
Anterodorsal preoptic nucleus

Anterior peduncular area (previously called anterior
entopeduncular area)

Nucleus of the accessory olfactory tract

Basal nucleus (Meynert)

Basal amygdalar complex

Basomedial amygdalar nucleus

Basal magnocellular complex

Bed nucleus of the stria terminalis

Bed nucleus of the stria terminalis, intra-amygdaloid
Bed nucleus of the stria terminalis, lateral part

Bed nucleus of the stria terminalis, lateral part, dorsal
subdivision

part

Bed nucleus of the stria terminalis, lateral part, posterior

subdivision
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BSTM

BSTMa

BSTMpl

BSTMpm

Ce
CeM
Cl

cLGE or CLGE

cMGE or CMGE

Co
cp
CPu
DB
DP
EA
En
GP

HDB

IM

IPAC

LGE
LOT

LOT1
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Bed nucleus of the stria terminalis, medial part

Bed nucleus of the stria terminalis, medial part, anterior
subdivision

Bed nucleus of the stria terminalis, medial part,
posterolateral subdivision

Bed nucleus of the stria terminalis, medial part,
posteromedial subdivision

Central amygdala (central amygdalar nucleus)
Central amygdala, medial part

Claustrum

Lateral ganglionic eminence, caudal part (usually included

in the caudal ganglionic eminence)

Medial ganglionic eminence, caudal part part (usually
included in the caudal ganglionic eminence)

Cortical amygdalar area

Cerebral peduncle

Caudate-putamen

Nuclei of the diagonal band

Dorsal pallium

Extended amygdala

Endopiriform nucleus

Globus pallidus

Nucleus of the diagonal band, horizontal part
Internal capsule

Intercalated masses of the amygdala, main part

Interstitial nucleus of the posterior limb of the anterior
commissure

Lateral amygdalar nucleus
Lateral ganglionic eminence
Nucleus of the lateral olfactory tract

Nucleus of the lateral olfactory tract, layer 1
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LOT2
LOT3
LP
LPO
LSv
Me
MeA
MeP
MePD
MePV
MePVc

MePVs

MGE
MP
MPA
MPO
MS
NCx
PA
pac
PCo
Pir
PMCo
PO

POC

PTh
SEA

SLEA
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Nucleus of the lateral olfactory tract, layer 2
Nucleus of the lateral olfactory tract, layer 3
Lateral pallium

Lateral preoptic area

Lateroventral septal nucleus

Medial amygdala (medial amygdalar nucleus)
Medial amygdala, anterior part

Medial amygdala, posterior part

Medial amygdala, posterodorsal part

Medial amygdala, posteroventral part

Medial amygdala, posteroventral part, central subdivision

Medial amygdala, posteroventral part, superficial
subdivision

Medial ganglionic eminence

Medial pallium

Medial preoptic area

Medial preoptic nucleus

Medial septal nucleus

Neocortex

Palial amygdala

Posterior limb of the anterior commissure
Posterior cortical amygdalar area
Piriform cortex

Posteromedial cortical amygdalar area
Preoptic area

Commissural preoptic area (or commissural septo-preoptic
area)

Prethalamus (ventral thalamus)
Extended amygdala, septal part

Extended amygdala, sublenticular part, Stria medullaris
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SP Pallial septum

SPa Pallidal septum (or pallidal-like septum)
SSt Striatal-like septum

st Stria terminalis

Str Striatum

Th Thalamus (dorsal thalamus)

Tu Olfatory tubercule

VGN Lateral ventral geniculate nucleus
VMPO Ventromedial preoptic nucleus

VP Ventral pallium

VPa Ventral pallidum

VPac Ventral pallidum, commissural part
VPapc Ventral pallidum, precommissural part
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Frontal (A-I) or horizontal (J,K) sections through the embryonic telencephalon of different
mouse embryos (E12.5) hybridized for DIx5, Nkx2.1, Lhx6, Lhx7/8, Shh, or Gbx1. Sections
shown in A-C,F,G are at similar frontal levels to facilitate comparison of expression
patterns. Similarly, sections shown in H,1, and sections of J,K are from similar either frontal
(H,1, at a more caudal level) or horizontal levels (J,K). The expression patterns are restricted
to the entire subpallium (DIx5) or to specific subpallial subdivisions or cell groups. For
example, expression of Nkx2.1, Lhx6, and Lhx7/8 is restricted to the medial ganglionic
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eminence (MGE), plus the septo-preoptic ridge. The latter includes two subdivisions based
on differential expression of Shh: the AEP (anterior peduncular area), which lacks
ventricular expression of Shh, and a novel subdivision called here “commissural preoptic
area” or POC, which shows ventricular expression of Shh. Note the Shh-expressing cell
corridor that extends tangentially from POC into other subpallial subdivisions (arrows in
G,J). The Shh-expressing cell corridor resembles a similar one expressing Gbx1 (arrows in
K). See text for more details. For abbreviations, see list. Scale bar = 200 um. [Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Fig. 2.
Frontal sections through the embryonic telencephalon of different mouse embryos (E14.5)

hybridized for Nkx2.1, Lhx6, or Shh, or immunostained for the neuropeptide somatostatin
(SOM). Sections shown in A,C,E are at similar frontal levels (at about the level of the
anterior commissure; ac), to facilitate comparison of expression patterns. Section shown in B
is just caudal to the anterior commissure. Sections shown in D,F are at a more caudal level,
when the internal capsule (ic) enters/exists the telencephalic vesicle. Lhx6 expression shows
three distinct radial subdivisions in the subpallium: MGE, AEP, and POC. Only the POC
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shows strong expression of Shh in the ventricular zone (E), which extends laterally, invading
the dorsolateral preoptic area and the medial amygdala (Me; F). A band of weak Shh
expression extends from the POC domain into AEP/MGE, and may represent tangentially
migrating cells (arrow in E). MGE is radially correlated with the globus pallidus (GP). The
AEP is sandwiched between MGE and POC. It consists of a thick radial band of Lhx6
expression extending from the subventricular zone to the surface, below the GP. It appears to
give rise to the sublenticular part of the extended amygdala (EA). It is also related to a
corridor of SOM+ cells (D), which appear to originate in AEP. At this age, Lhx6 is also
expressed in cells that migrate tangentially to the cortical/pallial regions (including the
cerebral cortex and claustrum). See text for more details. For abbreviations, see list. Scale
bar = 200 um. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Fig. 3.
Frontal sections through the caudal embryonic telencephalon of different mouse embryos

(E14.5) hybridized for Nkx2.1, Lhx6, or Shh. Sections in A,B are at about the level when
internal capsule enters/exits the telencephalon. Sections in C,D are at the level of the
posterior medial amygdala (Me). AEP continues to be observed as a distinct domain
(different from MGE). While MGE is related to the globus pallidus (GP), the AEP is related
to a band of Lhx6 expression that extends into the amygdala following the future course of
the stria terminalis. It appears to produce part of the bed nucleus of the stria terminalis
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(BST). Note the strong Shh expression in the primordium of the posteroventral part of the
medial amygdala (MePV), suggesting at least a partial origin in POC. See text for more
details. For abbreviations, see list. Scale bar = 200 um. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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Frontal sections through the embryonic telencephalon of different mouse embryos (E14.5,
E16.5) hybridized for Gbx1 or Lhx7/8, or immunostained for the enzyme choline
acetyltransferase (CHAT, a marker of cholinergic neurons). Sections in A,C,E are at a

similar level, where the primordium of the diagonal band nucleus (DB) is observed. Sections

in B,D,E are at a similar level behind the anterior commissure, where the primordium of the
basal magnocellular nucleus (BMC) is present. Note the correlation between Gbx1
expression and the cholinergic cells of the developing BMC and DB. See text for more
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details. For abbreviations, see list. Scale bar = 200 um. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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Fig. 5.

Horizontal (A-C) or sagittal (D,E) sections through the embryonic telencephalon of
different mouse embryos (E14.5) hybridized for Lhx6, or immunostained for calbindin
(CALB). Sections in A,C are at approximately the same level. While MGE is correlated to
the globus pallidus (GP), the AEP is radially related to the cell corridor that expresses Lhx6
and contains abundant CALB+ cells, that extends into the posterior part of the medial
amygdala (A,C). This cell corridor gives rise to part of the bed nucleus of the stria terminalis
(BST), and it will be followed by the fibers of the stria terminalis. Sections in D,E show the
relation of AEP with the internal capsule. See text for more details. For abbreviations, see
list. Scale bars = 400 pm in A (applies to B); 200 pm in C; 500 um in D (applies to E).
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Fig. 6.
Frontal sections through the embryonic telencephalon of different mouse embryos (E16.5,

E18.5) or a neonate (P0) hybridized for DIX5 or Lmo4. Sections in A,B are at about the level
of the posterior limb of the anterior commissure (pac), and the nucleus of the pac (IPAC).
Sections in C,D are at the level of the posterior medial amygdala and the central amygdala.
During early development, DIX5 is expressed in the entire subpallium, but after E16.5 its
expression becomes restricted to LGE derivatives. Many striatal derivatives also differ from
other subpallial areas by their specific expression of Lmo4. Based on these criteria, the IPAC
and central amygdala, but not the medial amygdala, are striatal (LGE) derivatives. The
lateral part of BST (BSTL), which primarily derives from MGE, also shows DIx5 expression
during late development, suggesting that it contains a subpopulation of neurons that
originate in LGE. This is consistent with the suggestion that part of BSTL originates in the
caudal ganglionic eminence (Nery et al., 2002). See text for more details. For abbreviations,
see list. Scale bar = 200 um. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Fig. 7.
Frontal sections through the embryonic telencephalon of different mouse embryos (E16.5),

at similar precommissural (A,B) or anterior commissural (C—F) levels, hybridized for Lhx6
or Lhx7/8, or immunostained for NKX2.1 or CHAT. Note the difference in expression
intensity of NKX2.1, Lhx6, and Lhx7/8 between pallidoseptal, MGE, AEP, and POC
derivatives. For example, MGE derivatives generally show the strongest NKX2.1 expression
(except BSTL), whereas POC derivatives show the strongest Lhx7/8 expression. The
pallidoseptal domain appears to give rise to a precommissural part of the ventral pallidum
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(VPapc), whereas a caudal, commissural part of the ventral pallidum appears to derive from
MGE. See text for more details. For abbreviations, see list. Scale bars = 250 um in A; 200
pum in B (applies to C-F). [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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Fig. 8.

Fr?:)ntal sections through the embryonic telencephalon of different mouse embryos (E16.5),
at the level of the globus pallidus and medial BST (BSTM), hybridized for Lhx6 or Lhx7/8,
or immunostained for NKX2.1, CHAT or NPY. Panel C shows a double-labeled section,
hybridized for Lhx6 (blue) and immunostained for NKX2.1 (brown). At this age Lhx6 is
strongly expressed in derivatives of MGE, AEP, and POC. However, NKX2.1 expression
remains very strong only in MGE derivatives (such as globus pallidus). BSTL is an
exception to this general rule, which is possibly due to the presence of abundant immigrant
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cells of striatal origin. In contrast, NKX2.1 is generally moderate or light in AEP derivatives
(such as posteromedial BSTM [BSTMpm] and sublenticular extended amygdala [SLEA]).
On the other hand, POC derivatives (including the cholinergic cells of the basal
magnocellular complex or BMC) show the strongest Lhx7/8 expression, but this gene shows
a trend to be downregulated in the periventricular parts of MGE and AEP. See text for more
details. For abbreviations, see list. Scale bar = 200 pm.
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Fig. 9.

Fr%ntal sections through the embryonic telencephalon of different mouse embryos (E16.5),
at the level of the nucleus of the lateral olfactory tract (LOT) and anterior medial amygdala
(MeA), hybridized for Lhx6, Lhx7/8, or Shh, or immunostained for NPY or SOM. Note the
band of Lhx6 expression extending from the subventricular zone of AEP into the extended
amygdala, including the posteromedial BSTM, the sublenticular extended amygdala
(SLEA), and the anterior medial amygdala (MeA). This suggests that all of these areas/
nuclei primarily derive from AEP. The MeA also shows weak expression of Shh, suggesting

J Comp Neurol. Author manuscript; available in PMC 2016 June 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Garcia-Lopez et al.

Page 44

that it contains cells that originate in POC. The AEP also gives rise to peptidergic cells
(containing SOM or NPY). Some of these appear to migrate tangentially into striatal and
pallial (cortical) territories. A striking example of SOM+ cells that emigrate from AEP into
the central amygdala (Ce, a striatal derivative) is shown in D. See text for more details. For
abbreviations, see list. Scale bar = 200 pm. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Fig. 10.
Frontal sections through the embryonic telencephalon of different mouse embryos (E16.5),

at the level of the posterior medial amygdala (MePD, MePV), hybridized for Lhx6 or Shh,
or immunostained for NPY or SOM. Based on the distinct gene expression profile, MePD
and MePV appear to originate in different parts of the subpallium. The MePD shows strong
expression of Lhx6 but lacks Shh expression, and appears to be an AEP derivative. On the
other hand, the MePV (its central part) is poor in Lhx6 but shows strong expression of Shh,
and appears to derive at least partially from the POC (although another subset of cells in this
nucleus may derive from the diencephalon/hypothalamus). The superficial part of MePV
does not express subpallial marker genes, and apparently originate in the ventral pallium.
Note the group of SOM+ cells (possibly immigrant cells of AEP origin) in the central
amygdala. See text for more details. For abbreviations, see list. Scale bar = 200 um. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Fig. 11.
Details of double-labeled frontal sections through the embryonic telencephalon of mouse (at

E16.5), at different rostrocaudal levels, hybridized for Lhx6 and immunostained for
calbindin (CALB). Note the correlation of AEP derivatives and densely grouped CALB+
cells. See text for more details. For abbreviations, see list. Scale bar = 200 pm.
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Fig. 12.
Frontal sections through the embryonic telencephalon of different mouse embryos (E18.5),

at the level of the anterior commissure (A) or the posterior medial amygdala (B-D),
hybridized for Lhx6, or immunostained for SOM. AEP derivatives (including most parts of
BSTM and MePD) continue to express Lhx6 at E18.5. AEP also produces peptidergic
neurons (containing NPY or SOM). A striking subpopulation of SOM+ cells that emigrate
from AEP into the central amygdala is shown in C,D (D is a detail of those cells in the
medial central amygdala or CeM). See text for more details. For abbreviations, see list. Scale
bars = 200 um A (applies to B,C); 100 um in D. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Lhx7-

Fig. 13.
Frontal sections through the postnatal telencephalon of different mice (at P3 or P7), at the

level of the anterior commissure (A—C) or the globus pallidus (D-F), hybridized for Lhx6 or
Lhx7/8 (blue), and/or immunostained for NKX2.1 or NPY (brown). All sections shown,
except that in E, are double-labeled. See text for more details. For abbreviations, see list.
Scale bar = 200 pm.
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Fig. 14.
Frontal sections through the embryonic telencephalon of four different mouse embryos (at

E12.5, E14.5, E16.5, or E18.5), hybridized for Lhx9. Within the telencephalon this gene is
specifically expressed in derivatives of the ventral pallium, and particularly in amygdalar
derivatives. Note that the expression spreads into the medial amygdala, suggesting that the
ventral pallium gives rise to a cell subpopulation in the anterior medial amygdala (MeA) and
to a superficial subdivision of the posteroventral medial amygdala (MePV). See text for
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more details. For abbreviations, see list. Scale bar = 200 pm. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]
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Fig. 15.
Schematic drawings of frontal sections through the embryonic mouse telencephalon (at

E12.5 or E14.5), representing the major histogenetic subdivisions of the subpallium. LGE
produces the striatal components of the telencephalon. MGE is the pallidum proper and
produces the globus pallidus. AEP is related to the peduncle/internal capsule, and produces
many sublenticular components of the extended amygdala. POC is related to the anterior
commissure, shows specific expression of Shh in the ventricular zone, and produces the
cholinergic cells of the basal telencephalon and the dorsolateral preoptic region. The septum
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also contains striatal- and pallidal-like subdivisions. Note that AEP and POC extend into the
posterior medial amygdala and into the septum. See text for more details. For abbreviations,
see list.
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Fig. 16.
Schematic drawings of frontal sections through the embryonic mouse telencephalon (at

E16.5), representing the derivatives of the major histogenetic subdivisions of the subpallium
(each one with a different solid color, except the striatal-like septum, which was not studied
here and is color-free). Colored circles represent immigrant cells (i.e., tangentially migrated
cells) that originate in the subpallial subdivision showing the same color. Briefly, the IPAC,
intercalated amygdalar masses, and central amygdala derive from the striatal subdivision
(LGE). The BSTL is primarily a MGE derivative, but apparently contains immigrant cells of
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striatal origin (among cells of other origins). The BSTMa, BSTMpm, BSTia, sublenticular
extended amygdala (SLEA), and part of the medial amygdala (MeA and MePD) appear to
derive from AEP. The POC gives rise, among other groups, to a central part of MePV
(MePVc) and also contributes cells to MeA. Note that the ventral pallium extends into the
superficial part of MePV (and also produces a cell subpopulation of MeA; not shown in the
scheme). See text for more details. For abbreviations, see list.
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Fig. 17.
Diagram representing the functional organization of the amygdala in the context of the

telencephalic ontogenetic units (as evidenced here). The centromedial and extended

amygdala represent the output centers for the cerebral control of autonomic and

neuroendocrine systems (regulating reflex-like behaviors such as reproduction and defense).
There appears to be a correlation between the connections of each amygdalar subdivision
and its histogenetic origin. For example, the central amygdala (Ce, derived from LGE and,
therefore, striatal-like) projects directly and indirectly to the lateral hypothalamus and
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brainstem (involved in escape behavior), and the indirect projection primarily relays on the
BSTL (derived from MGE or pallidum proper, and possibly containing abundant cells of
striatal origin). On the other hand, the posterodorsal medial amygdala (MePD; derived from
AEP or peduncular pallidum) projects directly and indirectly to the medial hypothalamus
(specifically to centers involved in reproductive behavior), and the indirect projection
primarily relays on AEP-derived parts of BST (such as BSTMpm). Finally, the
posteroventral medial amygdala (MePV; derived from the POC, pallium, and diencephalon)
projects directly and indirectly to the medial hypothalamus (to centers involved in either
reproduction or defense), and the primary relay for the indirect projection is a BST part of
putative extratelencephalic origin (BSTMpl). While the projections from subpallial parts of
the centromedial and extended amygdala are inhibitory (GABAergic), the projections of
MePV to the hypothalamus are excitatory (the embryological origin of the projection cells
remains unclear). Amygdalar centers with different origins are controlled by different
cortical/pallial areas, and may regulate different aspects of behavior (for example,
reproduction versus defense) or, as proposed recently (Choi et al., 2005), may provide
alternative mechanisms for regulating behavior in answer to different types of stimuli. For
example, a sexual stimulus activates the circuits through MePD to the hypothalamus that
promote reproductive behavior (perhaps involving disinhibition of hypothalamic targets);
however, a defense stimulus may block reproductive behavior by way of the projections
from MePV to hypothalamic centers involved in reproduction (perhaps ending
presynaptically on inhibitory terminals of MePD/BSTMpm-hypothalamic axons). See text
for more details.
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TABLE 2

Proposed Amygdalar Derivatives of Each Telencephalic Subdivision

Derivatives
VP LZ, BM, ACo, PMCo, MePVs, LOT1
LGE Str, Ce, IM, IPAC, AAd
MGE GP, VPac, BSTL?Z

Pallidal septum  LSv, MS, VVPapc
AEP SEA, SLEA, BSTMa, BSTMpm, BSTia, AAv, MePD, MeA, LOT3
POC ADP, LPO, AC, BMC, NdB, MS, MePVc, MeA

'ZBased on data from previous publications (Puelles et al., 2000; Medina et al., 2004).

2 . . . .
BSTL also appears to include a subpopulation of cells of striatal origin.
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