]
O
-
O
Vp)
)
-
(O
>
O
)
)
O
()
O
O
<(
O
S
>
(D)
Z
@

eMeuro

Research Article: Theory/New Concepts | Integrative Systems

Understanding the significance of the
hypothalamic nature of the subthalamic
nucleus

https://doi.org/10.1523/ENEURO.0116-21.2021

Cite as: eNeuro 2021; 10.1523/ENEURO.0116-21.2021

Received: 17 March 2021
Revised: 5 August 2021
Accepted: 20 August 2021

This Early Release article has been peer-reviewed and accepted, but has not been through
the composition and copyediting processes. The final version may differ slightly in style or
formatting and will contain links to any extended data.

Alerts: Sign up at www.eneuro.org/alerts to receive customized email alerts when the fully
formatted version of this article is published.

Copyright © 2021 Barbier and Risold

This is an open-access article distributed under the terms of the Creative Commons Attribution
4.0 International license, which permits unrestricted use, distribution and reproduction in any
medium provided that the original work is properly attributed.



]
O
-
O
Vp)
)
-
(O
>
O
)
)
O
()
O
O
<(
O
S
>
(D)
Z
@

11
12

13
14
15
16

17

18
19

20

21

22

23

24

Manuscript Title Page Instructions

1. Manuscript Title (50 word maximum)

Understanding the significance of the hypothalamic nature of the subthalamic nucleus

2. Abbreviated Title (50 character maximum)
STN and the posterior hypothalamic region

3. List all Author Names and Affiliations in order as they would appear in the published
article

Marie Barbier® and Pierre-Yves Risold®*

’Department of Psychiatry, Seaver Autism Center for Research and Treatment, Department of
Neuroscience, Friedman Brain Institute, New York, NY 10029, USA

PNeurosciences Intégratives et Cliniques EA481, Université de Bourgogne Franche-Comté, 25000
Besancgon, France

4. Author Contributions: Each author must be identified with at least one of the following: Designed
research,
Performed research, Contributed unpublished reagents/ analytic tools, Analyzed data, Wrote the paper.

MB and PYR Analyzed data and wrote the paper.

5. Correspondence should be addressed to (include email address): Pierre-Yves Risold

pierre-yves.risold@inserm.fr or
pierre-yves.risold@univ-fcomte.fr

161
6. Number of Figures: 10 10. Number  of  words
7. Number of Tables: 2 Significance Statement: 82
8. Number of Multimedia: 0 11. Number of  words

Introduction: 548
12. Number of words
Discussion: NA

13. Acknowledgements
Authors thank the Region Bourgogne Franche-Comte for funding the work
14. Conflict of Interest
A. No (State ‘Authors report no conflict of interest’)
Authors report no conflict of interest

B. Yes (Please explain)

9. Number of words for Abstract:

for

for

for



]
O
-
O
Vp)
)
-
(O
>
O
)
)
O
()
O
O
<(
O
S
>
(D)
Z
@

25

26

27
28
29

30
31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

15. Funding sources

Region Bourgogne Franche-Comte, France

Understanding the significance of the hypothalamic nature of the
subthalamic nucleus

Abstract

The subthalamic nucleus (STN) is an essential component of the basal ganglia and
has long been considered to be a part of the ventral thalamus. However, recent
neurodevelopmental data indicated that this nucleus is of hypothalamic origin which
is now commonly acknowledged. In this work, we aimed to verify whether the
inclusion of the STN in the hypothalamus could influence the way we understand and
conduct research on the organization of the whole ventral and posterior
diencephalon. Developmental and neurochemical data indicate that the STN is part
of a larger glutamatergic posterior hypothalamic region that includes the
premammillary and mammillary nuclei. The main anatomical characteristic common
to this region involves the convergent cortical and pallidal projections that it receives,
which is based on the model of the hyperdirect and indirect pathways to the STN.
This whole posterior hypothalamic region is then integrated into distinct functional
networks that interact with the ventral mesencephalon to adjust behavior depending

on external and internal contexts.
Significance statement

In this work, we suggest that networks between the telencephalon, including cerebral

cortex and basal nuclei, with the whole posterior hypothalamus, including the
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subthalamic nucleus, posterior lateral hypothalamic, premammillary and mammillary
nuclei, are built along topographically organized pathways that parallel the
hyperdirect and indirect pathways that are characteristic of the basal ganglia network.
This suggests a high degree of organizational convergence between the basal
ganglia and longitudinal hypothalamic networks to control the expression of

behavioral responses adapted to external and internal cues.

1. Introduction

Initially the whole ventral diencephalon was included in a region named ‘regio
subthalamica’ by Forel (Forel, 1877) or ‘hypothalamus’ by Wilhelm His (His, 1893).
However, Herrick (Herrick, 1910) made the distinction between the hypothalamus
proper, which covers a large collection of nuclei and areas within the ventral margin
of the diencephalon, and the ventral thalamus, which essentially comprises the
reticular thalamic nucleus, the zona incerta and the subthalamic nucleus (STN) (Fig.
1A). This organization model was largely adopted until the end of the 20" century as
it seemed to agree with functional differences: the hypothalamus is involved in the
control of neuroendocrine/autonomic responses as well as the expression of
instinctive behaviors, while the ventral thalamus participates in higher cognitive
processes or voluntary motor actions by mediating cortico-thalamic interactions or as
part of the basal ganglia network. However, in the late 20" century, the borders as
well as the internal organization of these brain regions were strongly debated once
again. The former consensus that both the ventral thalamus and the hypothalamus
belong to the ventral diencephalic vesicle was shaken by evidence that both regions
are best regarded as rostral rather than ventral to the thalamus (Puelles et al., 2019;

Puelles and Rubenstein, 2015). The borders between the hypothalamus and ventral

3
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thalamus were disputed yet again. For example, in 1980, it was believed that the
STN undeniably belonged to the ventral thalamus; however, it is now considered to
be a part of the hypothalamus (Altman and Bayer, 1986; Swanson, 2012, 2004).
Furthermore, while the STN ventral thalamic identity was being challenged,
organizational analogies between the basal ganglia and the hypothalamic networks
were also recognized. Indeed, the systematic study of hypothalamic medial zone
nuclei connections led to the conclusion that these nuclei are entangled in loop
circuits with the thalamus, cerebral cortex and cerebral nuclei that parallel similar
loops that are representative of the basal ganglia network in which the STN is
integrated (Fig. 1B) (Risold et al., 1997, 1994; Risold and Swanson, 1996, 1995;

Swanson, 2012, 2000).

Unfortunately, this dramatic increase in our knowledge about the development and
anatomy of the forebrain has not yet led to a new accepted view of the organization
of the forebrain that can be shared with a general audience. In brief, neuroanatomists
and developmentalists know that the former concepts of the forebrain organization
are not in tune with our actual knowledge; however, a new and accepted schema has
struggled to emerge and such changes as the anatomical identity of the STN may be
viewed by many other neuroscientists as merely a matter of academic discussion,
without any tangible consequences. In contrast, it is now appropriate to think about
the implication of the STN having a hypothalamic identity as this will profoundly
influence our understanding of the organization of the posterior hypothalamus and

thus the hypothalamus and forebrain altogether.

In this work, we analyze available data in the literature about the development,
connectivity, and functions of the STN and of the neighboring posterior hypothalamic

cell groups. We demonstrate that a specific glutamatergic posterior hypothalamic
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region that comprises nuclei from the STN to the mammillary body (MBO), receives
convergent cortical and pallidal inputs from the telencephalon and is involved, along
the striatally targeted ventral mesencephalon, in the coordinated control of the

behavioral response of the individual.

2. The STN belongs to the posterior hypothalamus

The STN was first named after its discoverer, the French neurologist Jules Bernard
Luys (1828-1897), before receiving its definitive appellation as the ’nucleus
subthalamicus’ (in (Altman and Bayer, 1986)). A hypothalamic identity for the STN
was suggested by Rose (Rose, 1942) and Kuhlenbeck (Kuhlenbeck, 1973) in the
20th century, against the dominant perception that this region is located within the
ventral thalamus. However, to the best of our knowledge, Altmann and Bayer (Altman
and Bayer, 1986) were the first to show that the STN is generated within the caudal
hypothalamic anlage. In a comprehensive study of the development of the
hypothalamus, these authors showed that ‘postmitotic subthalamic neurons migrate
by a semicircular route from the anterodorsal mammillary recess neuroepithelium’
following an outside-in gradient, as classically described for the hypothalamus.
Therefore, following the work of Altmann and Bayer, it can be stated that neurons of
the STN are generated in a region that adjoins the premammillary (PM) and
mammillary nuclei and, therefore, the STN is a part of the posterior hypothalamus.
From the 1990s to the present day, the analysis of the distribution and action of
dozens of developmental genes, many of which encode morphogenic proteins or
transcription factors, has resulted in a better understanding of the precise molecular
orchestration that drives brain patterning and neurogenesis (Alvarez-Bolado et al.,

1995; Diez-Roux et al., 2011; Moreno and Gonzalez, 2011; Puelles et al., 2013;
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Puelles and Rubenstein, 1993, 2015; Rubenstein et al., 1994; Rubenstein and
Puelles, 1994; Shimogori et al., 2010). Therefore, information about the mechanism
that governs the formation of the posterior hypothalamus is slowly emerging (Bedont
et al., 2015; Kim et al., 2020). Based on the current literature, it can be stated that the
initial processes involved in the differentiation of the posterior hypothalamic and the
ventral mesencephalic anlagen depend on the diffusion of morphogenic proteins that
drive the expression of transcription factors through the mesodiencephalic floorplate
(Fig. 2) (Alvarez-Bolado et al., 2012; Bedont et al., 2015). While the processes
involved in the interactions between these proteins are not yet fully clear, the early
distribution of these molecules delimits three domains (Alvarez-Bolado et al., 2012;
Bedont et al.,, 2015; Nouri and Awatramani, 2017). (i) Above the mesencephalic
flexure, the ventral mesencephalic domain produces dopaminergic (DAergic) neurons
in the substantia nigra (SN)/ventral tegmental area (VTA). (ii) The ventral floor plate
of the diencephalon is lined by a postoptic hypothalamic domain that is often referred
to as the tuberal hypothalamus and in which the ventromedial hypothalamic nucleus
(VMH), dorsomedial hypothalamic nucleus (DMH) and tuberal lateral hypothalamic
area (LHA) are produced. (iii) Between the mesencephalic and tuberal hypothalamic
anlagen, we find the posterior hypothalamic domain. This domain produces the STN,
parasubthalamic nucleus (PSTN), calbindin nucleus (CbN), Parvafox nucleus, Gemini
nucleus, ventral PM (PMv), dorsal PM (PMd) and MBO (Fig. 3). These three domains
require the expression of the morphogenic protein sonic hedgehog (SHH). However,
the posterior hypothalamic anlage is also characterized by the specific expression of
Whnt8b (Fig. 2). The role of the expression of this gene is unknown, but an interplay
between Shh and Wnt8b has been observed in the patterning of the dorsomedial

pallium which is another region showing intense Wnt8b expression that gives rise to
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cortical areas that, as we will see, are connected to the posterior hypothalamus in the
mature brain. This posterior hypothalamic domain also expresses neuronal
progenitor markers such as the transcription factors Nkx2.1 and Dbx1 which play
important roles in hypothalamic patterning and are expressed in the tuberal
hypothalamus (Fig. 2). The expression of Nkx2.1 is restricted to two regions of the
prosencephalon (Alvarez-Bolado et al., 2012; Flandin et al., 2010; Kimura et al.,
1996; Magno et al., 2017; Moreno and Gonzalez, 2011; Rubenstein and Puelles,
1994; Sussel et al., 1999): a large basal telencephalic zone encompassing the
pallidum and the preoptic area, and a postoptic territory that includes the tuberal and
posterior hypothalamus. Since Nkx2.1 is expressed throughout most of the
hypothalamus except a restricted anterior region between the preoptic and postoptic
hypothalamus, it is often considered a hypothalamic marker. Experimental silencing
of the Nkx2.1 gene, critically perturbs the formation of the hypothalamus leading to a
reduction in the size of many tuberal structures such as the VMH, DMH or LHA, and
ablation of the mammillary/premammillary structures as well as the STN (Kim et al.,
2020; Kimura et al., 1996). Dbx1 is required for the differentiation of many
hypothalamic cell types in both the tuberal and the posterior hypothalamus (Alvarez-
Bolado, 2019; Nouri and Awatramani, 2017; Sokolowski et al., 2016). Therefore,
according to the early distribution and functions of Nkx2.1 and Dbx1, the region that
gives birth to the STN and MBO is hypothalamic in nature. However, recent studies
also point toward intriguing relationships between mesencephalic and posterior
hypothalamic neuronal lineages. As the grafting of DAergic neurons produced from
embryonic or induced pluripotent stem cells is a promising field of research for the
development of treatments for Parkinson’s disease, much attention has been focused

on the genetic mechanisms involved in the differentiation of these neurons (Kirkeby
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et al., 2017). Therefore, many of the progenitor and postmitotic markers of DAergic
neurons have been identified. Interestingly, most of the currently known DAergic
progenitor markers, including Lmx7a and Foxa2, among others, are also expressed
rostrally to the mesencephalic anlage into the posterior hypothalamus, but not into
the tuberal hypothalamic domain (Kee et al., 2017; Nouri and Awatramani, 2017).
Nouri and Awatramani (Nouri and Awatramani, 2017) dissected the distribution of
Lmx71a and FoxaZ2 in the posterior hypothalamus. They showed intense expression of
the two progenitor markers in STN, PSTN, and PMv neurons coexpressing Dbx1.
The close relationship between the cell lineage of the posterior hypothalamus and
MES-DA may also be reflected by the expression of the dopamine transporter (DAT)
in adult PMv neurons (Stagkourakis et al., 2018), whereas this protein is otherwise
found only in DAergic neurons throughout the midbrain/forebrain (Ciliax et al., 1995).
In wild-type embryos, the rostral boundary of Enf expression in the ventral
mesencephalon abuts the expression domain of Dbx1 in the posterior hypothalamus
(Nouri and Awatramani, 2017). It is suspected that some corepressive interactions
take place between these two transcription factors which are probably important for
maintaining the respective identity of the ventral mesencephalon and of the posterior
hypothalamus (Nouri and Awatramani, 2017). Indeed, the forced expression of En7 in
the posterior hypothalamic region induces the ectopic differentiation of DAergic

neurons scattered in the mammillary region (Kee et al., 2017).

In addition to early progenitor markers, postmitotic transcription factors such as Pitx2
are also necessary for the development of both the ventral mesencephalon and the
posterior hypothalamus. In the posterior hypothalamus, Pitx2 plays a determinant
role in the migration of STN neurons or the establishment of the mammillothalamic

tract and is still expressed in the entire posterior hypothalamus of adult mice
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(Skidmore et al., 2012; Smidt et al., 2000; Waite et al., 2013). However, most
postmitotic DAergic neuron markers such as Pitx3 are not found in the posterior
hypothalamus (Kee et al., 2017). Each nucleus of the posterior hypothalamus is
otherwise characterized by a specific combination of transcription factors, such as
Barlh1 for the STN (Kee et al., 2017) or Lhx5 and Fkh5 for the MBO (Heide et al.,
2015; Miquelajauregui et al., 2015; Wehr et al., 1997), but the lineages of most cell

types constituting this region still require investigation.

An important neurochemical feature needs to be stressed here as it characterizes
most of the posterior hypothalamic region and has important functional
consequences: posterior hypothalamic structures are mostly glutamatergic while
abundant GABA (gamma-aminobutyric acid)-ergic neurons can be found in the
adjacent tuberal hypothalamus (DMH, LHA), zona incerta and ventral
mesencephalon (SN, VTA). In the embryonic posterior hypothalamic domain, the lack
of DIx and Gad gene expression distinguishes the posterior hypothalamus from
adjacent structures (Puelles et al., 2013, 2012) (Fig. 2, 3). The DIx genes code for
transcription factors that are responsible for orienting differentiating neurons toward a
GABAergic phenotype (Lindtner et al., 2019). The glutamic acid decarboxylase
(GAD) enzyme is necessary for the synthesis of GABA (Esclapez et al., 1993;
McDonald and Augustine, 1993). In the adult brain, GABAergic cells are present in
the posterior hypothalamic nucleus and the capsule of the PMv that are close to the
tuberal hypothalamus or in the supramammillary nucleus that abuts the VTA
(Esclapez et al., 1993). However, the nuclei that form the core of this region, namely,
the STN, PSTN, Parvafox, Gemini nucleus, core of the PMv, PMd and MBO are

massively glutamatergic and contain very few or no GABAergic cells (Fig. 3).
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Therefore, the STN differentiates within a specific anlage that also produces
premammillary and mammillary nuclei. The mammillary body was already included in
the hypothalamus by His (His, 1893), and some of the genes that are necessary for
the differentiation of this posterior hypothalamic region are emblematic hypothalamic
markers. However, this region also requires the expression of progenitor markers that
are needed for the development of the ventral mesencephalon and they display a

specific feature by being massively glutamatergic.

3. Convergence of cortical and pallidal projections into the posterior

hypothalamus

As the STN shares clear developmental and neurochemical features with
premammillary and mammillary nuclei, the appraisal of comparable anatomical traits
is legitimate. Historically, the circuit involving the MBO was first described by James
Papez in 1937 (Papez, 1995). This circuit involves a strong hippocampal input that
reaches the MBO through the fornix, a very conspicuous tract that longitudinally
crosses the entire anterior and postoptic hypothalamus. By comparison, the STN is
targeted by isocortical projections that constitute the hyperdirect pathway of the basal
ganglia. It also receives abundant projections from the pallidum in the basal
telencephalon, constituting the well-described indirect pathway of the basal ganglia.
Therefore, the cortex and the pallidum could be important sources of afferences that

drive the activity of neurons in this region.

3.1 Cortical afferences or hyperdirect pathways

3.1.1 The basal ganglia hyperdirect pathways

10
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The hyperdirect pathway of the basal ganglia is still the subject of regularly published
anatomical articles using classic tract tracing or modern tractography (Chen et al.,
2020; Temiz et al., 2020). Observations in humans, primates and rodents are
concordant, and the STN can be subdivided into three domains partially depending
on the origin of the cortical input. Many authors recognize a large dorsolateral motor,
a ventral associative and a medial ‘limbic’ sector (Emmi et al., 2020; Parent and
Hazrati, 1995a). This tripartite organization of the STN is debated because no
obvious boundaries can be traced within the nucleus and projections from the
telencephalon often overlap. Nevertheless, this points toward a topographical
organization in the telencephalic (including cortical) afferences to the nucleus. The
latest studies conducted in humans and primates extended the concept of the
hyperdirect pathway to include the LHA that is medially adjacent to the STN (Haynes
and Haber, 2013; Temiz et al.,, 2020). This region is referred to as the ‘medial
subthalamic region’ in primates and humans, and it receives projections from the
ventral medial prefrontal, entorhinal and insular cortices that do not innervate the
STN proper. Therefore, in primates including humans, the STN receives isocortical
projections while periallocortical areas such as the ventral medial prefrontal and
insular areas, target LHA regions that are medially adjacent to the STN. In rodents, a
similar observation was made, but, in contrast to that in primates, the LHA nuclei
medially adjacent to the STN are well characterized (Barbier et al., 2020, 2017;
Bilella et al., 2016; Chometton et al., 2016). The posterior LHA contains the PSTN,
the closely related small calbindin nucleus (CbN) and the Parvafox nucleus (Fig. 3),
which receive inputs from insular and orbital areas respectively (Babalian et al., 2019;
Barbier et al., 2020; Chometton et al., 2016; Tsumori et al., 2006). From the

Parvafox, orbital cortex projections continue and end in the Gemini nucleus (Babalian
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et al.,, 2019). Ventral medial prefrontal axons (i.e. from the infralimbic area) also
innervate the caudal lateral LHA in rodents, but the exact distribution of these axons
with regard to the posterior LHA nuclei still requires investigation. Ventral medial
prefrontal axons also reach the PMd and enter the MBO (Comoli et al., 2000; Fisk
and Wyss, 2000; Gonzalo-Ruiz et al., 1992; Hurley et al., 1991; Shibata, 1989).
Therefore, the ventral medial prefrontal input is not limited to the posterior LHA. In
contrast, dorsal medial prefrontal areas (cingulate) target the medial STN (Canteras

et al., 1990; Emmi et al., 2020; Parent and Hazrati, 1995a).
3.1.2 The fornix system and the stria terminalis

Since the mammillary circuit (or Papez circuit) involves some major fiber tracts such
as the fornix and the mammillothalamic tract, its general architecture was understood
very early. It was known since the beginning of the 20" century that the origin of the
fornix is the hippocampal formation (Cajal, 1909). However, Swanson and Cowan
(Swanson and Cowan, 1977) and Meibach and Siegel (Meibach and Siegel, 1977)
were the first to identify pyramidal neurons in the dorsal subiculum at the origin of the
postcommissural fornix, while it was observed that Ammon’s horn projects mostly
through the precommissural fornix to innervate the lateral septal complex (the lateral
nucleus of the septum and the septofimbrial nucleus) (Swanson et al., 1981). This
was confirmed by many other authors (i.e. (Gonzalo-Ruiz et al., 1992; Shibata, 1989;
van Groen and Wyss, 1990)) and it is now well established that the dorsal subiculum
innervates the medial mammillary nucleus while the para-pre-postsubiculum
innervates the lateral mammillary nucleus. The projections from these cortical areas
reach the MBO through the fornix. By contrast, the projections from the ventral
subiculum reach the hypothalamus through the medial cortico-hypothalamic tract

(Canteras and Swanson, 1992a). In the anterior and postoptic hypothalamus, this

12
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tract courses parallel to the stria terminalis which arises in the amygdala, and both
the medial cortico-hypothalamic tract and the stria terminalis converge and mostly
end in the PMv. The stria terminalis carries, in part, glutamatergic axons from the
posterior nucleus of the amygdala (Canteras et al., 1992a) which lies adjacent to the
ventral subiculum and is a cortico-amygdalar nucleus with a pallial origin (Swanson
and Petrovich, 1998). Therefore, the projections from the posterior amygdalar
nucleus to the PMv should also be viewed as cortical in nature. Finally, and for the
sake of completeness, other cortical nuclei of the amygdala (i.e. the anterior part of
the basomedial nucleus) project through the direct amygdalo-hypothalamic pathway

into the ventral posterior LHA (CbN) (Barbier et al., 2017).

3.1.3. Conclusions about the connections between the cerebral cortex and the

posterior hypothalamus

This short survey of the cortical innervation of the posterior hypothalamus shows that
the glutamatergic nuclei of the posterior hypothalamus receive topographically
organized inputs from the cortex, with the MBO and PMv receiving projections mostly
from the allocortex (hippocampal formation, cortico-amygdala) and the STN receiving
projections from the isocortex, while nuclei in-between these medial and lateral poles
receive projections mostly from the periallocortex, including the ventral medial
prefrontal, insular and orbital areas (Fig 4). Therefore, the allocortical and
periallocortical projections to the glutamatergic posterior hypothalamic structures are
parallel to and topographically organized with the isocortical projections to the STN.
In this way, the hyperdirect pathways arise from the cortical mantle as a whole and
innervate glutamatergic nuclei of the posterior hypothalamic region. These cortical
projections arise from pyramidal glutamatergic neurons. The STN is innervated by

collaterals of descending axons that continue in the pyramidal tract. By contrast, the
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fornix ends in the MBO. However, at least in rats, the first axons constituting the
fornix reach the mesencephalon during development and later emit collaterals that
innervate the MBO while the distal mesencephalic branches recede (Stanfield et al.,

1987).

3.2. Subcortical afferences or indirect pathways

3.2.1. General organization of the subpallium

Based on the topographic organization of descending cortical inputs as well as on
cytoarchitectural and neurochemical considerations, it has long been proposed that
the cerebral nuclei of the basal telencephalon belong either to a striatal or to a
pallidal compartment (Risold, 2004; Swanson, 2012, 2000). Therefore, the
telencephalon would be organized according to a basic plan with the pallium
innervating the striatum which itself projects onto the pallidum. This organization of
the telencephalon has been adopted by the Allen Brain Institute (Allen Institute,
2004) whose atlases and databases are extensively used by the scientific community
(Table 1). According to the Allen Brain Institute’s nomenclature, four striatal divisions
receive projections from the cerebral cortex, including the dorsal striatum
(caudoputamen) innervated by the isocortex as well as the ventral (nucleus
accumbens, olfactory tubercle), medial (lateral septal complex) and caudal (striatal-
like amygdalar nuclei) striatum receiving allo- and periallocortical projections. The
striatal compartment whose main cell type is the GABAergic somatospiny neuron,
projects in a topographically organized way onto the dorsal (globus pallidus (GP)),
ventral (ventral pallidum (VP) also named substantia innominate (Sl)), medial (medial
septal complex) and caudal (bed nucleus of the stria terminalis (BST)) pallidum (see

tables 1 and 2 for additional information).
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3.2.2. The direct and indirect pathways of the basal ganglia

Both striatal and pallidal compartments are then bidirectionally connected to the
brainstem, but the organization of the descending pathways that connect these
cerebral nuclei with the brainstem has been best portrayed for the dorsal
striatum/dorsal pallidum, forming the well-known basal ganglia network (Fig. 5).
Indeed, in addition to the hyperdirect pathway from the isocortex to the STN, the
basal ganglia network is usually divided into direct and indirect pathways (Gerfen and
Bolam, 2016; Graybiel et al., 1994; Graybiel, 2004; Kinzle, 1975; McGeorge and
Faull, 1989; Nambu et al., 2002; Parent and Hazrati, 1995a; Tecuapetla et al., 2016).
The direct pathway involves several types of medium spiny neurons in the dorsal
striatum that project in the internal part of the GP (GPi) and the reticular part of the
SN (SNr). The indirect pathway originates from another class of medium spiny
neurons of the dorsal striatum that project into the external part of the GP-(GPe). The
main output of the GPe is for the STN as well as for the SNr. In turn, the STN
projects into the whole GP and the SNr. Therefore, the STN is an additional station

between the striatum and GPi/SNr.

3.2.3. Organization of subcortical projections to the posterior hypothalamus

As hyperdirect-like projections were described for the glutamatergic nuclei of the
posterior hypothalamus, the comparison with the STN can be prolonged by analyzing
the origin of subcortical projections to other posterior nuclei of the hypothalamus. A
general inspection of Table 2 that summarizes these data, reveals that the posterior
hypothalamus is predominantly and intensely connected to the pallidal compartment

of the telencephalon as defined by the Allen Brain Atlas. By contrast, the striatal
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compartment is marginally connected to the posterior hypothalamus (a notable
exception is the intense input from the medial amygdalar nucleus (MEA) to the PMy,
but see the commentaries about the MEA in the comment (b) of Table 2). Resonating
with the canonical direct pathway of the basal ganglia, the striatal compartment is

intensely related to the SN/VTA.

Projections from the pallidal compartment to the posterior hypothalamus are
topographically organized (Fig. 6). Along the projection from the GPe to the whole
STN, the medial tip of the STN receives inputs from the ventral VP (Groenewegen et
al., 1993; Root et al., 2015). The rostral region of the VP (following the nomenclature
of (Root et al.,, 2015); see Table 2), sends its axons through the ventrolateral
hypothalamic tract and innervates the Parvafox and Gemini nuclei (Heimer et al.,
1990; Lundberg, 1962; Price et al., 1991). These nuclei also receive inputs from the
magnocellular preoptic nucleus and from the nucleus of the diagonal band
(Groenewegen et al., 1993; Heimer et al., 1990). The olfactory nature of this pathway
was demonstrated by Price 30 years ago (Price et al., 1991). Located between the
Parvafox and STN, the PSTN is targeted by posterior VP (Chometton et al., 2016;
Grove, 1988). The PSTN also receives convergent inputs from the medial division of
the central nucleus of the amygdala (CEA) (CEAm) (included in a recent study to the
pallidal compartment, see the legend (a) of Table 2), from the rhomboid nucleus of
the BST and, to a lesser extent, from the anterolateral, and oval nuclei of the BST
(Barbier et al., 2017; Chometton et al., 2016; Dong et al., 2001; Dong and Swanson,
2004a, 2003). The caudal BST projects mostly into the PMv and PMd. These two
hypothalamic nuclei are innervated by projections from the principal (BSTpr) and
interfascicular (BSTif) nuclei of the BST respectively (Cavalcante et al., 2014; Comoli

et al., 2000; Dong and Swanson, 2004b; Gu et al., 2003). Finally, the medial septal
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complex (medial pallidum) innervates the medial mammillary nucleus (Shibata, 1989;
Swanson and Cowan, 1979; Vann, 2010; Vann and Aggleton, 2004). This input is not
as dense as other pallidal projections into the posterior hypothalamic nuclei, but it is
the sole subcortical projection identified in the medial mammillary nucleus and it

serves important functions in this nucleus (Dillingham et al., 2021).

Both the PMv and the PMd are known to be integrated into circuits with other
hypothalamic medial zone nuclei, and these circuits are also under the command of
subcortical telencephalic projections (Fig. 7). The PMv is bidirectionally connected to
the medial preoptic nucleus (MPN) while the PMd is bidirectionally linked with the
anterior nucleus (AHN) (Canteras et al., 1992b; Canteras and Swanson, 1992b;
Risold et al., 1997; Swanson, 2000). The MPN shows a strong sexual dimorphism,
and the MPN-PMv circuit is called the sexually dimorphic circuit (Canteras et al.,
1992b; Simerly and Swanson, 1988; Swanson, 2000). The AHN and PMd are
involved in defense responses (Canteras and Swanson, 1992b; Risold et al., 1994;
Swanson, 2000). Both the MPN and the AHN receive strong inputs from the BSTpr
and BSTif respectively (Dong and Swanson, 2004b) along with intense innervation
from the ventral and rostral parts of the lateral septal nucleus (LSNv and LSNr

respectively) (Risold and Swanson, 1997).

4. Functional considerations

All glutamatergic nuclei of the posterior hypothalamus receive topographically
arranged projections from the telencephalon which comprise inputs from the cortical
mantle that are reminiscent of the hyperdirect pathway as well as from the pallidal
compartment reminiscent of the indirect pathway. However, this whole analysis is

worth considering only if it improves our understanding of the functional organization
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of this region. To date, most nuclei of the posterior hypothalamus have been studied
independently and each one of them is involved in its own specific response: motor
behavior for the STN, control of feeding for the PSTN/CbN, agonistic behaviors for
the Parvafox, PMv and PMd, and complex cognitive functions related to encoding
spatial information for the MBO (Barbier et al., 2020; Canteras and Swanson, 1992b;
Dillingham et al., 2021; Gerfen and Bolam, 2016; Parent and Hazrati, 1995a;
Swanson, 2000). Therefore, no functional relationship seems to link these different
structures, contrary to what the developmental and anatomical data suggest. To
understand the functional organization of the glutamatergic posterior hypothalamic
region as a whole, once again, the STN may serve as a model. Indeed, it is important
to remember that we understand the functions of the STN in collaboration with and
often as opposed to that of the striato-nigral direct pathway. Therefore, the function of
each nucleus of the posterior hypothalamus should be considered within a larger
anatomical network also involving the ventral mesencephalon. Indeed, the ventral
mesencephalon is implicated in behavioral responses (motor, feeding, social and
agonistic behaviors) similar to those of the posterior nuclei of the hypothalamus (Wei

et al., 2021).

4.1. Summary of the functional organization of the basal ganglia network

At the lateral pole of the posterior hypothalamic glutamatergic region, STN functions
are related to that of the basal ganglia network to which it belongs. GPi and SNr are
the output stations of the basal ganglia network: they innervate the pedunculopontine
nucleus and the superior colliculus that grant access to the somatic motoneurons and
the cerebellar network (Gerfen and Bolam, 2016) (Fig. 5). They also project into

several nuclei of the thalamus forming the classic loops of the basal ganglia network
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with the motor cortex (Alexander et al., 1986; Deniau et al., 1996; Haber, 2003; Kim
and Hikosaka, 2015; Parent and Hazrati, 1995b). However, as the medium spiny
neurons in the caudoputamen as well as GP and SNr neurons are GABAergic, the
direct pathway results in tonic inhibition of its targets which are disinhibited when
cortical glutamatergic inputs stimulate the striatum and this pathway is also known as
the ‘Go’ pathway. On the other hand, the STN is glutamatergic and stimulates GPi
and SNr neurons upon disinhibition through the cortex-striatum-GPe pathway or
activation by the hyperdirect pathway. Therefore, the activation of the STN through
indirect or hyperdirect pathways, results in the inhibition of ongoing motor actions and
the indirect pathway is also known as the ‘No-Go’ pathway (Baghdadi et al., 2017;
Bahuguna et al., 2015; Bariselli et al., 2019). This ‘No-Go’ action is deemed important
for the suppression of competing motor programs that would otherwise interfere with
the execution of the desired movement, as well as for switching motor action and
adapting behavior to environmental changes perceived by the isocortex (Chen et al.,

2020; Fife et al., 2017; Wessel and Aron, 2013)

4.2. Posterior hypothalamus and VTA functional networks

The VTA in the ventral mesencephalon is involved in similar behavioral responses to
many nuclei of the posterior hypothalamus, excluding the STN and MBO. Through its
connections with the accumbens nucleus and the VP, the VTA initiates approach or
avoidance responses in relation to feeding or agonistic/social behaviors. Generally,
the VTA is thought to be involved in reinforcing behavioral responses and increasing
or decreasing reward-seeking behaviors (Bouarab et al., 2019; Morales and Margolis,
2017; Parker et al., 2019). Data that integrate posterior nuclei of the hypothalamus in

the functional network of the VTA are lacking. An anterograde study illustrates
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projections from the PSTN into the VTA (Goto and Swanson, 2004). Unfortunately,
the functional significance of these connections has not yet been further investigated.
Nonetheless, anatomical links also exist through the ventral/caudal/medial striato-
pallidal complexes or through other nuclei of the hypothalamus (Geisler and Zahm,
2005; Groenewegen et al., 1993; Kaufling et al., 2009; Luo et al., 2011; Phillipson,
1979; Risold and Swanson, 1997), suggesting at least indirect interactions at

functional levels between the posterior hypothalamus and the VTA (Table 2).

4.2.1. Social behaviors in relation to reproduction and parental care

The nucleus accumbens-VTA network is involved in reproduction through the
regulation of sexual preferences (Beny-Shefer et al., 2017). The projections from the
VTA to the nucleus accumbens can encode and predict key features of social
interactions (Gunaydin et al., 2014). The medial preoptic area (MPO) is a key center
for the expression of many aspects of reproductive behaviors. Several populations of
neurons within this region serve distinct aspects of reproduction, including copulatory
behaviors, nest building, pup retrieval and grooming. In lactating females, a specific
medial preoptic-VTA pathway is involved in nursing and pup retrieval (Fang et al.,
2018) (Fig. 8). Moreover, oxytocinergic projections from the paraventricular nucleus
of the hypothalamus to the VTA and SNc drive DAergic neuron activity in opposite
directions by increasing the activity of the VTA and decreasing that of the SNc (Xiao
et al., 2017). Oxytocin-modulated DAergic neurons give rise to canonical striatal
projections and oxytocin release in the VTA is necessary to elicit social reward, and

is involved in attachment or bonding between parents and pups.
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The PMv is involved in many other aspects of reproductive behaviors as part of the
sexually dimorphic circuit with the MPN: it receives pheromonal information from the
MEA and BSTpr, and the exposure of individuals to conspecific pheromonal stimuli
induces a strong c-Fos expression in the PMv (Nordman et al., 2020; Yokosuka et
al., 1999). Then, depending on the hormonal status of the individual and the sex of
the intruder, the PMv either facilitates copulation or promotes an aggressive
response. For example, the PMv is involved in intermale aggression or male
copulatory behavior (Pfaus and Heeb, 1997; Stagkourakis et al., 2018) (Fig. 8). In the
case of females in estrus, this nucleus stimulates lordosis behavior. This is also a key
site for leptin’s regulation of reproduction, and it relays this information about the
nutritional state to regulate Gonadotropin-Releasing Hormone (GnRH) release
(Leshan a