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Abstract

The globus pallidus of primates is divided conventionally into distinct internal and external 

parts. The literature repeats since 1930 the opinion that the homolog of the primate internal 

pallidum in rodents is the hypothalamic entopeduncular nucleus (embedded within fiber tracts 

of the cerebral peduncle). To test this idea, we explored its historic fundaments, checked the 

development and genoarchitecture of mouse entopeduncular and pallidal neurons, and examined 

relevant comparative connectivity data.

We found that the extratelencephalic mouse entopeduncular structure consists of four different 

components arrayed along a dorsoventral sequence in the alar hypothalamus. The ventral 

entopeduncular nucleus (EPV), with GABAergic neurons expressing Dlx5&6 and Nkx2-1, 

lies within the hypothalamic peduncular subparaventricular area. Three other formations, the 

dorsal entopeduncular nucleus (EPD), the prereticular entopeduncular nucleus (EPPRt) and the 

preeminential entopeduncular nucleus (EPPEm) lie within the overlying paraventricular area, under 

the subpallium. EPD contains glutamatergic neurons expressing Tbr1, Otp, and Pax6. The EPPRt 

has GABAergic cells expressing Isl1 and Meis2, whereas the EPPEm population expresses Foxg1 
and may be glutamatergic. Genoarchitectonic observations on relevant areas of the mouse pallidal/

diagonal subpallium suggest that the globus pallidus of rodents is constituted as in primates by two 

adjacent but molecularly and hodologically differentiable telencephalic portions (both expressing 

Foxg1). These and other reported data oppose the notion that the rodent extratelencephalic 

entopeduncular nucleus is homologous to the primate internal pallidum. We suggest instead that 

all mammals, including primates, have dual subpallial globus pallidus components and also a 

comparable set of hypothalamic entopeduncular nuclei. Remarkably, there is close similarity in 

Correspondence: Luis Puelles (puelles@um.es) and Carmen Diaz (carmen.diaz@uclm.es).
ⱡPresent address: Comprehensive Cancer Center Mainfranken, University Hospital Würzburg, 97080, Würzburg, Germany.

Conflict of Interest
The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

HHS Public Access
Author manuscript
J Comp Neurol. Author manuscript; available in PMC 2024 November 01.

Published in final edited form as:
J Comp Neurol. 2023 November ; 531(16): 1715–1750. doi:10.1002/cne.25536.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



some gene expression properties of the telencephalic internal globus pallidus and the hypothalamic 

EPV. This apparently underlies their notable functional analogy, sharing GABAergic neurons and 

thalamopetal connectivity .

Graphical Abstract

Various molecular and hodological data illustrate external and internal parts of the mouse globus 

pallidus, comparable to those in primates, whereas the distant hypothalamic entopeduncular 

population shows independent dorsal and ventral parts. The conventional hypothesis that the 

rodent entopeduncular nucleus is homologous to the primate internal pallidus is therefore 

inconsistent.

Keywords

entopeduncular nuclei; internal globus pallidus; hypothalamus; basal ganglia; homology; motor 
network

1. INTRODUCTION

The current standard concept of the pallido-entopeduncular complex of rodents compares it 

as a whole to the primate globus pallidus, which is clearly composed of distinct external and 

internal globus pallidus parts (e.g., Dudman & Gerfen, 2015; Graybiel, 1984; Heimer et al., 

1991, 1995; Nieuwenhuys et al., 2008; Percheron et al., 1994). It is assumed by most experts 

in the field that the rodent globus pallidus (found within the telencephalon just medial 

to the striatal putamen) is strictly homologous only with the external pallidal segment of 

primates, whereas a separate entopeduncular nucleus (found interstitial to the hypothalamic 

course of the cerebral peduncle, close to the subthalamic nucleus) is held to be homologous 

with the internal pallidal segment of primates (e.g., Dudman & Gerfen, 2015). However, 

Paxinos and Watson (2014; their Figs.43–46) exceptionally distinguish external and internal 
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globus pallidus components within the rodent telencephalic pallidum, admitting that the 

mouse entopeduncular nucleus is strictly a non-pallidal hypothalamic structure as argued 

by Puelles et al. (2012, 2013). A recent transcriptomic analysis of mouse entopeduncular 

neurons and their connections (Wallace et al., 2017), as well as a review of the evolution 

of basal ganglia in mammals and other vertebrates (Reiner, 2016), followed the traditional 

homology assumption in spite of presenting contrary hodological and comparative evidence, 

respectively, no doubt influenced by the accumulated authority of the widespread literature 

opinions.

The traditional entopeduncular/inner globus pallidus homology concept needs re-evaluation 

because it has not been corroborated by comparative neuroanatomy (e.g., Medina, 2007, 

2009; Medina & Abellán, 2012; Medina et al., 2005, 2014; Reiner, 2007; Reiner et al., 1998, 

2004, 2005; Stephenson-Jones et al., 2011, 2012), and because there is consensus in this 

scientific field that the main details of forebrain structure of all mammals coincide in relative 

topological positions, genetic background, and developmental origin (reviews in Heimer et 

al., 1995; Medina & Abellán, 2012; Medina et al., 2014; Paxinos & Watson, 2014; Siskos 

et al., 2021; Striedter & Northcutt, 2020; Swanson, 2003). Our analysis explores the historic 

background out of which this confusing comparative opinion seems to have arisen, and 

then critically examines the scenario in the light of modern genoarchitectural data and some 

hodological data. This endeavor drives us to the conclusion that a concatenation of historic 

misconceptions, imprecise embryology, and the existence of some remarkably convergent 

molecular and hodological similarities led to the present pallido-entopeduncular homology 

myth.

In a first approximation to the topic, it can be appreciated that modern arguments adduced to 

support pallido/entopeduncular homology in rodents concentrate on the existence of similar 
connections (e.g., Dudman & Gerfen, 2015). However, similarity of connections can be 

duplicated convergently under particular conditions of phenotypic parallelism arising at 

different locations of the forebrain Bauplan, without justifying a homology proposal. This 

case should be interpreted as an analogy (functional similarity of different structures) rather 

than as a homology. Indeed, mere similarity of neural connections, without complementary 

evidence of a topologically and causally comparable developmental origin of the neurons 

compared does not establish proof for homology per se (Medina, 2007; Nieuwenhuys 

& Puelles 2016; Puelles, 2022; Puelles & Medina, 2002). Taken together with other 

recent molecular and experimental data, our results question the present developmental and 

anatomic scenario sketched due to lack of a solid underpinning for the postulated pallido/

entopeduncular homology between rodents and primates.

1.1 Historic antecedents of the pallido/entopeduncular homology notion.

Spatz (1921, 1922, 1924, 1925) apparently originated 100 years ago the notion about 

a developmental relationship of some hypothalamic primordia with pallidal telencephalic 

formations in adult primates and man. He mapped metallic iron in this area using Perl’s 

histochemical reaction and noted shared high iron content in the human subthalamic 

and pallidal nuclei. In the context of Herrick’s columnar model of the diencephalon and 

hypothalamus (Herrick, 1910), this finding led Spatz to postulate a common developmental 
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origin of these iron-rich elements in the ‘diencephalon’, specifically in a “dorsal longitudinal 

zone of its ventral column, the hypothalamus”, also known as “subthalamus”1. One aspect 

of histochemical similarity within a then hypothetical subthalamo-strio-pallidal functional 

system (the modern idea of ‘basal ganglia’ was still distant) was thus hypothesized to reveal 

a common hypothalamic origin of the whole pallido-subthalamic complex. Nobody defends 

this notion now. Note that, according to Spatz’s conception, the telencephalic ganglionic 

eminences only would produce striatal tissue, a viewpoint shared by various authors at that 

time (see the same idea, e.g., in Ganser, 1882; and His, 1893a,b; 1904). This is now negated 

by substantial genoarchitectonic and, particularly, mutation analysis, plus fate mapping 

data (Flames et al., 2007; Flandin et al., 2010; Kimura et al., 1996; Marín et al., 2002; 

Sussel et al., 1999). Spatz’s columnar “dorsal longitudinal zone of the hypothalamus” does 

reach the subpallium at the telencephalic stalk, and strictly corresponds to the transverse 
hp1 prosomere, a hypothalamo-telencephalic domain, whose hypothalamic subregion was 

renamed ‘peduncular hypothalamus’ within the prosomeric model (Puelles et al., 2012; 

Puelles & Rubenstein, 2015).

It was further conjectured by Spatz and various later authors studying basal mammalian 

(including rodent), human and monkey embryos that during forebrain morphogenesis 

there occurs either tangential migration or morphogenetic displacement of the originally 
hypothalamic pallidal primordia into the telencephalon (Kuhlenbeck, 1924, 1927, 1954, 

1973; Kuhlenbeck & Haymaker, 1949; Spatz, 1921, 1922, 1924, 1925; also, Spatz’s 

pupil Richter, 1965 and Kuhlenbeck’s collaborator Christ, 19682). The hypothetic full 

developmental process was described in primate embryos (Richter, 1965). It was thought 

that basal mammals (including rodents) showed a first partial evolutionary step in, in which 

only the external globus pallidus

Recently the study of Silberberg et al. (2016; their Fig. 2) ascribed the primary origin of the 

mouse external pallidum to the pallidal or dorsal subpallial sector of the medial ganglionic 

eminence (Pal), whereas the internal pallidum was postulated to arise from the adjacent 

diagonal (Dg) subpallial sector of the MGE, found caudomedially within this eminence (we 

previously called it the ‘anterior entopeduncular domain’ -AEP- a classic name with various 

semantic problems causing the change to ‘diagonal domain or area’ proposed by Puelles in 

2011 in the mouse brain ontology associated to the Allen Developing Mouse Brain Atlas, 

as well as in Puelles et al., 2013). Some gene markers characterizing differentially the 

subpallial pallidal and/or diagonal domains of the MGE become first expressed at E9.5-E10 

in the mouse, well before any tangential migration from the hypothalamus can occur (e.g., 

Puelles et al., 2016).

This analysis applies equally to other mammals and tetrapods in general (birds; reptiles; 

amphibia; Reiner, 2016; Reiner et al., 1998, 2004, 2005), as well as to gnathostome fishes, 

1These names are columnar terms, implying the modernly contradicted assumption that the forebrain axis ends in the telencephalon, 
so that subthalamus and hypothalamus would lie “ventral” to thalamus; see discussion in Puelles et al. (2012); the reformulated 
definition of the forebrain length axis proposed in the modern prosomeric model returns roughly to the pioneering axial concept of His 
(1893a,b), though using molecularly characterized longitudinal landmarks (e.g., the roof plate, the forebrain alar-basal boundary, the 
floor plate, and the underlying notochord; Puelles, 2018; Puelles & Rubenstein, 2015; Puelles et al., 2012).
2Note the theoretic part of Christ’s publication was written by Kuhlenbeck, as is indicated in a footnote in the first page.
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where a molecularly comparable primarily telencephalic pallidal anlage exists, even in 

cases where a ventricular bulge of the pallidal progenitor domain is absent (Cobos et 

al., 2001a,b; Marin et al., 1997; Medina et al., 2014; Métin et al., 2007; Moreno et al., 

2008a,b,c, 2010, 2018; Puelles et al., 2000; Smeets et al., 2000). Recently, agnathans are 

thought to have also a telencephalic pallidal primordium and correlative pallido-pallial 

migrations (Villar-Cervino et al., 2008; Pombal et al., 2009; Martínez-de-la-Torre et al., 

2011; Stephenson-Jones et al., 2011, 2012; Grillner & Robertson, 2016; Sugahara et al., 

2022).

It may be concluded accordingly that modern descriptive, autoradiographic, and molecular 

studies of developing rodents have confirmed that the hypothalamic entopeduncular and 

subthalamic nuclei develop and stay separately within the peduncular hypothalamus, 

whereas dual pallidal primordia develop within the pallidal and diagonal subareas of 

the medial ganglionic eminence of the telencephalon. We therefore deduce that primates 

and humans would be expected to have comparable hypothalamic entopeduncular cell 

populations, besides their bipartite globus pallidus and the well-known subthalamic nucleus.

The conventional pallido/entopeduncular homology hypothesis between the rodent and 

primate internal pallidal portion is accordingly contradicted by diverse lines of evidence.

Such long-standing contradictory data are being ignored by the experts that write the 

chapters on ‘Basal ganglia’ in important treatises or specialized books, possibly due to a 

centering of their attention upon apparent similarities in connectivity patterns (e.g., Heimer 

et al., 1995; Alheid et al., 1990; Gerfen, 2004; an exception is found in Medina, 2007; 

Martinez-Garcia et al., 2007, and Medina & Abellán, 2012, as well as in Puelles et al., 

2013, and Paxinos & Watson, 2014). Although the classic conjecture of a diencephalic 

or hypothalamic pallidal origin probably persists more by force of tradition than of 

conviction, alternative modern developmental underpinnings of the entopeduncular/pallidal 

homology assumption have not been advanced so far. How should the existing data be 

interpreted? Answering this question is our main goal, for which we will examine postnatal 

and embryonic genoarchitectonic material identifying the characteristic molecular profiles 

of the relevant cell populations and their respective histogenetic origins. Complementary 

observations illustrate some important hodological properties.

2. MATERIALS AND METHODS

2.1 Animals

All experimental procedures with transgenic mice (see below) were approved by the 

Committee on Animal Research at University of California, San Francisco (CA), and 

mouse colonies maintained in accordance with National Institutes of Health and UCSF 

guidelines. Mouse brain material from diverse embryonic and postnatal stages was examined 

in sagittal, horizontal, and coronal section planes. Additionally, we analyzed in situ 
hybridization (ISH) images downloaded from the Allen Developing Mouse Brain Atlas 

(https://developingmouse.brain-map.org) and Allen Mouse Brain Atlas (https://mouse.brain-

map.org/). In this case our analysis was focused on embryonic (E) stages (E11.5, E12.5, 

E13.5, E15.5, E18.5) and postnatal P1 stage in sagittal sections (and coronal ones when 
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available; no horizontal sections are offered in this database). According to documentation 

given by the Allen platform, male specimens of the C57BL/6J mouse strain were used for 

the E15.5 through adult stages. We have also analyzed data from the Allen Mouse Brain 

Atlas Mouse Brain Connectivity available at: https://connectivity.brain-map.org).

2.2 Transgenic animals

The isolation of zebrafish dlx4/6 forebrain enhancer elements, construction of the 

zfdlx4/6LacZ transgenic vector, and the characterization of LacZ expression (encoding 

β-galactosidase) using the X-gal histochemical reaction in transgenic mice (strain C57BL/6) 

with respect to that of the endogenous Dlx5 and Dlx6 genes, are described in Zerucha et al. 

(2000) and Stühmer et al. (2002a,b). The propagation of the transgene appears to be stable, 

as no change in the pattern or intensity of beta-galactosidase expression has been noted for 

many generations.

2.3 Preparation of tissue

We studied mouse brains at embryonic [E] ages E11.5, E12.5, E13.5, E14.5, E15.5, 

E16.5, and postnatal [P] ages P0, P3, P20, and P56. For the preparation of embryonic 

brain tissue, timed pregnant dams were killed by cervical dislocation, embryos removed, 

and the brains dissected in cold phosphate-buffered saline (PBS: 137 mM NaCl, 2.7 

mM KCl, 1.8 mM KH2PO4, 5.1 mM Na2HPO4, pH 7.4). The tissue was fixed in 

cold 4% paraformaldehyde/PBS between 30 min (E11.5) and 2 h (E17.5). For the 

preparation of postnatal tissue, animals were anaesthetized with 2% chloral hydrate/PBS, 

and perfused intracardially with 10 ml (at P0) up to 50 ml (at P13 and older) cold 

4% paraformaldehyde/PBS (occasionally also with 0.15% glutaraldehyde). Following 

dissection, postnatal brains were postfixed in the same solution for 3 hours. All tissue was 

rinsed overnight in PBS and either sectioned directly or stored at −20°C in a solution of 30% 

v/v ethylene glycol, 30% v/v glycerol, 40% v/v PBS. Brains stored in this way were rinsed 

overnight in PBS prior to sectioning.

2.4 Sectioning of tissue

Except for very early ages (E11.5 to E13.5), the brains were halved along the midline to 

obtain transverse or coronal and sagittal (or horizontal) sections from the same specimen. 

Embryonic brains were embedded in 5% low melting point agarose to increase the stability 

and ease of handling of the sections. Agarose blocks tailored to provide standard coronal, 

sagittal or horizontal planes of section were habitually prepared. Occasionally additional 

blocks were aimed to obtain sections strictly transverse or horizontal to the prosomeric 

length axis (i.e., ending rostrally in the hypothalamus; Puelles et al., 2012). For sectioning, 

the tissue blocks were mounted, immersed in PBS and cut into series of 100 µm-thick slices 

with a vibrating blade microtome (Leica). Sections were immediately used for the X-gal 

staining reaction.

2.5 X-gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside) staining

Sections were immersed in a solution of 10 mM TrisHCl (pH 7.3), 0.005% 

sodiumdesoxycholate, 0.01% Nonidet P40, 5 mM K4Fe (CN)6, 5 mM K3Fe(CN)6, 2 
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mM MgCl2, 0.8 mg/ml X-gal (stock solution: 40 mg/ml in dimethylformamide) and 

incubated overnight at 37°C. The end of the reaction was decided by visual inspection. 

A non-counterstained series of sections was rinsed in PBS, cleared for 30 min in 50% 

v/v glycerol in PBS, sequentially mounted on slides, coverslipped, and photographed. Two 

or three parallel series of sections of each brain were used for immunocytochemistry and 

counterstaining.

2.6 Immunohistochemistry (IHC)

Our immunohistochemical reaction protocol was described in detail elsewhere (Ferran et 

al. 2015). The primary antibodies used are described in Table 1. After the X-gal reaction 

was stopped, sections to be counterstained were thoroughly rinsed in PBS, and blocked with 

1% BSA, before applying a primary antibody. Standard biotinylated secondary antibody and 

avidin-HRP treatments preceded diaminobenzidine visualization of the reaction product and 

optional weak neutral red counterstaining of the sections.

2.7 Reverse transcriptase-polymerase chain reaction (RT-PCR)

Otp, Nkx2-1, and Pax6 cDNA fragments were obtained by reverse transcription (RT). 

RNA was individually extracted with Trizol reagent (Invitrogen, Carlsbad, CA, Cat. 10296–

028) from freshly dissected brains of Mus musculus. The RNA was treated with DNase 

I (Invitrogen, Cat. 18068–015) for 15 min at room temperature (RT), and the enzyme 

was then inactivated at 65oC. Afterwards, RNA samples were converted to single-stranded 

cDNA with Superscript III reverse transcriptase (Invitrogen, Cat. 18080–044) and oligo-

dT-anchored primers. The resulting first-strand cDNA (0.5μl of the reverse transcription 

reaction) was used as a template for the PCR reaction, which was performed in presence of 

Taq polymerase (Promega, Cat. M8305) and the gene-specific primers for Otp, Nkx2-1, and 

Pax6 mRNAs.

The PCR conditions used were an initial denaturation step at 94ºC for 5 min, then 35 cycles 

(30s at 94ºC, plus 1 min at Tm temperature (58ºC), and 1 min at 72C), followed by 20 min at 

72ºC. The PCR products were cloned into the pGEM-T Easy Vector (Promega, Cat. A1360), 

and sequenced (SAI, University of California, San Francisco (CA).

2.8 In situ hybridization (ISH)

The tissues were processed for in situ hybridization (ISH) with

digoxigenin-UTP-labeled antisense riboprobes. Sense and antisense digoxigenin-labeled 

riboprobes for mouse Otp, Nkx2-1, and Pax6 were synthesized following the manufacture’s 

recommendations (Roche Diagnostics S.L., Applied Science, Barcelona, Spain), and 

applying specific polymerases (Fermentas, Madrid, Spain). Probe sequence information 

is provided in Table 2. ISH was performed basically as described by Ferran et al. 

(2015). After hybridization, the sections were washed and incubated in a solution 

containing alkaline phosphatase-coupled anti-digoxigenin antibody (diluted 1:3500; Roche 

Diagnostics). Nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate (NBT/BCIP; 

Roche) solution was then used as chromogenic substrate for the final alkaline phosphatase 
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reaction (Boehringer, Mannheim, Germany). No specific signal was obtained with sense 

probes (data not shown).

Molecular markers listed in Table 3 were analyzed from ISH images downloaded from the 

Allen Brain Atlas (https://mouse.brain-map.org/; https://developingmouse.brain-map.org). 

The AGEA correlation option of this database was used to find genes expressed non-

ubiquitously in the hypothalamic entopeduncular region mainly from E18.5 onwards 

(https://mouse.brain-map.org/agea and https://developingmouse.brain-map.org/agea/show). 

The crosshair marker was placed sequentially along diverse dorsoventral peduncular 

hypothalamic subdomains, either alar or basal, and the tool Find genes was used to obtain 

a list of local candidate genes of interest. We checked in detail the expression patterns of 

all these genes, selecting those most discriminative for our purpose. We also checked genes 

previously mapped in the literature that were ascribed to the entopeduncular complex (n = 

49; Table 3; Wallace et al., 2017). Additionally, we analyzed Chat expression data on the 

internal globus pallidus from the Gene Expression Nervous System Atlas (GENSAT) at the 

Rockefeller University (gensat.org).

2. 9 Allen Mouse Brain Connectivity Atlas

We searched the efferents of the globus pallidus and the entopeduncular nuclei at the Allen 

Mouse Brain Connectivity image database of anterograde projections labeled by enhanced 

green fluorescent protein (EGFP)-expressing adeno viral (rAAV) tracers and visualized after 

2–3 weeks using a serial two-photon tomography system (see Table 4 for the selected 

experiments).

3. RESULTS

3.1 Genoarchitectonic background

There is evidence that some mouse entopeduncular nucleus (EP) neurons express 

Dlx1,2,5,6; these genes are expressed in the telencephalic subpallium (ventricular and 

subventricular zone and part of the mantle zone) and have separate expression domains 

in the hypothalamus and prethalamus (Bulfone et al., 1993; Liu et al., 1997; Puelles 

& Rubenstein, 2003; Puelles et al., 2004, 2021). We explored here whether the mouse 

entopeduncular population (EP) originates in the hypothalamus, with or without continuity 

with the pallidal primordia, using transgenic mice expressing LacZ under control of the 

zebrafish Dlx5/6 forebrain enhancer (Zerucha et al., 2000; Stühmer et al., 2002a,b). The 

LacZ histochemical reaction was compared with immunochemical reaction for several 

transcription factors (DLX, NKX2-1, OTP, PAX6, TBR1), calcium-binding proteins 

(calbindin, calretinin, parvalbumin), and in situ RNA hybridization reaction for Nkx2-1. We 

also examined various hypothalamic markers characterizing entopeduncular cell populations 

interstitial to the cerebral peduncle selected empirically and downloaded from ISH data at 

the Allen Brain platform (Allen Mouse Brain Atlas; Allen Developing Mouse Brain Atlas; 

Table 3).

We soon found that the mouse entopeduncular nucleus (EP) as classically defined consists 

at least of two developmentally independent, molecularly diverse, and well segregated 
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neuronal populations -the dorsal and ventral EP nuclei (EPD, EPV)- which are produced 

respectively at dorsoventrally stacked alar peduncular hypothalamic progenitor domains, 

the paraventricular and subparaventricular areas (Puelles et al., 2012). The basic dual 

nature of the mouse EPD/EPV complex is fully consistent with corresponding dual 

adult connectivity data (see below). In addition, we found that the entopeduncular locus 

intercalated between the EPD and the overlying subpallium (globus pallidus) contains 

two other entopeduncular cell populations which are hardly known but are molecularly 

distinct from the classically described components. We have named them the prereticular 

and preeminential entopeduncular nuclei (EPPRt, EPPEm) according to their position relative 

to neighboring prethalamic formations.

Correlative genoarchitectonic data on the mouse telencephalic globus pallidus primordium 

(GP) provided evidence that this entity consists primarily of at least two partially distinct 

parts (called here external and internal GP; GPE, GPI), which apparently derive respectively 

from the adjacent pallidal, and diagonal progenitor MGE subdomains (Flames et al., 2007; 

Puelles et al., 2013, 2016; Silberberg et al., 2016).

This insight would support the hypothesis that the observed two parts of the telencephalic 

mouse globus pallidus are the developmental and topological homologs of the external 

and internal pallidal segments of primates. The novel EPPRt and EPPRm nuclei at the 

telencephalic stalk region separate the GPI from the classic hypothalamic EP (specifically 

from the EPD and underlying EPV).

We will first describe our results on the mature topography of the different parts of the 

entopeduncular complex (EPV, EPD, EPPRt, EPPEm) and the respective molecular marker 

profiles they exhibit at postnatal stages of mouse development. Next, we will examine 

the origin of these nuclei out of ventricular zone domains identifiable at early stages 

(starting at E11.5 and with emphasis in the classic EPV/EPD components, object of the 

discussed homology hypothesis). In a subsequent section, we will provide selected data 

on the existence of two distinct globus pallidus subdomains in the mouse telencephalic 

subpallium.

3.2 Organization of entopeduncular cell populations at mature stages

We found four ventrodorsally arranged hypothalamic cell aggregates disposed interstitially 

to the cerebral peduncle, the ventral, dorsal, prereticular and preeminential entopeduncular 

nuclei, each showing a different molecular profile (EPV, EPD, EPPRt, EPPEm; Figures 1, 2, 

3; Table 3). They are clearly distinguishable in sagittal sections.

We understand the cerebral peduncle as a strictly transverse (dorsoventral) tract that first 

emerges from the telencephalic subpallium at the telencephalo-hypothalamic transition 

area, then courses through the peduncular hypothalamic alar domain (where it incorporates 

ascending thalamic components), penetrates the underlying basal plate region alevel with the 

subthalamic nucleus, and finally bends caudalwards into the diencephalic tegmentum (pe; 

Figure 3b).
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The alar peduncular hypothalamus is divided dorsoventrally between the Dlx-negative 

paraventricular area and the Dlx-positive subparaventricular area (Puelles & Rubenstein, 

2003; Puelles et al., 2012, 2021; Diaz et al., 2023; Figure 1a).

The EPV is clearly identified by its strong Dlx5/6-LacZ signal interstitial to the peduncle in 

a postnatal brain from a transgenic Dlx5/6-LacZ mouse line (blue labelling in Figures 1b–d; 

see also Figures 2j,k). It also expresses Nkx2-1, a feature shared with pallidal formations 

(EPV; Figure 2b). EPV cells appear to be GABAergic since they express Gad1 and the 

vesicular GABA transporter Slc32a1 (Table 3). Several other mRNA transcripts typically 

characterizing the EPV include the transcription factors Arx, Foxp2, and Meis1, and other 

genes such as Cbln2, Chrm3, Pvalb, Trpc4, Rgs4, and Spp1 (Figures 2a,b; Table 3). The 

EPV is typically aligned dorsoventrally within the Dlx-positive subparaventricular band 

(in longitudinal continuity with the recently defined rostral liminar nucleus -RLi- of the 

prethalamus, which is also Dlx5/6-LacZ positive; Puelles et al., 2021; Diaz et al., 2022; 

EPV, RLi; Figure 1a). The peduncular position of EPV typically coincides roughly with 

the subpial course of the optic tract (ot; Figures 1c, 3), and is somewhat dorsal relative to 

the STh nucleus in the underlying basal plate (Figures 1b–d, 2b,k) and ventral to its alar 

companion, the EPD (the optic tract is thus useful for the distinction of the neighboring 

EPV and EPD formations). The basal STh is Dlx-negative and stands out from surrounding 

structures by its strongly calretinin (CR)-positive neurons and neuropile; it lacks otherwise 

PAX6- and calbindin (CB)-immunoreaction (STh; Figure 1).

The EPD and EPPRt are both devoid of Dlx related signals and are rostrally aligned with the 

incertal and reticular prethalamic complexes, respectively (Figure 1).

EPD is distinguishable by its selective PAX6 and calbindin (CB)-positive immunostaining 

(Figures 1A,B,D), and expresses Pax6, Tbr1, Cyp26b1 and Nr2f1 (Figures 2d,e,h), among 

other genes noted below (see also Table 3). Contrarily to the GABAergic character of 

EPV, the EPD is glutamatergic; it expresses Slc17a6 mRNA (Figure 2f; Table 3) that 

encodes a vesicular glutamate transporter (vGLUT2) (Takamori et al., 2000). The EPD lies 

superficially in the wholly Slc17a6-positive paraventricular domain mantle (Figure 2f); it 

neighbors caudally with the prethalamic zona incerta complex (EPD; ZI; Figures 1b,c,3) and 

ventrally with the underlying subparaventricular domain where the EPV lies; these caudal 

and ventral neighboring entities are Slc17a6-negative (ZI; Figure 2f). Other markers that 

label selectively EPD cells are the transcription factors Barhl2, Pbx3, Pou2f2 and Zfnx3, the 

neuropeptide somatostatin (Sst), and other genes such as Cacna2d1, Cbln4, Crtac1, Synpr, 
and Stbp6 (Table 3).

In contrast, EPPRt is PAX6- and CB-negative (Figures 1a,b,d) and expresses Isl1 and 

Cacna2d3, markers absent at EPD (though EPPRt shares expression of Nr2f1 with EPD; 

Figures 2g–i). The prethalamic reticular nucleus complex (Rt), from where EPPRt neurons 

may migrate, is also labeled with these molecular markers; however, we found some 

differences such as Enc1 whose signal labels the EPPRt but not Rt (Allen Developing Mouse 

Brain Atlas; see also Puelles et al., 2021). Additional molecular markers such as Cdh6, 

Ecel1, Esrrg, Kitl, Meis2, and Six3 also characterize specifically this EPPRt population 

(Table 3). Our P0 sections double-labelled for Dlx5/6-LacZ (Xgal) and pan-distalless IHC 
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show that at this stage EPPRt is negative for Dlx5/6-LacZ expression, but positive for 

the pan-distalless antibody (DLX; brown reaction; Figures 2j,k). This combination was 

interpreted in Puelles et al. (2021; see their Discussion) as indicating selective postnatal 

expression of Dlx1/2 (after downregulating Dlx5/6).

Finally, the pre-eminential EP nucleus (EPPEm) is associated topographically to the 

transitional telencephalo-opto-hypothalamic domain (Morales et al., 2021), which is Dlx- 

and Nkx2-1-negative and corresponds to the ventralmost Foxg1-positive telencephalic 

domain. These cells are found in an entopeduncular location in the upper subregion of 

the paraventricular area (Figure 2l).

A fifth or extra entopeduncular cell group termed by us ‘accessory entopeduncular nucleus’ 

(EPA; Puelles et al., 2021) is represented by a small strongly Dlx-LacZ-positive aggregate 

that lies outside the hypothalamus, interstitial to the incipient longitudinal peduncular 

course through the prethalamic tegmentum, and ventrocaudal to the peduncular bend 

around the STh (EPA, STh; Figures 1c,d; 2k). The differential topographic location of the 

Dlx-positive EPA and EPV nuclei is clearly visualized by combination of calretinin (CR) 

and calbindin (CB) IHC at early postnatal stages; the STh contains CR-positive and CB 

negative cells (STh; Figures 1c,d). The CB-positive EPD and the Dlx-positive EPV are 

embedded specifically within the transverse entopeduncular trajectory of the CB-positive 

ansa lenticularis tract, one of the descending components of the cerebral peduncle, whereas 

the Dlx-positive EPA lies interstitial to the longitudinal course of the entopeduncular ansa 

lenticularis (al) once this tract bends superficially caudalwards around the Dlx/CB-negative 

and CR-positive subthalamic nucleus (Figures 1c,d). Both EPD and EPV are thus alar 

hypothalamic, whereas EPA seems diencephalic (prethalamic) and tegmental (Ramon y 

Cajal, 1903, and Watanabe & Kawana, 1982, identified it as ‘accessory subthalamic nucleus 

of Luys’; Talbot & Butcher, 1978 and Marchand & Lajoie, 1986 named it ‘nucleus of the 

crus cerebri’; Puelles et al., 2021 called it ‘accessory entopeduncular nucleus’). Besides the 

Dlx signal, EPV and EPA share the expression of markers such as Arx, Cbln2, Chrm3, 

Foxp2, Gad1, Pvalb, Nkx2-1, Slc32a1, and Trcp4 (Figures 2a,b; Table 3), consistent with a 

GABAergic profile of both populations.

In summary, our analysis of entopeduncular cell groups associated with the hypothalamic 

course of the cerebral peduncle, based on the Allen Developing Mouse Brain ISH database 

and our own genoarchitectonic data, contributes to a more complete characterization of a 

set of four alar entopeduncular cell populations of the PHy. The EPV is topographically 

related to the Dlx-positive hypothalamic subparaventricular domain (rostral to the RLi 

formation; EPV, RLi; Figures 1a,2,3; see Puelles et al., 2021). The EPD subdivision is found 

immediately dorsal to the EPV. This population lacks Dlx5/6-LacZ and calretinin (CR) 

protein, displaying instead calbindin (CB/Calb1) (Figures 1d; Table 3), PAX6/Pax6 (Figures 

1a,b, 2c; Table 3), Tbr1, Cyp26b1, and Nr2f1, among others (Figures 2d,e,h; Table 3) in its 

profile.

Located dorsal to EPD, the EPPRt was previously described as a transient perireticular 
nucleus in rat and ferret embryos (Mitrofanis, 1992, 1994a,b; Earle & Mitrofanis, 1996), 

though dispersed cells with identical topography appear immersed in the cerebral peduncle 
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dorsal to the EPD and rostral to the prethalamic reticular complex postnatally (PRt; Figs.2g–

k, 3). Considering its location rostral to the prethalamic reticular complex we propose 

that the prereticular term is appropriate for this cell population (Puelles et al., 2021). We 

hypothesize that these DLX-positive (i.e., DLX1/2 positive stainable with pan-distalless 

antibody), and thus probably GABAergic cells, may originate via tangential migration from 

the prethalamic reticular complex (an alternative possible source might be the preoptic area). 

The Isl1-positive EPPRt population appears as rows of dispersed cells among the peduncular 

fibers at levels where the thalamic peduncle incorporates (PRt; Figure 1i).

Finally, at the transition into the Foxg1-expressing telencephalic territory (Morales et al., 

2021), the EPPEm population contains differentially Foxg1-expressing cells reported to be 

largely glutamatergic (Figure 2l; Morales et al., 2021).

In the Discussion the relationship of these entopeduncular hypothalamic nuclei with the 

internal and external globus pallidal subdivisions (GPI, GPE) in the neighboring subpallial 

region will be considered, jointly with their hodologic similarities and differences.

3.3 Early histogenetic domains

Our analysis of the relative postnatal topography of diverse Dlx5/6-LacZ-positive cell 

populations in the peduncular forebrain suggested that the EPV might originate in a Dlx-

positive progenitor domain within the embryonic peduncular hypothalamus at levels roughly 

covered by the optic tract (see Fig.1C). The obvious candidate domain corresponds to 

the peduncular part of the subparaventricular band characterized by Dlx5/6-LacZ-positive 

periventricular cells that, as a whole, extends longitudinally across the hypothalamus 

between the rostral anlage of the suprachiasmatic nucleus and the subincertal RLi area of 

the prethalamus in prosomere 3 (SPa; Puelles et al., 2012; the subparaventricular term was 

introduced by Watts & Swanson, 1987; Watts et al., 1987). This band is held to represent 

the ventral rim of the hypothalamic alar plate through both hypothalamic prosomeres hp1 

and hp2. The peduncle only crosses its hp1 or peduncular part (thus ‘peduncular SPa’ or 

PSPa; Figure 4a; ‘posterior entopeduncular area’ in Puelles & Rubenstein, 1993; 2003). The 

SPa lies just ventral to the paraventricular histogenetic area (Pa), the dorsal alar source of 

magnocellular hypophysiotropic neurons, where Dlx5/6-LacZ is not expressed (Pa; Figure 

4a). The SPa domain displays a relatively massive rostral part in the terminal hypothalamus 

(TSPa; encompassing the anterior hypothalamic and suprachiasmatic grisea) and caudally a 

thinner peduncular part (PSPa; Figure 4a). The PSPa displays superficially the peduncular 

fibers with the EPV, underlined by a molecularly distinct lateral hypothalamus sector (Diaz 

et al., 2023), and its periventricular stratum is dorsoventrally thin (Figure 4a). The PSPa is 

continuous caudally with the Dlx5/6-LacZ-positive primordium of the prethalamic liminar 

band in prosomere 3, which borders ventrally the zona incerta, from which it was not 

distinguished by classic neuroanatomists (PSPa, RLi; Figures 4a–c). We hold that this PSPa 

domain represents the main source of the LacZ-expressing EPV cells (see evidence below).

On the other hand, the progenitor domain for the neighboring Dlx5/6-LacZ-negative EPD 

lies in principle just dorsal to the PSPa. The obvious candidate would be the Dlx-negative, 

Otp-, Pax6- and Tbr1-positive paraventricular hypothalamic domain, which lies rostral to the 

prethalamus (Figures 1,2D; 4a,d; Table 3; Bulfone et al., 1993, 1995; Puelles & Rubenstein, 
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1993, 2003; Simeone et al., 1994; Fan et al., 1996; Martínez & Puelles, 2000; Puelles et al., 

2004, 2012). We turned to embryonic material to test these hypotheses.

3.4 Embryonic development of EPV

The Dlx5/6-LacZ-positive thin peduncular subparaventricular zone (PSPa) is well-

distinguishable in sagittal sections at E13.5 (Figure 4a). It is already present 

periventricularly at E11.5 (Figure 4c). It ends caudally at the rostral limit of prosomere 

3, whose central and subcentral alar prethalamic territory (the old ventral thalamus) 

characteristically contains a larger dorsoventral expanse of Dlx expressing cells (p3, PTh; 

Figure 4a; see also Puelles et al. 2021; their Fig. 1b). As recently shown in Puelles et 

al. (2021), the central PTh subdomain forms the reticular nucleus, whereas the subcentral 

subdomain generates the zona incerta and the underlying rostral liminar band (Rt, ZI, RLi; 

Figure 4a). At E11.5 we could not identify a separate EPV cell group in relation to the 

incipient peduncular mantle stratum (pe; Figures 4b,c), though these early LacZ-positive 

PSPa cells probably represent the prospective EPV, given the reported outside-in generation 

pattern (Wyss & Sripanidkulchai, 1985).

At E12.5, horizontal and transverse sections through the PSPa show an incipient group of 

Dlx5/6-LacZ-positive cells already in an entopeduncular position (arrows in Figures 4f,o–

q,5c). This entopeduncular aggregate is better developed at E13.5 (Figures 4G,5D) and the 

EPV primordium displays in sagittal sections a characteristic topography dorsal relative to 

the migrated primordium of the subthalamic nucleus (EPV; STh; Figures 5h,i). Additional 

LacZ-positive cells may originate in the underlying basal retrotuberal hypothalamic area 

under the subpial STh primordium, which possibly contribute Nkx2-1 cells to EPV (asterisk; 

RTu; Figures 4p–r). Moreover, the TSPa does not show a comparable superficial cell group, 

nor do peduncular fascicles grow through it (Figure 4j–l).

By E15.5 the LacZ-positive EPV nucleus appears established as a well-defined compact 

mass in its definitive position, close to the dorsoventral level marked superficially by the 

optic tract (Figure 4h). At later stages, further growth of the peduncle confers a slightly 

reticular appearance to EPV (Figures 5k–m).

The earliest Nkx2-1 expressing cells at the EPV primordium were observed at E12.5 and 

E13.5 (Figures 5f,g,i,j,). In general, this marker distributes throughout the basal and floor 

ventricular and mantle zones of the hypothalamus and prosomere 3, with exception of the 

retromamillary area and its derivatives (i.e., the STh; Figures 5f,i). A distinct but rather 

thin subparaventricular band of Nkx2-1-expressing cells overlaps specifically the lower part 

of the Dlx-positive TSPa/PSPa in the mantle layer, parallel to the dorsal border of the 

hypothalamic basal-plate expression domain (Figures 5f,g,n; compare also Figures 4h and 

4i at E15.5). Similar thin domains of overlap with Dlx expression in PSPa were identified 

as well using Nkx2-2- and Nkx5-1-ISH reactions (not shown). Superficial entopeduncular 

Nkx2-1-, Nkx2-2- and Nkx5-1-positive cells were seen likewise at the EPV primordium, 

forming a subset of the LacZ-positive neurons, mixed with cells that express only Dlx5/6-
LacZ, probably originated at the more dorsal part of the PSPa (Figures 5a–d, n–p).
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3.5 Embryonic development of EPD

Examination of similar E12.5-E13.5 LacZ material counterstained with immunoreaction 

for either PAX6 or TBR1 proteins as well as E11.5-E15.5 Tbr1 ISH data from the Allen 

Developing Mouse Brain Atlas showed that these markers are characteristic of the mantle 

layer of the neighboring Dlx-negative paraventricular area (PPa), which lies immediately 

dorsal to the PSPa (Fig.6). The ventricular zone of this histogenetic domain (Bulfone et 

al., 1993) is known to express the PAX6 transcription factor early on (Puelles et al., 2012; 

Figures 5e,h). Calbindin, another EPD marker, is also expressed strongly in the primordia of 

the supraoptic nucleus and the paraventricular nucleus, both formed within the Pa, but not in 

the adjoining Dlx-positive mantle domains (not shown).

At E11.5, Tbr1-expression also labels massively the prethalamic eminence just caudal to 

the PPa domain (PThE; Figures 6a,b; characteristically, PAX6 appears selectively only in 

the eminential ventricular zone - Figures 1a, 5e,h-, whereas Tbr1/TBR1 is expressed in its 

mantle zone -Figures 6a–h; Bulfone et al., 1995). This expression pattern thereafter extends 

rostralward into the PPa area and its Dlx5/6-negative mantle domain (Figures 6c, e–m; 

Bulfone et al., 1995). The TBR1-expressing PPa mantle domain is accordingly wedged 

between the LacZ-positive subparaventricular band (ventrally) and the LacZ-positive 

subpallial complex (dorsally) (compare Figure 5e and Figure 6h; Puelles & Rubenstein, 

2003). Paraventricular TBR1+ IHC encompasses distinctly the superficial EPD cells which 

lie directly dorsal to the Dlx-positive EPV primordium (Figures 6h–n). The LacZ-negative 

EPD appears labelled as well with ISH for Otp at E12.5 (Figure 4d); OTP is a transcription 

factor crucial for the differentiation of the neuronal phenotypes developing within the Pa 

area, which is absent at the prethalamic eminence (Simeone et al., 1993; Acampora et al., 

1999; Wang & Lufkin, 2000).

Other early markers of the prethalamic PThE and the neighboring hypothalamic PPa 

(including EPD) are Barhl2, Cacna2d1, Pbx3, Pouf2f2, Zfhx3 and Slc17a6 (encoding 

vGLUT2) (Allen Developing Mouse Brain Atlas).

3.6 Embryonic development of EPPRt

The EPPRt appears initially in continuity with the rostralmost part of the DLX-positive 

prethalamic reticular nucleus, from which its cells seem to originate (Earle & Mitrofanis, 

1996; Mitrofanis, 1994a,b; Puelles et al., 2021; Zhao et al., 2008;). However, these elements 

later downregulate Dlx5/6, retaining mainly Dlx1 signal (Puelles et al., 2021), and thus 

appear as a Dlx-LacZ-negative but nevertheless pan-DLX-immunoreactive cell population 

lying dorsal to EPD and rostral to the reticular complex from E13.5 onwards (Figures 

1a–c, 2j,k). Another marker of EPPRt and prethalamic Rt cells is the Isl1 transcription 

factor (Figure 2i). We have mapped Isl1 expression in material from the Allen Developing 

Mouse Brain Atlas examining sagittal and horizontal sections through the hypothalamus and 

prethalamus between stages E11.5 and E18.5 (Figure 7). At E11.5, Isl1 is strongly expressed 

only in alar PTh cells. Moreover, the Dlx-positive hypothalamic subparaventricular domain 

and the basal hypothalamus also display strong Isl1 signal whereas the alar hypothalamic 

paraventricular domain lacks Isl1 expression (Figures 7a,b). At E12.5, a few Isl1-positive 

cells are found superficially to the peduncle in the prereticular sector of the hypothalamus; 
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we interpret these cells as possibly tangentially migrated elements of the EPPRt primordium 

(Figure 7c, arrow). At E13.5, there is an increase in the number of such superficial Isl1 
cells (Figures 7d,e). At E15.5, this population is no longer superficial but interstitial to the 

fibers of the cerebral peduncle, probably due to incorporation of additional peduncular fiber 

contingents (Figures 7f,g). This emergent EPPRt topography is clearer at E18.5 (Figures 

7h,i).

3.7 Development of the EPPEm

Our data on a developing Foxg1-positive EPPEm primordium dorsal to the EPPRt is limited 

to E18.5 (Figure 2l). Unfortunately, available Allen material from earlier stages is restricted 

to sagittal sections and does not allow the separation of this entopeduncular population from 

the neighboring subpallium. Morales et al. (2021) showed in their E12.5 Foxg1 material 

some positive cells lying superficial to the peduncular tract labelled as ‘internal capsule’ 

(their Fig.2f). This suggests a possible developmental pattern analogous to that of EPPRt but 

originated in the Foxg1-positive telencephalo-opto-hypothalamic domain.

3.8 Collateral observations on globus pallidus

Distinct subpallial GPI and GPE formations are clearly identified postnatally in the mouse 

based on Dlx5/6-LacZ, Lhx8, and Nkx2-1 expression (Figures 8a–j). Both GPE and GPI 

lack TBR1 and PAX6 immunolabelling (Figures 8c, e, h). The adjacent striatal complex is 

Dlx5/6-LacZ-positive but NKX2-1-, Lhx6-, and Lhx8-negative (Figure 8; see also Medina 

& Abellán, 2012; their Figs. 7.9). GPI cells are relatively larger and more dispersed neurons 

that strongly express Dlx5/6-LacZ within a roughly triangular caudomedial area of the 

GP complex (Figs. 8b–g), which is caudally continuous with the nucleus of the ansa 

lenticularis (AL; Figures 8e–g); note all these AL cells are cholinergic in the adult, thus 

being supposedly derived from the basal telencephalon (Gould et al., 1991; Oh et al., 

1992). The Lhx8 marker, present in both GPE and GPI, also illustrates the cytoarchitectonic 

difference between the GPE and GPI cell types (Figure 8a). The smaller and more compact 

postnatal GPE neurons show less Dlx-expression compared to earlier stages (see Figures 

1b,d), and display among other differences a relatively weaker LacZ signal compared to 

GPI (Figures 8b–f; i,j). In contrast, there is much stronger Nkx2-1/NKX2-1-expression in 

GPE than in GPI (Figures 2b; 8b,d,g). GPI shows as expected a substance P-immunopositive 

neuropil, indicating specific striatal afferents (Figure 9a). In the adult brain, a tyrosine-

hydroxylase (TH) positive fiber plexus is restricted to the GPI neuropil (Figure 9b), whereas 

GAD- and PV-immunoreaction is relatively stronger within GPE than in GPI (Figures 

9c,d). Moreover, we observed in GPE relatively numerous Spp1-positive cells (Figure 8e), 

as well as other markers such as Cyp26b1, Ecel1, Enc1, Esrrg, Gabra5, Gabrg1, Meis2, 
Oprl1, Plcl1 and Stxbp6 (Table 3); Interestingly, Cyp26b1, Gabra5, Gabrg1, and Plcl1 
expression characterizes selectively both the subpallial GPE and the hypothalamic EPD, 

which appears separated by a negative domain containing the GPI; contrarily, Cdh6 and 

Ecel1 signals characterize selectively both GPI and EPPRt cells. Chat, Ecel1 and Slc18a3 
label specifically a sizeable subpopulation of GPI cells displaying a cholinergic profile, 

similar to that seen at the more caudal, tail-like AL nucleus. This cell type also partly 

disperses into the neighboring GPE, the diagonal band nucleus and medial septum, and the 

local internal capsule (Figures 9f–h; Slc18a3 encodes a vesicular monoamine transporter). 
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Other markers such as Nxph4, and Nr4a2 are selectively expressed in a subpopulation of 

GPI cells (the latter best seen at E15.5 and E18.5; check the Allen Developing Mouse Brain 

Atlas), whereas Oprl1 and Pclc1 signals characterize selectively the GPE (Table 3). Other 

markers such as Arx, Chrm3 and Cbln2 label both the subpallial GPI and the hypothalamic 

EPV, whereas the transcription factor Pbx3 appears in both GPI and EPD cells (Table 3).

Within our model of subpallial areal structure (Puelles et al., 2013, 2016) the GPE is 

postulated to be an intermediate mantle stratum within the central pallidal progenitor domain 

(correlative periventricular and superficial central pallidal formations being the lateral part 

of the periventricular BST complex and the rostral moiety of the substantia innominata, 

plus a rostral part of the subpial diagonal band (Figure 8j); formerly a part of the olfactory 

tuberculum [Tu] was assigned to superficial pallidum, but we now consider the Tu proper as 

uniformly striatal in origin, though it contains tangentially migrated pallidal cells in its deep 

stratum). The GPI is held to form instead the parallel intermediate stratum of the central 
diagonal progenitor domain (loc.cit.). The central diagonal radial domain includes deep to 

GPI the medial part of the BST complex, and, superficially the posterior moieties of the 

substantia innominata and the superficial diagonal band (SIPAL,DBPAL,SIDg,DBDg; Figures 

1b; 8j).

Analysis of successive stages of development suggests that our diagonal subpallial 
progenitor domain (Dg; equivalent to our old ‘anterior entopeduncular area’, AEP; Bulfone 

et al., 1993; Puelles & Rubenstein, 1993; Rubenstein et al., 1994) contributes to the internal 

(caudomedial) part of the classic globus pallidus (see preliminary observations in Flames 

et al., 2007; Puelles et al., 2016; Silberberg et al., 2016) where it develops jointly with 

medial BST subnuclei, posterior substantia innominata and part of the diagonal band nuclei 

(Puelles et al., 2013; 2016). Medina and Abellán (2012) identified our Dg (AEP) subpallial 

domain as ‘caudoventral pallidum’, their criterion being conditioned by the initial absence 

of differential diagonal versus pallidal markers. This argument seems now superseded by 

our present data in Table 3. Many cells generated in this singular subpallial territory are 

GABAergic as occurs in other subpallial entities, correlative with the shared Dlx5/6-LacZ, 

Lhx6 and Lhx8 signals, irrespective of the apparent local origin of the cholinergic neurons of 

the basal forebrain (Figures 8a–f; Shimamura et al., 1997; Eisenstat et al., 1999; Puelles et 

al., 2000; Marin et al., 2002; Flames et al., 2007; Long et al., 2009; Zaborszky et al., 2012; 

Su-Feher et al., 2022).

3.9 Pallidal and entopeduncular connectivity

We examined data from eight efferent mapping experiments performed in mouse by 

injecting recombinant adeno-associated virus (rAAV) into the pallidal and entopeduncular 

regions (Allen Mouse Brain Connectivity Atlas). After two injections on C57CL/6J mice 

centered essentially in our postulated GPI (cases 158373958 and 300318924, curiously 

also identified as GPI in the Allen source), we found distinct anterograde labeling in the 

thalamus (i.e., ventral anterior, ventral lateral, mediodorsal and parafascicular thalamic 

nuclei; supplementary Figures S1a–e); additional terminal labeling was detected in the 

EPV (Figure S1d), STh (Figure S1e), substantia nigra pars reticulata (SNr) and pretectum 

(PT) (not shown). In contrast, two other experiments with injections centered strictly in 
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GPI, but done in Ntrk1-IRES-Cre mice, showed wide anterograde labelling selectively 

in the neocortex (cases 647574144 and 265944167; Figures S1f,g), the lateral amygdala, 

prethalamic eminence and reticular nucleus (not shown). The Ntrk1 gene encodes a member 

of the neurotrophic tyrosine kinase receptor family which plays a critical role in proliferation 

and differentiation of cholinergic neurons (Li et al., 1995). Thus, the Ntrk1-IRES-Cre-

dependent labelling produced in these two experiments represent selectively cholinergic 

projections originated in the cholinergic neurons lying within GPI.

Two rAAV injections into the EPD gave rise to labeled fibers in the stria medullaris 

and terminals in the lateral habenula (cases 305024724 and 539498984; Figures S1h,i). 

Other EPD efferents end in basal parts of the lateral hypothalamus (bHL), the prethalamic 

subgenigulate nucleus, the ventromedial thalamic nucleus (VM) and the pretectum (PT) 

(Figures S1h,i). We did not identify experiments centered upon the EPV.

4. DISCUSSION

Present data reveal that the mouse cerebral peduncle contains at least three 

extratelencephalic and one telencephalic entopeduncular cell populations, each one 

characterized by a different combination of molecular markers. They are the ventral 

and dorsal entopeduncular nuclei (EPV, EPD), classically conceived jointly as a single 

entopeduncular population, plus the newly identified prereticular entopeduncular nucleus 

(EPPRt), to which we add the telencephalic preeminential entopeduncular nucleus (EPPEm), 

as illustrated in Figures 3 and 10a. The EPD, EPPRt and EPPEm populations correlate 

topographically with different dorsoventral parts of the paraventricular alar hypothalamic 

area, whereas the EPV is a superficial component of the subjacent subparaventricular 
alar hypothalamic area (Puelles et al., 2012); note that hypothalamus literature based on 

the columnar model does not recognize the subparaventricular area as defined by Puelles 

et al. (2012), which encompasses rostrally the GABAergic classic anterior hypothalamic 

and suprachiasmatic nuclei. The subparaventricular domain was otherwise recently referred 

to as ‘diagonal hypothalamic area’ by Shimogori et al. (2010). This descriptor is due 

to debatable combined reference to both columnar and prosomeric axes (being mutually 

orthogonal at this locus, they define a bisecting diagonal if one accepts both; this is 

meaningless from a causal viewpoint, since only one axis can have acted). Recently 

the EPD and EPV entopeduncular populations have been differentiated molecularly and 

hodologically in the mouse adult brain, without being assigned specific names (rostral and 

caudal EP parts of Miyamoto & Fukuda, 2015, 2021a,b; Wallace et al., 2017;). Using 

Herrick’s columnar model, which defines the hypothalamus as a longitudinal column, 

these authors distinguished a ‘caudal’ parvalbumin immuno-reactive cell population (our 

EPV) from a ‘rostral’ parvalbumin-negative and somatostatin-positive cell population (our 

EPD). The EPPRt cells are usually interpreted as a transient ‘perireticular’ cell population 

found within the internal capsule in rat and ferret embryos, which is reduced postnatally 

(Mitrofanis, 1992, 1994a,b; Mitrofanis & Baker, 1993;Mitrofanis et al., 1995; Earle & 

Mitrofanis, 1996). The EPPem is a superficial entopeduncular component found at the 

dorsal part of the paraventricular domain, which was recently identified as a Dlx- and 

Nkx2-1-negative telencephalo-opto-hypothalamic area whose Foxg1-expressing cells are 
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mainly glutamatergic (Morales et al., 2021; Foxg1 is held to be a telencephalon marker) 

(Figure 2l).

The two main subdivisions currently noted within the classic EP entity display distinct 

molecular heterogeneity and little mutual overlap in other features. The EPD cells are 

Dlx5/6-LacZ negative and express transcription factors such as Tbr1/TBR1, Pax6/PAX6, 

Otp and Nr2f1, jointly with some other markers such as Cacna2d1, Calb1/calbindin CB, 

Crtac1, Cyp26b1, Nos1, and Sst (Table 3). Unlike the EPD, the EPV cell population is 

intensely Dlx5/6-LacZ positive and expresses GABAergic markers (Gad1/Gad67, Slc32a1, 

Pvalb/parvalbumin PV) as well the transcription factors Arx, Foxp2, Meis1 and Nkx2-1 
(Table 3). The EPPRt contains selectively Ecel1, Isl1, Meis2, and Kitl-expressing cells, 

among other markers, whereas EPPEm cells uniquely express the transcription factor Foxg1 
(Table 3).

4.1 On the alar hypothalamic origin of EPV

The presently described Dlx5/6-LacZ positive EPV appears to originate from a caudal 

(peduncular) portion of the Dlx5/6-LacZ-positive subparaventricular area (PSPa; Puelles 

et al., 2012; this particular area was formerly tentatively identified as ‘posterior 

entopeduncular’ or PEP by Bulfone et al., 1993 and Puelles & Rubenstein, 1993, previous 

to the more detailed hypothalamic structural descriptive analysis of Puelles et al., 2012). In 

Dlx5/6-LacZ material, the positive PSPa domain is continuous caudally with the recently 

identified rostral liminar band of the prethalamus (RLi; Puelles et al., 2021; Diaz et al., 

2023). The ontogenetic and adult location of EPV at dorsoventral peduncular hypothalamus 

levels roughly under the subpial optic tract obviously make its generation independent of the 

distant developmental origins of the pallidal subpallial telencephalic primordia. Importantly, 

we did not observe in our embryonic series any Dlx5/6-LacZ-positive migratory stream that 

interconnects these two independent sources of Dlx5/6-LacZ positive neurons at any stage 

during development.

The neuroepithelial origin we assign to EPV agrees roughly with that attributed by some 

previous authors to the entire entopeduncular complex (Gilbert, 1935; Papez, 1940; Keyser, 

1972, 1979; Marchand & Poirier, 1983; Marchand & Lajoie, 1986; Bayer, 1985); these 

authors lacked a specific marker for this cell population and apparently did not suspect a 

dual origin and nature of EPV/EPD. We were initially able to distinguish EPD from EPV in 

our material by Dlx5/6-LacZ expression specific to the EPV,

Dlx-family genes and Nkx2-1 are characteristic joint markers of the EPV neurons, which are 

co-expressed early on in a ventral part of the PSPa (Figure 5). Relevant BF2 (Foxd1) data 

of Hatini et al. (1994) suggest EPV expression of this subparaventricular-selective marker 

(similarly as Meis1; Table 3), adding support to our PSPa origin hypothesis for EPV.

We were surprised that NKX2-1-expressing neurons are also present in the EPV, since 

we initially assumed that this gene is a selective marker for basal plate derivatives of 

the hypothalamus, whereas the subparaventricular area develops at the ventral rim of the 

alar plate (Bulfone et al., 1993; Puelles & Rubenstein, 2003). Our present more detailed 

observations, partly including double-labeled material, suggest that there is at least partial 
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expression overlap at the subparaventricular mantle of Dlx5/6 and Nkx2-1, and this overlap 

is reflected in the EPV. An ancient and subsequently reduced alar hypothalamic expression 

of Nkx2-1 was discussed in the context of brain evolution in Xenopus (van den Akker et al., 

2008). Alternatively, a dorsal migration of NKX2-1+ EPV neurons from the basal plate into 

the alar subparaventricular band may be considered.

It is remarkable that the molecular profile of the mouse EPV cells significantly resembles 

that of the mouse internal globus pallidus (GPI). Both share Dlx family genes, Arx, 

Chrm3, Cbln2, Nkx2-1, parvalbumin (Pvalb/PV), and GABAergic markers (Gad1, Slc32a1). 

Furthermore, both the diagonal subpallial subventricular zone (Dg) that apparently generates 

the internal part of the globus pallidus and the peduncular subparaventricular hypothalamic 

progenitor area (PSPa), representing the apparent EPV origin, are Dlx-positive alar domains 

that lie adjacent to a Shh-positive progenitor domain. In the telencephalon, Shh is expressed 

in the ventricular zone of the neighboring preoptic area (Bardet et al., 2010; Puelles et 

al., 2016; see the notion of ‘subpallial organizer’ in Puelles, 2017 and Puelles et al., 

2019), whereas Shh is separately expressed longitudinally in the hypothalamic basal plate 

just ventrally to the Dlx-positive SPa area (Shimogori et al., 2010; Puelles et al., 2012). 

Moreover, the DM20 (Plp1) gene, a marker of oligodendrocyte progenitors, is expressed 

in the ventricular zones of both the telencephalic Dg and the hypothalamic PSPa domains 

(Timsit et al., 1992; 1995; their Figs.2A,B,D). A further curious molecular parallelism 

between the EPV and GPI is that both arise in domains that express Lhx6 and Lhx8; 

these ‘pallidal’ transcription factors are also expressed in a band overlapping the lower part 

of the PSPa and neighboring retrotuberal hypothalamic loci (Shimogori et al., 2010; their 

Figs.3e,4; Puelles et al., 2012; Kim et al., 2021; see the Allen Developing Mouse Brain 

Atlas).

There accordingly exists a remarkable similarity of the molecular profiles of these 

topologically distinct forebrain domains and derivatives; however, there is no true 

genoarchitectural identity (reflecting their differential forebrain positions) since at least Isl1, 
Meis2 and Nkx2-2 are differentially expressed in the PSPa, being absent at the GPI (Table 

3). Such partial similarity probably underlies causally the parallel neuropharmacological 

phenotype (GABAergic) as well as some hodological properties (thalamic projections) of 

EPV neurons, which are comparable in primates and rodents GPI neurons (Figure 10; see 

below). This exceptional circumstance may have supported the imprecise prevailing opinion 

that the ‘EP’ of rodents is homologous to the GPI of primates.

Interestingly, the hypothalamic EPV component has shared hodological properties with 

GPI subpallial derivatives of the medial ganglionic eminence. It apparently is the main 

entopeduncular cell group that has projections to the motor thalamus (Kha et al., 2000, 

Dudman & Gerfen, 2015) whereas the EPD largely projects to the lateral habenula (Kim et 

al., 1976; van der Kooy & Carter, 1981; Parent & Bellefeuille, 1982; Parent et al., 1984, 

2001; Heimer et al., 1991; Rajakumar et al., 1993; Barroso-Chinea et al., 2008; Hong & 

Hikosaka, 2008; Shabel et al., 2012; Wallace et al., 2017; Miyamoto & Fukuda 2021). 

Interestingly, EPV selectively receives input from the striatal matrix, similarly as the GPI, 

while the EPD has striosomal inputs (Rajakumar et al., 1993). Ample evidence that primates 

have ‘pallidal’ neurons which project to the lateral habenula and lie rather outside the GPI 
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and within the peduncle supports the existence of a distinct EPD formation in primates next 

to the GPI.

4.2 On the origin of EPD

Most previous literature held the entopeduncular nucleus of rodents to be developmentally 

unitary, though recent hodological results cited above demonstrate the independent existence 

of the presently described distinct EPD and EPV parts. In our material, the EPD expresses 

selectively Calb1/calbindin (CB), Otp, Pax6/PAX6 and Tbr1/TBR1 and its cells show a 

glutamatergic profile (consistent with our topographic description associating it to the 

paraventricular area); there are other specific molecular markers of EPD, such as Cyp26b1, 

Nos1, and Sst (Table 3; Puelles et al., 2021). Calbindin and Otp are markers shared by 

the supraoptic and paraventricular nuclei, which also derive from the paraventricular area 
(Pa; Morales-Delgado et al., 2011, 2014; Puelles et al., 2012; Diaz et al., 2015; Diaz 

& Puelles, 2020). The Pa ventricular zone expresses PAX6 at early stages and sharply 

lacks expression of the Dlx1/2/5/6 or Nkx2-1 genes, which are otherwise present in the 

neighboring subpallial, preoptic and subparaventricular domains. As noted above, the EPD 

cells generally express Slc17a6, a gene that encodes the VGLUT2 transporter, indicating 

a glutamatergic nature (see Puelles et al. 2012). These findings on the EPD neurons 

are consistent with a possible origin within the paraventricular (Pa) histogenetic area 

corresponding specifically to the peduncular (hp1-derived) alar hypothalamus (Puelles & 

Rubenstein, 2003; Puelles et al., 2004; 2012; Diaz & Puelles 2020). However, we cannot 

exclude that additional Tbr1/TBR1-positive neurons may have migrated tangentially into the 

EPD locus from the caudally adjoining prethalamic eminence area. Such a migration was 

recently described in chicken embryos on the basis of descriptive developmental Tbr1 data, 

subsequently tested experimentally (Alonso et al., 2020, 2021). Note that TBR1 expression 

also marks glutamatergic, and not GABAergic, neurons in the telencephalon and cerebellum 

(Hevner et al., 2001, 2006). Consistently with this analysis the EPD does not express any 

GABAergic markers such as Gad1 (Gad67), Slc32a1, or Pvalb/PV (Table 3). Remarkably, 

all cell populations derived from the prethalamic eminence project to the habenula through 

the stria medullaris, as occurs with the EPD output.

The EPD population may be partly heterogeneous, since some of its neurons co-express 

NOS and SST at the dorsal aspect of EPD, whereas the remaining cells express SST but 

lack NOS signal (Miyamoto and Fukuda 2021; note the neuromorphologic interpretation 

of these authors followed the columnar model and regarded EPD as a ‘rostral’ subdivision 

of the entopeduncular nucleus. In any case, the paraventricular area itself is heterogeneous 

not only rostrocaudally (the EPD being exclusive of the peduncular caudal part) but also 

dorsoventrally (Puelles & Rubenstein, 2003; Puelles et al., 2012, 2013). It is thus presently 

unclear whether the EPD origin relates to one or more of the three dorsoventral subdivisions 

of the peduncular Pa or to the prethalamic eminence (Puelles et al., 2012). We suggest below 

that the EPPEm formation originates in the dorsalmost Pa portion.

4.3 On the origin of EPPRt

The EPPRt cells are apparently GABAergic; we recently characterized them as being 

immunoreactive to a pan-DLX antibody but Dlx5-6-LacZ-negative (see Figures 2j,k; Puelles 
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et al. 2021 interpreted this profile as indicative of adult selective expression of Dlx1). 

These cells share these properties with the prethalamic reticular nucleus, whose neurons 

express likewise PV/Pvalb and SST/Sst, and other markers such as Ecel1, Isl1 and Six3 
(Clemence & Mitrofanis, 1992; Puelles et al., 2021; present results). Developmental analysis 

of Isl1 expression correlates an early subpial migrating prereticular (PRt) primordium 

that seems associated to the Isl1-positive prethalamic reticular radial domain (present 

results). These data might support a prethalamic origin of these cells, implying a tangential 

rostralward migration of alar prethalamic cells into the paraventricular hypothalamic 

domain, a mechanism which was already suggested previously (Mitrofanis, 1994a,b; 

Earle & Mitrofanis, 1996; Zhao et al., 2008; Puelles et al., 2012). Indeed, Mitrofanis 

and collaborators assumed straightforwardly that this entopeduncular population originates 

jointly with the prethalamic reticular complex. Moreover, Zhao et al. (2008), using a 

Foxb1-Cre mouse line, described a rostralward prethalamic migration of a Foxb1-expressing 

reticular subpopulation that invades the mantle of the peduncular paraventricular region, 

corroborating Mitrofanisś assumptions.

4.4 On the origin of EPPEm

The prethalamic eminence (PThE) represents within the prosomeric model a hyperdorsal 

prethalamic progenitor domain placed on top of the central alar prethalamus, wherein 

the reticular, subgeniculate and pregeniculate nuclei develop. The PThE area is traversed 

longitudinally by the stria medullaris and limits caudalwards with the thalamic habenular 

area and rostralwards with the dorsal subdivision of the hypothalamic Pa area, identified 

recently as the telencephalo-preopto-hypothalamic progenitor domain (POH), characterized 

differentially by the expression of Foxg1 from other Pa parts (Morales et al., 2021). The 

EPPEm population is intercalated between the subpallial substantia innominata domain and 

the underlying EPD; it was thus judged to occupy a pre-eminential position within the upper 

part of the Pa area.

4.5 Pallido-entopeduncular homology

Richter (1965), a disciple of H. Spatz (cited above), was the author of an ample monograph 

on the development of pallidal primordia in primates. He actually provided little substantive 

data demonstrating a hypothalamic source of the external and internal globus pallidus 

formations. He rather assumed either migratory or morphogenetic displacement of pallidal 

primordia supposedly detected first in the hypothalamus into final intratelencephalic 

positions in primate and human embryos. Richteŕs (1965) delimitations or identifications of 

the immature early pallidal primordia in his hematoxylin-stained sections seem doubtful in 

retrospect. This limits the credibility of his schematic reconstructions of the corresponding 

displacements. Moreover, the sizeable regional morphogenetic deformation patterns he 

illustrated at the telencephalic stalk, also described by other authors, suggest that there is no 

real tangential displacement of the pallidal cell masses, as was suggested by Kuhlenbeck 

(Christ3 , 1968, footnotes p13, and p20, legend to their Fig.2–6). Moreover, these 

embryologic interpretations stand in sharp contrast with recent molecular and experimental 

descriptions of the development of pallidal primordia in mammals or other vertebrates. 

These systematically provide evidence that the basal ganglia, as a whole, originate and 

remain within the telencephalic ganglionic eminences (Kodama, 1927; García-López et al., 
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2008; Xu et al., 2008; Abellán & Medina, 2009; Flandin et al., 2010; Nóbrega-Pereira et al., 

2010; Medina & Abellán 2012; Silberberg et al., 2016). The hypothesis of a diencephalic or 

hypothalamic origin of pallidal formations (Spatz, 1924, 1925; Richter, 1965; Christ, 1968; 

Kuhlenbeck, 1973) is rarely if ever mentioned in the molecular era.

In contrast, His (1904) already illustrated distinct proliferative primordia of what was later 

identified as the medial and lateral ganglionic eminences within the telencephalic vesicle 

in a 4-month human embryo (see his Fig.61). This alternative and apparently sounder 

conception was subsequently strongly supported by the technically perfected observations 

of Hochstetter (1919) and Kodama (1927) on the development of basal ganglia in human 

embryos. Kodama distinguished medial pallidal from lateral striatal telencephalic mantle 

primordia at quite early stages (from 2 cm length onwards); it is to be noted that the earliest 

emerging ganglionic bulge corresponds to the prospective medial ganglionic eminence 

(including prospective pallidum and diagonal area domains; Puelles et al., 2013, 2016). 

The rat ganglionic eminences identified by Altman and Bayer (1995) start to become 

distinguishable at E14 and are essentially identical in topography and aspect with the 

previously studied human ones. The mouse homologs were visualized molecularly by means 

of Nkx2.1 expression starting at E11.5 (Sussel et al., 1999). We thus conclude that there 

is no significant embryologic support for the notion of a hypothalamic origin of pallidal 

subpallial primordia.

A different angle for analysis of this issue refers to comparative studies. Modern 

comparative neuroanatomists that studied striatal and pallidal centers and their connections 

in non- mammals have uniformly identified homologs of the whole mammalian globus 

pallidus complex in the telencephalic subpallium, reaching as far back in evolution as 

agnathans (e.g., Moreno et al., 2009; Stephenson-Jones et al., 2011; Medina et al., 2014); 

this refers expressly to neurons reported to have mixed external and internal pallidal 

hodologic properties (Reiner et al., 2004, 2005; Abellán & Medina, 2009; Medina, 2009; 

Abellán et al., 2010; Kuenzel et al., 2011; Medina & Abellán, 2012; Medina et al., 

2014; Suryanarayana et al., 2021; Sugahara et al., 2022). The theory of a hypothalamic/

diencephalic origin of pallidal primordia in fact was never extrapolated to non-mammals, 

as far as we are aware. In no case has evidence of pallidal homologs of any kind 

been discovered within the hypothalamus in non-mammalian amniotes or anamniotes 

(Stephenson-Jones et al., 2011; González et al., 2014; Puelles et al., 2013; Grillner & 

Robertson, 2016; Nieuwenhuys & Puelles, 2016). Puelles et al. (1996) did identify a 

preincertal entopeduncular nucleus in a frog, whose position suggests homology with our 

EPV. One or two entopeduncular nuclei also have been postulated tentatively in reptiles and 

birds (Kuhlenbeck, 1927, 1977; Puelles et al., 2019). Unfortunately, discussion of pallidal 

homologs in non-mammals has been largely centered in highlighting hodological and 

chemoarchitectural similarity, without systematic consideration of the respective topological 

positions, developmental origins, and possible migrations (e.g., Puelles & Medina, 2002; 

Reiner et al., 2004, 2005; but see Puelles et al., 2019).

Our analysis so far thus leads to the conclusion that there exists significant modern evidence 

(consistent with some earlier embryologic analysis) of various hypothalamic or neighboring 

prethalamic origins of given mouse entopeduncular formations (at least the four studied 
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in the present work). These four let’s say ‘hypothalamic’ entities are developmentally 

independent from the parallel and at least dual telencephalic pallidal and diagonal ganglionic 

pallidal anlagen postulated by Puelles et al. (2013), whose partially distinct postnatal and 

adult molecular profiles apparently contribute to the differential hodological and functional 

properties of the GPE versus GPI nuclei within basal ganglia circuitry (Figure 10). The 

different studied molecular and developmental profiles of the four EP populations strongly 

weigh against the widely assumed homology of a supposedly single ‘rodent entopeduncular 

nucleus’ (taken as a whole) with the internal pallidal segment of primates. The remarkable 

apparent similarities in connectivity and in geno- and chemoarchitecture that do exist 

between the diagonal MGE-derived GPI, and the subparaventricular hypothalamic EPV 

component probably have contributed, on top of existing embryologic misinformation, to 

the prevalent misconception of a homology. The latter hypothesis is supported mainly by 

circumstantial hodological similarity and somewhat dogmatic transmission in the literature. 

This conclusion is no longer acceptable after due consideration of the differential embryonic 

topology of the respective origins of all these cell populations (see homology criteria 

in Puelles and Medina, 2002; Nieuwenhuys and Puelles 2016). The tentative alternative 

conclusion that can be derived is that probably most vertebrates possess a homologous 

bipartite globus pallidus complex in their subpallial telencephalon (see Sadek et al., 2007, 

for the rat case) and a non-homologous tetrapartite entopeduncular complex in their 

peduncular hypothalamus.

4. 6 Hodological diversity of EPV and EPD and related homology problems

Although most classic authors reporting connections of rodent EP neurons tended to 

conceive the population as a single nucleus comparable to the internal segment of the 

primate globus pallidum, our preliminary efforts to locate the neurons that produce different 

EP connections are fully consistent with the dual separate EPD/EPV structure described 

here and elsewhere. Indeed, results weighing in this direction are available from several 

classic studies (Carter & Fibiger, 1978; Ilinsky & Kultas-Ilinsky, 1987; Heimer et al., 1991, 

1995; Herkenham & Nauta, 1977; Nauta, 1974, 1979; A. Parent et al., 1981; M. Parent et 

al., 1999, 2001; Parent & De Bellefeuille, 1982; van der Kooy & Carter, 1981; Vincent & 

Brown, 1986).In particular, the study of Miyamoto and Fukuda (2021) recently revealed that 

EP neurons that project to the lateral habenular nucleus (LHb) lie in our dorsal part of EP 

(=EPD), are somatostatin- and nitric oxide synthase-positive, and glutamatergic (see also 

Rajakumar et al., 1993; Vincent & Brown, 1986; Wallace et al., 2017), whereas neurons 

targeting the motor thalamus seem to lie in our ventral part of EP (= EPV; Kha et al. 

2000) and are PV-expressing GABAergic cells (Figure 10b). The glutamatergic EPD cells 

represent an aversive excitatory habenular connection (Shabel et al., 2012), whereas the 

EPV projection to the thalamus is inhibitory (Barroso-Chinea et al., 2008; Parent et al., 

2001; see Figure 10b). Unfortunately, these studies did not report the potential presence of 

additional GABAergic neurons retrogradely labeled from the thalamus within what we now 

define as the telencephalic rodent GPI (diagonal part of MGE), though this point is presently 

supported by our analysis of experiments illustrated at the Allen Institute for Brain Science 

(Mouse Brain Connectivity Database).
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Interestingly, only the EPV component has a molecular profile resembling that of the 

diagonal subpallial GPI derivative (both rodent and primate GPI formations originate at this 

locus, building distinct intermediate mantle strata; Silberberg et al., 2016). The remarkable 

similarity of GPI and EPV thus extends also to having analogous projections to the 

motor thalamus, whereas the intercalated EPD clearly projects differentially to the lateral 

habenula via the stria medullaris (Barroso-Chinea et al., 2008; Fukuda, 2021; Li et al., 2021; 

Miyamoto & Fukuda (2021); A. Parent et al., 1981; M. Parent et al., 2001; Shabel et al., 

2012, 2014; van der Kooy & Carter, 1981; Vincent & Brow, 1986; Wallace et al., 2017).

There is understandably little reference in the literature to telencephalic GPI projections 

to thalamus in rodents, which would be truly homologous topologically to the thalamic 

connections coming from the GPI of primates, given that a different homology was widely 

accepted in most cases. The general expectation was to see motor thalamic projections 

coming from the spatially distant entopeduncular nucleus, while the actually bipartite rodent 

globus pallidus complex, assumed to be simply an external globus pallidum homolog was 

supposed not to project to the motor thalamus and to project instead to the subthalamic 

nucleus (Kim et al., 1976; Nauta & Mehler, 1966). Nevertheless, Nauta (1974, 1979), 

Severin et al. (1976) and Carter and Fibiger (1978) did report some results suggesting 

the existence of subpallial globus pallidus projections to the thalamus in the cat and rat, 

though the latter authors interpreted this result as a possible diffusion artifact, without 

excluding its possibility. Carter and Fibiger (1978) also reported that retrograde HRP-

labeling after experimental injections in the thalamus usually showed labeled neurons in 

the substantia innominata and the magnocellular preoptic nucleus, which fall within our 

diagonal developmental territory, that is, the subpallial sector that contains the true (non-

entopeduncular) internal globus pallidum (see Puelles et al., 2016).

On the other hand, studies of Parent and collaborators (Parent, 1979, 1986; Parent & De 

Bellefeuille, 1982; Parent et al., 1984) identified retrogradely the habenulopetal neuronal 

populations in a monkey. They found what they identified as ‘internal pallidal neurons’ that 

project to the habenular nuclei. These are largely located ventromedial to the thalamopetal 

neurons found in the primate internal pallidal segment, apparently invading the cerebral 

peduncle, that is, they have actually an entopeduncular topography, and represent our 

EPD (Parent et al., 1984; their Fig.1A). Accordingly, we conclude that the topological 

position of these habenulopetal ‘pallidal’ cells of primates is actually extrapallidal and 

entopeduncular. This is consistent with hodologically equivalent rodent EPD neurons, as 

expected comparatively. Primates thus may have an EPD homolog projecting to LHb in a 

standard paraventricular area-related entopeduncular alar hypothalamic position outside of 
the MGE (see also Hong & Hikosaka, 2008).

We also conclude that both rodents and primates apparently develop primarily a homologous 

internal globus pallidus component in the inner diagonal part of the MGE. In addition, both 

primates and rodents probably have a distinct GABAergic EPV component projecting to 

motor thalamus in their subparaventricular hypothalamus, which has never been searched 

for as far as we know, but which should be easily localizable in the vecinity of the 

optic tract with the presently available molecular markers. This structural pattern (possibly 

complemented with corresponding PEPRt and PEPEm cell groups) may be also demonstrable 
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generally in other vertebrates, thus significantly enriching our present concept of the basal 

ganglia complex. The comparative literature frequently mentions that neurons with either 

GPE or GPI properties are found ‘mixed’ (e.g., Reiner et al., 2004, 2005). While this adult 

pattern may be a result of either superficial anatomic analysis or postmitotic migrations, 

our present knowledge on how differential neuronal properties become specified molecularly 

suggest that separate progenitor domains are probably required, thus implying that more 

precise developmental and anatomic studies are needed. The GPI apparently does have 

assorted similarities in molecular and hodological profile with the EPV, but not so the 

GPE and EPD. However, the GPI and EPV are mutually separated anatomically by the 

habenulopetal EPD in both rodents and primates, and thus are not the same entities. A 

differential functional analysis seems required.

Additional more extensive studies on the projections of the rodent true internal globus 

pallidus compared to the hypothalamic EPV are needed to fully resolve this issue. Such 

studies should distinguish between the connections of the two telencephalic globus pallidus 

parts and compare with those of the EPV and EPD.

Our preliminary observations on Allen Mouse Connectivity Data (see Results and 

Supplementary Figure S1) tend to corroborate our expectations. The mouse GPE projects 

mainly to the subthalamic nucleus, as well as to both EPD and EPV nuclei, and to the 

substantia nigra reticulata (similarly as the primate GPE), whereas the mouse GPI projects 

to the ventral anterior, ventral lateral, and parafascicular thalamic areas, with collaterals 

to the prethalamic reticular nucleus (similarly as the primate GPI). The subpopulation of 

cholinergic neurons found within GPI selectively projects to the neocortex in both rodents 

and primates (Fibiger, 1982; Grove et al., 1986; Ingham et al., 1988, 1985; Mesulam et 

al., 1983; Saper, 1984). The rodent and primate EPD nucleus selectively projects via the 

stria medullaris to the lateral habenula (interestingly, the same occurs in zebrafish- Turner et 

al., 2016- and in a lizard -Diaz & Puelles 1992). We found no Allen experiments centered 

on the EPV, but corresponding data were reported by Kha et al. (2000), supporting the 

GABAergic nature of EPV neurons and their targeting of the VA/VL and parafascicular 

thalamic nuclei, apart a minoritarian cell group that also projected to the lateral habenula 

(the latter may result from imprecise location of the experiment, possibly involving partially 

the neighboring EPD).

Given this scenario, we may now attempt to answer tentatively the basic questions: what 

then is homologous to the rodent EP system in the forebrain of primates? And, where is the 

real internal globus pallidus homolog in rodents?

As regards the first question, we think the answer is that primates most probably have 

their own unstudied EP complex with several parts, as found in mice. The general structure 

of the mammalian brain is extremely conserved and most differences merely relate to 

quantitative aspects. In this case, the relatively larger size of the cortex of primates leads to 

a massive difference in size of the peduncular tract compared with that of rodents, so that 

the diverse entopeduncular populations may be diluted therein and thus be more difficult 

to recognize anatomically. The group of entopeduncular habenulopetal neurons described 

by Parent (1986) as a part of the internal pallidum must represent the primate EPD, and 
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other entopeduncular cells lying more ventrally in the peduncle (roughly at the level of 

the optic tract) might correspond to EPV. Older published literature is largely unhelpful. 

However, curiously enough, myelin-stained monkey or human atlas sections often show 

small unmyelinated islands at the predicted entopeduncular loci inside the peduncle. These 

islands are sometimes identified globally as the “peduncular comb” and lie roughly alevel 

with the optic tract (i.e., see Riley, 1943; Mai et al., 1997) and apparently are thought to 

represent merely packets of unmyelinated fibers that intersect the peduncle. However, there 

are interstitial neurons accompanying such fibers, as was duly mentioned for the human 

brain by Alheid et al. (1990; pp 517–520; see their Figures 19.24, 19.25). These authors 

even identified a chemoarchitectonically distinct posteromedial collection of such neurons 

as a ‘fourth pallidal division’ which possibly corresponds to the predicted EPV of primates 

(the internal pallidal segment being subdivided itself into three parts; note this allows for 

additional entopeduncular entities).

Due to the difficulty in localizing the EPV neurons in adult primates (associated with the 

massive increase in the number of peduncular corticospinal, corticopontine and striatonigral 

fibers), we presently lack any hodological and little chemoarchitectonic data on them. A 

number of entopeduncular parvalbumin-positive and calbindin-negative cells were shown 

by Jones, 1998 (his Figures 24C, D, H, I); these elements might be consistent with the 

prediction that the primate EPV neurons have thalamopetal projections and are GABAergic, 

as is the case for their rodent cognates. Reported thalamopetal “perireticular neurons” may 

correspond also in part to the primate EPV homolog or to the EPPRt (Mitrofanis et al., 1995). 

Alheid et al. (1990) mentioned that these cells can be distinguished from the remainder of 

the internal pallidum by an absence of substance P (see also Mai et al., 1986) and by having 

significant amounts of neurotensin immunoreactivity (Michel et al., 1986).

4.7 Where is the true internal pallidum homolog in rodents?

Congruently with the essentially conserved relative topography and developmental dynamics 

of most cell populations in the mammalian forebrain, we hypothesize that the two external/

internal parts presently distinguished within the rodent globus pallidus (Sadek et al., 2007) 

represent the rodent external and internal pallidal rudiments, whose cryptic cell-typological 

differences emerge under genoarchitectonic analysis (present results). In contrast with the 

extratelencephalic EPD and EPV cell groups, these two pallidal portions develop distinctly 

inside the telencephalon: the external part in the pallidal sector of the medial ganglionic 

eminence (MGE), and the internal part in the complementary diagonal sector (Puelles et al., 

2016; Silberberg et al., 2016). The latter corresponds to a subpallial radial histogenetic area 

found next to the hemispheric stalk, separating the classic pallidal subpallial sector from the 

preoptic area; it was formerly identified by us as ‘anterior entopeduncular area’ or AEP, a 

term rooted in Kuhlenbeck’s 1927 early notions (Bulfone et al., 1993; Puelles et al., 2004; 

Puelles & Rubenstein, 1993, 2003), and was later renamed as ‘diagonal area’, thus referring 

to a subpial visible classic landmark, the diagonal band (Puelles et al., 2013; 2016).

We first noticed the internal division of the mouse globus pallidus when it was highlighted 

by the differential way in which Dlx5/6-LacZ is expressed in the adjacent pallidal and 

diagonal MGE sectors, emphasizing cell size differences (differential small versus large 
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clumps of reaction product appear in the external and internal pallidal parts, respectively; see 

our Figures 8b–f). Subsequently several other molecular markers (e.g., genes listed in Table 

3) were observed to be preferentially expressed in one or the other entity (see also Silberberg 

et al., 2016 for experimental support).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviation list

A amygdala

AA anterior amygdala

a/b alar/basal limit

AC anterior commissural nucleus

ac anterior commissure

AH anterior hypothalamic area

AHy anterior hypophysis

AL nucleus of the ansa lenticularis

al ansa lenticularis tract

AV anteroventral thalamic nucleus

bHL basal parts of the lateral hypothalamus

BLA basolateral amygdala

BST bed nucleus of the stria terminalis

Cb cerebellum

Ce central amygdala

CM central medial thalamic nucleus

Cx cortex

Dg diagonal radial domain

Puelles et al. Page 27

J Comp Neurol. Author manuscript; available in PMC 2024 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DB diagonal band

EP entopeduncular nucleus

EPA accessory entopeduncular nucleus

EPD dorsal entopeduncular nucleus

EPPEm entopeduncular preeminential nucleus

EPPRt entopeduncular prereticular nucleus

EPV ventral entopeduncular nucleus

F fornix

Fi fimbria

GP globus pallidus

GPE external globus pallidus

GPI internal globus pallidus

Hb habenula

HbL lateral habenular nucleus

HbM medial habenular nucleus

HDB horizontal diagonal band

hdb hypothalamo-diencephalic boundary

Hi hippocampal formation

hp1 hypothalamo-telencephalic prosomere 1

hp2 hypothalamo-telencephalic prosomere 2

Hy hypothalamus

HyB basal hypothalamus

Ic internal capsule

Ihv intrahypothalamic boundary

ivf interventricular foramen

L lateral amygdalar nucleus

LGE lateral ganglionic eminence

LG lateral geniculate nucleus

Lim liminar band
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LPO lateral preoptic area

M mamillary nucleus

MA medial amygdala

MDL mediodorsal thalamic nucleus, lateral

MDM mediodorsal thalamic nucleus, medial

MGE medial ganglionic eminence

MPO medial preoptic area

mth mamillotegmental tract

NLOT nucleus of the lateral olfactory tract

os optic stalk

ot optic tract

p2 prosomere 2

p3 prosomere 3

Pa paraventricular hypothalamic area

Pal radial pallidal domain

Pall pallium

PaV ventral subregion of the Pa

pe cerebral peduncle

PF parafascicular nucleus

PG prethalamic pregeniculate nucleus

PHy peduncular hypothalamus

PPa peduncular paraventricular hypothalamic subdomain

POA preoptic area

PSPa peduncular hypothalamic subparaventricular area

PTh prethalamus

PThE prethalamic eminence

PThE (vz) ventricular zone of the PThE

rf retroflex tract

RLi rostral liminar band
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RM retromamillary region

Rt prethalamic reticular nucleus

RTu retrotuberal hypothalamic region

SCh suprachiasmatic nucleus

Se septum

SG prethalamic subgeniculate nucleus

SI substantia innominata

SIDg diagonal substantia innominata

SIPal pallidal substantia innominata

sm stria medullaris tract

SN substantia nigra

SNR reticular substantia nigra

SPa hypothalamic subparaventricular area

St striatum

st stria terminalis

STh subthalamic nucleus

Th thalamus

THy terminal hypothalamus

TPa terminal paraventricular hypothalamic subdomain

TSPa terminal subparaventricular hypothalamic subdomain

Tu olfactory tubercle

TuHy tuberal hypothalamic region

v ventricle

VA ventral anterior thalamic nucleus

VL ventrolateral thalamic nucleus

VPal VPall, ventral pallidum

VSt ventral striatum

vz ventricular zone

ZI zona incerta
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ZIC caudal part of the zona incerta

ZIR rostral part of the zona incerta

zli zona limitans intrathalamica
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FIGURE 1. 
Panels illustrating entopeduncular cell subpopulations of the alar hypothalamus in 

embryonic and postnatal mouse stages carrying a Dlx5/6-LacZ construct combined with 

immunohistochemistry for specified markers. The sections were counterstained with neutral 

red. Dorsal and rostral directions are indicated in (b). (a) A sagittal section of an embryonic 

brain at E13.5 showing Dlx5/6-LacZ-expressing cells (blue) in the ventral entopeduncular 

nucleus (EPV) and PAX6-positive cells (brown) in the dorsal entopeduncular nucleus (EPD); 

note the pre-reticular (EPPRt) and pre-eminential (EPPEm) nuclei are both unlabeled. (b) 

LacZ signal and PAX6-immunostainning in EPV and EPD cells respectively in a sagittal 

section of a postnatal day 3 (P3) brain. Note the globus pallidus is a distinct telencephalic 

entity subdivided into an internal triangular large-celled part (GPI) and an external 

quadrangular part (GPE) with medium-sized cells. Both parts contain LacZ-positive cells. 

GPI belongs to the diagonal radial histogenetic domain which also contains a part of the 

BST complex (not shown), the posterior substantia innominata part (SIDg) and the subpial 

diagonal band (DB); GPE forms part of the pallidal radial histogenetic domain containing 

also part of the BST complex (not shown), the rostral substantia innominata (SIPAL) and a 
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small rostral part of the diagonal band formation (DB) apart of ectopic derivatives within 

the deep stratum of the olfactory tuberculum. (c, d) Dlx5/6-LacZ reaction combined with 

calretinin (CR) immunostaining in (c) and with calbindin (CB) immunostaining in (d) in two 

consecutive sagittal sections at P3. Blue LacZ signal is restricted to EPV and a neighboring 

basal prethalamic population lying caudal to the subthalamic nucleus (STh), identified as the 

accessory entopeduncular nucleus (EPA). EPD cells are CB-positive and CR-negative. Note 

large LacZ-positive GPI cells in (d). See the list of abbreviations for other tags.
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FIGURE 2. 
Differential molecular characterization of the four entopeduncular cell populations (ventral 

-EPV, dorsal -EPD, pre-reticular -EPPRt, pre-eminential -EPPEm) in the alar hypothalamus of 

the mouse. These sections were downloaded from the Allen Developing Mouse Brain Atlas 

(http://developingmouse.brain-map.org/experiment/show/ experiment number). Dorsal and 

rostral directions in the sagittal sections are indicated in (a); caudal and medial directions 

in horizontal sections through the hypothalamus are indicated in (f) and (i). (a, b) Arx- 

and Nkx2-1-expressing cells in EPV in sagittal sections at E18.5 (experiments 100056265 

and 100056265, respectively). (c, d, e) Pax6-, Tbr1-, and Cyp26b1-positive cells in EPD in 

three sagittal sections also at E18.5 (experiments 100085451, 100029446, and 100054745, 

respectively). (f) Expression of the glutamatergic Slc17a6 cotransporter in the hypothalamic 

paraventricular (Pa) domain in a horizontal section through the ventral subdivision of this 

formation (PaV) at E18.5 (experiment 100059213). Note Slc17a6-expressing cells in EPD 
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within the superficial part of the radial Pa domain. (g, h) Cacna2d3- and Nr2f1-positive 

cells in the EPPRt located dorsal to EPD and rostral to the prethalamic reticular nucleus 

(Rt) whose cells are also positive (experiments 100090618 and 100071564, respectively. 

Note EPD cells lack Cacna2d3-expression but are Nr2f1-positive. (i) Horizontal section 

through the central (middle) dorsoventral part of the hypothalamic paraventricular area 

(PaC) containing EPPRt Isl1-expressing cells next to prethalamic Rt Isl1-positive cells at 

P1 (experiment 100091995). (j, k) Two sagittal sections through the hypothalamus of a P0 

mouse brain showing Dlx5/6-LacZ-related β-galactosidase activity (blue) and reacted with 

an anti-Distalless (DLX) polyclonal antibody that recognizes all forms of DLX (brown; 

modified from Puelles et al. 2021; their Figure 5b,c). (j) is lateral to (k). Note EPPRt cell 

are only DLX-immunopositive (possible selective presence of Dlx1) whereas EPV and EPA 

cells contain strong LacZ signal (Dlx5/6). (l) A sagittal section of a E18.5 mouse brain 

illustrating Foxg1-expressing cells in the EPPEm subjacent to the globus pallidus (GPE+GPI) 

(experiment 100072314). For additional abbreviations see list.
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FIGURE 3. 
Photograph and schema summarizing the double nature of the globus pallidus and quadruple 

dorsoventral subdivision of the alar entopeduncular hypothalamic subpopulations, plus the 

prethalamic accessory entopeduncular component (EPA). (a) A sagittal section of Dlx5/6-

LacZ material at P3 shows distinctly the striatal, pallidal and diagonal subpallial domains 

extending from the ventricle to the pial surface, jointly with the intrahypothalamic peduncle 

and related grisea. The photo displays the two parts of the globus pallidus (external 

and internal -GPE, GPI, with the larger neurons of GPI being more reactive for beta-

galactosidase than the GPE population) as well as the equally Dlx5/6-LacZ-positive EPV 

and EPA formations. The large space along the peduncle between GPI and EPV is occupied 

by the EPPEm, the EPPRt, and the EPD, in dorsoventral order. The structure separating 

EPV from EPA is the subthalamic nucleus (STh). The rostral pole of the substantia 

nigra is seen just behind EPA (with bluish neuropile stain due to anterograde transport of 

Puelles et al. Page 48

J Comp Neurol. Author manuscript; available in PMC 2024 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



beta-galactosidase reaction product). Note also the neighboring position of the prethalamic 

reticular nucleus (where Dlx5/6-LacZ signal was largely downregulated) and zona incerta 

(still LacZ-positive). (b) The schema summarizes all these entities (pre-eminential, EPPEm; 

pre-reticular. EPPRt; dorsal entopeduncular, EPD; ventral entopeduncular, EPV), correlating 

each alar entopeduncular subdivision with a specific caudal alar prethalamic entity; in 

dorsoventral order we see the prethalamic eminence (PThE), the reticular nucleus (Rt), 

the incertal complex (ZI) and the rostral liminar band (RLi). Dark blue lines indicate 

the trajectory of the lateral forebrain bundle (peduncle, pe) wherein entopeduncular 

hypothalamic cells are immersed. An accessory entopeduncular nucleus (EPA) lies nearby 

within the prethalamic tegmentum (i.e., in prosomere 3, p3). The internal component of 

the globus pallidus (GPI) lies immediately dorsal to the EPPEm hypothalamic subdivision. 

Note the longitudinal dimension is given by the red dashed line representing the alar-basal 

boundary. Transverse and horizontal topological planes in the schema B (according to the 

prosomeric model), indicate also that the transverse plane represents the DV dimension and 

the horizontal plane the AP dimension. For additional abbreviations see list.
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FIGURE 4. 
Panels illustrating the embryonic development of the ventral entopeduncular nucleus 

(EPV) using mouse embryos carrying a Dlx5/6-LacZ transgenic construct reacted to 

show β-galactosidase activity. (a) A sagittal overview of the Dlx5/6-LacZ signal in the 

hypothalamic subparaventricular domain (SPa) at E13.5. Note the terminal part of SPa 

(TSPa; later subdivided into the suprachiasmatic and anterior nuclei) is wider compared 

to the narrow peduncular part of SPa (PSPa). The PSPa contacts caudally the similarly 

LacZ reactive prethalamic rostral liminar band (RLi). The red dashed line indicates the alar/

basal limit. Black dashed lines indicate the interneuromeric thalamo-pretectal, interthalamic, 

prethalamo-hypothalamic, and intrahypothalamic limits according to the prosomeric model. 

Dorsal (D) and rostral (R) directions are indicated. (b, c) Two horizontal sections through 

the peduncular hypothalamus (hypothalamo-telencephalic prosomere 1 or hp1), and the 

diencephalic prosomeres 2 and 3 (p2, p3) showing the longitudinal LacZ signal restricted 
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to SPa and the prethalamic RLi at E11.5; note also the slight superficial indentation of 

the LacZ-positive mantle band at the peduncular locus of the incipient cerebral peduncle 

(pe). (d) Expression of Otp mRNA in a horizontal section through the peduncular 

hypothalamic paraventricular domain (PPa) at E12.5; Otp-expressing cells appear in the 

dorsal entopeduncular nucleus (EPD), superficial to the main PPa. (e, f) Dlx5/6-LacZ signal 

in the PTh and PSPa at E12.5. A red arrow indicates the location of the early ventral 

entopeduncular nucleus primordium (EPV). (g, h) Horizontal sections through the PSPA 

and PTh showing increase of LacZ signal in the EPV at E13.5 and E15.5, respectively. 

(i) Oblique section through the alar PSPA and the basal tuberal hypothalamic region (Tu) 

showing Nkx2-1 in a subpopulation of EPV cells at E15.5. (j-r) Slightly oblique series of 

transversal sections (parallel to the peduncular course) from a E12.5 mouse brain reacted for 

Dlx5/6-LacZ signal. Dorsal (D) direction is indicated. The red arrows indicate the superficial 

EPV primordium emerging within the PSPa; the asterisk indicates the periventricular 

retrotuberal (RTu) zone. See the list for additional abbreviations.
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FIGURE 5. 
Molecular characterization of the ventral entopeduncular nucleus (EPV) at various 

embryonic stages. (a-d) Sagittal sections of Dlx5/6-LacZ transgenic mice at E12.5 

and E13.5 showing the superficial EPV primordium associated to the peduncular 

subparaventricular domain (PSPa). The rostral (R) and dorsal (D) directions are indicated in 

(a) (e-j) Medial (e, f) and lateral (h, i) sagittal sections from two Dlx5/6-LacZ mice further 

immunoreacted for PAX6 or NKX2-1 antibodies. EPV cells contain LacZ and NKX2-1 

signals whereas the dorsal entopeduncular nucleus (EPD) only contains PAX6-positive 

neurons. (g, j) Higher magnification of the boxes indicated in (f) and (i), respectively. 

(k) Sagittal section of a Dlx5/6-LacZ mouse immunoreacted for NKX2-1. (l) Higher 

magnification of the box indicated in (k) showing LacZ and NKX2-1 signals in EPV 

cells. (m) Differential LacZ and PAX6 signals in the EPV and EPD, respectively. (n-p) 

In situ hybridization for Nkx2-1 in sagittal sections of a E14.5 mouse brain showing 
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Nkx2-1-positive cells in the EPV which are superficial to the liminar PSPa band (Lim = 

the ventralmost part of the PSPa). The rostral (R) and dorsal (D) directions are indicated in 

(n) See the list for additional abbreviations.
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FIGURE 6. 
Molecular characterization of the dorsal entopeduncular nucleus (EPD) at various embryonic 

stages in the mouse brain. (a, b) Tbr1 expression in two lateromedial sagittal sections 

of a E11.5 mouse brain (experiment 100092710). Tbr1 expression is mainly restricted 

to the prethalamic eminence (PThE) with potential tangentially migrated cells in the 

paraventricular hypothalamic domain (Pa). (c, d) Tbr1 expression at E13.5 in the PThE 

and the superficial EPD locus within the peduncular Pa domain (experiment 100024822). 

(e-g) Tbr1-expressing cells in the EPD within the peduncular Pa domain (PPa) at E15.5. 

Sections shown in (a-g) were downloaded from the Allen Developing Mouse Brain Atlas 

(http://developingmouse.brain-map.org/experiment/show/ experiment number). (h) TBR1-

immunoreaction (in red) in a sagittal section of a Dlx5/6-LacZ mouse (blue reaction) at 

E15.5; note differential dorsoventral positions. (i-l) Four dorsoventrally ordered horizontal 

sections through the hypothalamus of a E15.5 Dlx5/6-LacZ mouse further immunoreacted 
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for TBR1 antibody. TBR1-immunoreacted cells (red) of the EPD and LacZ signal (blue) in 

the EPV are illustrated. The rostral (R) direction is indicated in (i) (m) Higher magnification 

of an oblique section through the hypothalamus showing Dlx5/6-LacZ and TBR1 reactions 

in EPV and EPD, respectively. The rostral (R) and dorsal (D) directions are indicated. (n) 

Pax6 in situ hybridization in a horizontal section through the peduncular hypothalamus 

(PHy) at E15.5, illustrating Pax6-expressing cells in the EPD. Note the neighboring 

prethalamus (PTh) lacks Pax6 expression excepting the subgeniculate nucleus (SG). See 

the list for additional abbreviations.
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FIGURE 7. 
Expression of Isl1 in the pre-reticular entopeduncular nucleus (EPPRt) at embryonic 

stages. All images were downloaded from the Allen Developing Mouse Brain Atlas 

(http://developingmouse.brain-map.org/experiment/show/experiment number). (a) A lateral 

sagittal section through the Isl1-expressing prethalamus (PTh) and the hypothalamic 

subparaventricular domain (SPa) at E11.5 (experiment 100029096). (b, c) Horizontal 

sections at E11.5 (experiment 100091545) and E12.5 (experiment 100091110) showing 

strong Isl1 expression in PTh, SPa and the basal hypothalamus (HyB). Black arrow in 

(c) indicates potential cells migrated from the PTh in the superficial SPa. (d, e) Sagittal 

and horizontal sections (experiments 100093279 and 100091551, respectively) showing 

Isl1-expressing cells in the prethalamic reticular nucleus (Rt) and positive possible migrated 

cells in the EPPRt (black arrows). (f, g) Sagittal and horizontal sections showing dispersed 

Isl1-positive cells intermingled among the unlabeled fibers of the cerebral peduncle (pe) 

in a prereticular position (EPPRt nucleus); (f, g) correspond respectively to experiments 

100085330 and 100092145). (h, i) Sagittal and horizontal sections showing dispersed Isl1-

positive EPPRt cells intermingled with peduncular fibers, rostral to Isl1-expressing Rt cells 

and ventral to the unlabeled globus pallidus complex (GP), (h, i) correspond respectively to 

experiments 100032051 and 100092412). See the list for additional abbreviations.
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FIGURE 8. 
Differential molecular characterization of the mouse external and internal globus pallidus 

(GPE, GPI) and dorsal and ventral entopeduncular nuclei (EPD, EPV) at diverse postnatal 

stages. (a) Lhx8 expressing cells in the GPE and GPI in a coronal section through the 

subpallium and alar diencephalon at P4. Note GPI-positive cells are larger than GPE-positive 

cells. Section (a) was downloaded from the Allen Mouse Brain Atlas. (b-g) Oblique sections 

illustrating the telencephalic striatum (St), the GPE/GPI pair, and the preoptic area (POA) in 

relation to the hypothalamic paraventricular and subparaventricular domains (Pa; containing 

EPD cells; SPa; containing EPV cells) in a P0 Dlx5/6-LacZ transgenic mouse. The sections 

where immunoreacted for NKX2-1 (b, d, g), TBR1 (c, e) and PAX6 (f, h). The GP complex 

contains both LacZ and NKX2-1 signals and is subdivided into GPI (with large cells) and 

GPE (with medium-sized cells). EPD contains TBR1- and PAX6-immunoreactive cells. 

EPV cells are Dlx5/6-LacZ-positive. (i) Immunoreaction for GABA antibody in a sagittal 
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section, counterstained with neutral red in a P3 Dlx5/6-LacZ mouse. The rostral (R) and 

dorsal (D) directions are indicated. The box is magnified in (j). GPI is part of the diagonal 

radial histogenetic domain which contains superficially the larger part of the diagonal band 

formation (HDB at this level). GPE reaches superficially and radially to the rostral minor 

part of the diagonal band nucleus. The dash line indicates the approximate diagonal/pallidal 

limit. See the list for additional abbreviations.
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FIGURE 9. 
Characterization of the external and internal parts of the globus pallidus (GPE, GPI) in 

postnatal mouse brains. (a) A sagittal section through the subpallial region of a P20 

Dlx5/6-LacZ mouse further immunoreacted for substance P. LacZ signal labels GABAergic 

neurons. (b-d) Immunohistochemical labeling of tyrosine hydroxylase (TH), glutamic acid 

decarboxylase (GAD) and parvalbumin (PV) neurons in coronal sections of adult mouse 

brains. (e) Selective expression of Spp1 in GPE in a coronal section at P56. (f) Cholinergic 

Chat-positive GPI neurons in a coronal section of an adult brain. (g, h) Slc18a3 and Ecel1 
expression, respectively, in GPI at P56 in coronal sections at a section level comparable 

to (f); Slc18a3 encodes a vesicular monoamine transporter. Sections (e), (g) and (h) were 

downloaded from the Allen Developing Mouse Brain Atlas (http://developingmouse.brain-

map.org/gene/show/ experiment number: (e)75651180, (g) 73521822 and (h) 70231305) 
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whereas section (f) is from the GENSAT Project (the Rockefeller University). See the list for 

additional abbreviations.
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FIGURE 10. 
Schemata summarizing similarities and differences in the connectivity of the hypothalamic 

dorsal and ventral entopeduncular nuclei (EPD, EPV) and the subpallial external and 

internal globus pallidus parts (GPE, GPI). (a) Color-coded schema showing the four alar 

dorsoventral hypothalamic subpopulations associated to the cerebral peduncle (pe). Each 

subdivision relates topographically caudally to a prethalamic population: the pre-eminential 

EP nucleus (EPPEm) to the prethalamic eminence (PThE), the pre-reticular EP nucleus 

(EPPRt) to the reticular nucleus (Rt), the dorsal EP nucleus (EPD) to the incertal complex 

(ZI) and the ventral EP nucleus (EPV) to the rostral liminar band (RLi). (b) Outputs and 

inputs of EPD and EPV. The striatal inhibitory inputs originate from either the striatal matrix 

or striosomal patches. Excitatory EPD outputs target the lateral habenula area (HbL) and 

inhibitory EPV cells project to some motor thalamic nuclei by the ansa lenticularis (al). 

(c) Outputs and inputs of the GPE and GPI. GPE receives projections from GABAergic 
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enkephalin (ENK)-containing striatal neurons and GPI cells are targeted by GABAergic 

substance P (SP)-positive striatal cells. Inhibitory GPE cells project to the hypothalamic 

subthalamic nucleus (STh) and inhibitory GPI cells project to the thalamus by the ansa 

lenticularis (al); GPI receives an excitatory input from STh. See the text for References. See 

the list for additional abbreviations.
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TABLE 1.

Antibody list

Antibody Antigen Manufacturer, host species, RRID, catalog number, characterization Diluti

Calbindin (CB) Recombinant rat 
calbindin D- 28k.

Swant, Bellinzona, Switzerland, Cat# CB 38; RRID:AB-10000340; rabbit polyclonal; it 
recognizes a single band of approximately 27–28 kDa in immunoblots. It cross reacts 
with calbindin D-28k from many other species, including human, monkey, rat, mouse, 
chicken, and fish.

1:150

Calretinin (CR) Recombinant human 
calretinin containing 
a 6-his tag at the N-
terminal.

Swant, Bellinzona, Switzerland, Cat# CR 7697, RRID: AB_2619710 rabbit polyclonal–
calcium dependent reaction, code 7696, lot 25392. This antiserum does not cross-react 
with calbindin D- 28k or other known calcium binding- proteins, as determined by 
immunoblots and by its distribution in the brain. The antibody was evaluated for 
specificity and potency by (a) Biotin- Avidin labeling of cryostate-, vibratome, and 
paraffin sections of 4% paraformaldehyde fixed brains and (b) immunoenzymatic 
labeling of immunoblots.

1:200

Gamma- 
Aminobutyric 
Acid (GABA)

GABA-BSA Polyclonal rabbit anti-GAD, A2052; Sigma-Aldrich/Merck; RRID: AB_477653 The 
antibody is isolated from antiserum by immunospecific methods of purification. Antigen 
specific affinity isolation removes essentially all rabbit serum proteins, including 
immunoglobulins which do not specifically bind to GABA.anti-GABA shows positive 
binding with GABA, and GABA-KLH in a dot blot assay, and negative binding with 
BSA.

1:300
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TABLE 2.

Nucleotide sequences of in situ hybridization probes

Plasmid name Source Insert size in base pairs cDNA nucleotides of probe or nucleotides from the 3’_ end

Nkx2-1 J.L.R. Rubenstein 2200 Full coding sequence

Otp A. Simeone 500 500 from 3´ end

Pax6 J.L.R. Rubenstein 2100 2100 from 3´ end
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TABLE 3.
Color-coded entries represent large subpopulations (SP) of positive cells for the indicated 
markers at the specified EP across the hypothalamic and GP sectors.

EP sectors correlates with alar subdivisions of the peduncular hypothalamus (PHy). GP is subdivided in 

internal and external parts (GPI, GPE). EPA, accessory entopeduncular nucleus; EPD, dorsal entopeduncular 

nucleus; EPPEm, entopeduncular preeminential nucleus; EPPRt, entopeduncular prereticular nucleus; EPV, 

ventral entopeduncular nucleus. Other abbreviations: SP, subpopulation

Basal p3 
tegmentum Alar PHy (associated to cerebral peduncle)

Gen Protein EPA EPV EPD EPPRt EPPEm GPI GPE

Arx Aristaless related 
homeobox

Chrm3 Cholinergic receptor, 
muscarinic 3, cardiac

Foxp2 Forkhead box P2 SP

Pvalb Parvalbumin, PV SP SP

Trpc4 TRCP4 receptor SP SP

Gad1 
(Gad67)

Glutamic acid 
decarboxylase 67 (GAD67)

Cbln2 Cerebellin 2 precursor 
protein SP SP SP

Nkx2.1 NK2 homeobox 1 SP

Slc32a1 Vesicular GABA transporte 
(vGAT) SP ?

Spp1 Secreted phosphoprotein 1 SP SP

Rgs4 Regulator of G-protein 
signaling 4 SP

Meis1 Meis homeobox 1 SP

Barhl2 BarH-like 2 (Drosophila) SP

Cacna2d1
Calcium channel, voltage-

dependent, alpha2/delta 
subunit 1

SP

Basal p3 
tegmentum

Alar PHy 
(associated to 

cerebral 
peduncle)

Basal p3 
tegmentum

Gen Protein EPA EPV EPD EPPRt EPPEm GPI GPE

Calb1 Calbindin (CB) SP SP

Crtac1 Cartilage acidic protein 1

Cyp26b1
Cytochrome P450, family 

26, subfamily b, 
polypeptide 1

Gabra5
Gamma-aminobutyric acid 

(GABA) A receptor, 
subunit alpha 5

Gabrg1
Gamma-aminobutyric acid 

(GABA) A receptor, 
subunit gamma 1

SP
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Basal p3 
tegmentum Alar PHy (associated to cerebral peduncle)

Gen Protein EPA EPV EPD EPPRt EPPEm GPI GPE

Nos1 Nitric oxide synthase 1, 
neuronal SP

Pax6 Paired box 6 (PAX6)

Pbx3 Pre-B cell leukemia 
Hobeobox 3

migrated 
cells from 

PThE?

Plcl1 Phospholipase C-like 1

Pou2f2 POU domain, class 2, 
transcription factor 2

Slc17a6 
(vGlut2)

Solute carrier family 
17 (sodium-dependent 
inorganic phosphate 

cotransporter), member 6 
(vGlut2)

Synpr Synaptoporin SP

Sst Somatostatin (SST) SP

Stxbp6 Syntaxin binding protein 6 
(amisyn) SP SP

Basal p3 
tegmentum

Alar PHy 
(associated to 

cerebral 
peduncle)

Basal p3 
tegmentum

Gen Protein EPA EPV EPD EPPRt EPPEm GPI GPE

Tbr1 T-box brain gene 1

Zfhx3 Zinc Finger Homeobox 3

Nr2f1 (Tf1) Nuclear receptor subfamily 
2, group F, member 1

Cacna2d3
Calcium channel, voltage-

dependent, alpha2/delta 
subunit 3

Cdh6 Cadherin 6 SP

Ecel1 Endothelin converting 
enzyme-like 1

Isl1 ISL1 transcription factor, 
LIM/homeodomain

Meis2 Meis homeobox 2 SP

Enc1 Ectodermal-neural cortex 1 SP SP

Esrrg Estrogen-related receptor 
gamma SP

Kitl Kit ligand SP

Six3 Sine oculis-related 
homeobox 3 SP

Foxg1 Forkhead Box G1

Chat Choline acetyltransferase

Nr4a2 Nuclear receptor subfamily 
4, group A, member 2 SP

Nxph4 Neurexophilin 4 SP
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Basal p3 
tegmentum Alar PHy (associated to cerebral peduncle)

Gen Protein EPA EPV EPD EPPRt EPPEm GPI GPE

Slc18a3
Solute carrier family 18 
(vesicular monoamine), 

member 3

Basal p3 
tegmentum

Alar PHy 
(associated to 

cerebral 
peduncle)

Basal p3 
tegmentum

Gen Protein EPA EPV EPD EPPRt EPPEm GPI GPE

Etv1 Ets variant 1 ???

Lhx6 LIM homeobox protein 6

Lhx8 LIM homeobox protein 8

Oprl1 Opioid receptor-like 1
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Table 4.

Experiments from the Allen Institute for Brain Science with injections into the external globus pallidus (GPE), 

internal globus pallidus (GPI) or dorsal entopeduncular nucleus (EPD).

Experiment number Main injection site Mouse lineage Tracer Injection volume (μl)

158373958 GPI C57BL/6J EGFP 0.090

647574144 Cholinergic GPI Ntrk1-IRES-Cre EGFP 0.055

305024724 EPD Rbp4-Cre_KL100 EGFP 0.021

511942270 GPE Pvalb-IRES-Cre EGFP 0.179

265944167 Cholinergic GPI Ntrk1-IRES-Cre EGFP 0.087

300318924 GPI Htr2a-Cre_KM207 EGFP 0.090

539498984 EPD Sst-IRES-Cre EGFP 0.035

278501857 GPI Htr2a-Cre_KM207 EGFP 0.017

EGFP, enhanced green fluorescent protein.
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