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The structural and functional complexity
of the integrative hypothalamus
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The hypothalamus (“hypo” meaning below, and “thalamus” meaning bed) consists of regulatory circuits that
support basic life functions that ensure survival. Sitting at the interface between peripheral, environmental, and
neural inputs, the hypothalamus integrates these sensory inputs to influence a range of physiologies and
behaviors. Unlike the neocortex, in which a stereotyped cytoarchitecture mediates complex functions across a
comparatively small number of neuronal fates, the hypothalamus comprises upwards of thousands of distinct
cell types that form redundant yet functionally discrete circuits. With single-cell RNA sequencing studies
revealing further cellular heterogeneity and modern photonic tools enabling high-resolution dissection of complex
circuitry, a new era of hypothalamic mapping has begun. Here, we provide a general overview of mammalian
hypothalamic organization, development, and connectivity to help welcome newcomers into this exciting field.

he hypothalamus makes up just 2% of
brain volume but is essential for funda-
mental life processes and survival. The
term hypothalamus was first introduced
by Wilhelm His in 1893 and was further
annotated by Santiago Ramoén y Cajal in the
1890s, Albrecht von Haller in the 1900s, and
Ernst and Berta Scharrer in the 1920s. For
centuries, the hypothalamus has fascinated
scientists for its nodal position and dense nu-
clear clustering of neurons, and this allure only
increased as early lesioning studies revealed
the outsized role of the hypothalamus in a range
of physiologies and behaviors. Today, the hy-
pothalamus is known to receive, process, and
integrate sensory inputs to drive bidirectional
communication with a range of behavioral,
autonomic, and endocrine pathways. The de-
velopment and interaction of the circuits by
which the hypothalamus maintains homeosta-
tic set points, overcomes stressors, and drives
behaviors are continually being defined.

The intricate organization of the hypothalamus

The hypothalamus resides in the ventral-most
region of the forebrain and drives diverse pro-
cesses through a complex cytoarchitecture lo-
calized around the third ventricle (7, 2) (Fig. 1A).
Along the rostral-caudal axis, the hypothal-
amus can be divided into the preoptic, anterior,
tuberal, and mammillary regions (Fig. 1, B
to E), each of which is further partitioned into
lateral, medial, and periventricular zones (3).
These hypothalamic regions are populated by a
patchwork of neurons that form discrete three-
dimensional (3D) clusters, or nuclei, which con-
trasts with the relatively flat laminar structure
of the cerebral cortex. Most rostrally, the pre-
optic area (POA) includes the median (MnPO),
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medial (MPO), ventrolateral (VLPO), anteroven-
tral periventricular (AVPV), and periventricular
(PVpo) preoptic nuclei. The anterior region is
composed of the anterior hypothalamus (AH)
and supraoptic (SON), suprachiasmatic (SCN),
and paraventricular (PVN) nuclei. The median
eminence (ME) and pituitary stalk lie ventral to
the tuberal hypothalamus, which contains the
loosely defined lateral hypothalamic area (LH)
as well as the dorsomedial (DMH), ventrome-
dial (VMH), arcuate (Arc), and tuberal (TuN)
hypothalamic nuclei. Finally, the premammillary
(PM), supramammillary (SuM), tuberomammil-
lary (TM), and posterior hypothalamic (PH) nu-
clei make up the mammillary hypothalamus.

The mapping of functional roles and accom-
panying pathways onto individual nuclei has
revealed extensive overlap and high coordina-
tion (7, 2) (Fig. 1F). For example, various aspects
of feeding, energy balance, and thermoregula-
tion are strongly regulated by neurons residing
in the Arc, VMH, DMH, LH, and TuN within
the tuberal hypothalamus, but they also loop
in circuits within the MnPO, VLPO, PVN, AH,
and PM. Similarly, corticotropin-releasing hor-
mone (CRH) neurosecretory cells in the PVN
are central to stress responses and integrate in-
puts from the MPO, DMH, LH, and PH (4).
Further, sleep-wake is orchestrated by the SCN—
the principal circadian pacemaker—in conjunc-
tion with the VLPO, MnPO, PVN, DMH, VMH,
LH, TM, and SuM (5). Although the intercon-
nectedness of spatially segregated nuclei is a
core feature of hypothalamic function, more
recently this concept has evolved to appreciate
the concerted contributions of extrahypotha-
lamic circuits as well. For example, the hypothal-
amus facilitates circuitry for reward, salivation,
smell, and hunger alongside the physical act of
foraging for food, which provides a framework
for studying complex behaviors mediated by
the hypothalamus, such as feeding.

Some hypothalamic nuclei are known to be
sex dimorphic. The MPO is one of the best-known
sex-biased brain regions, with male sexual be-

27 October 2023

haviors in rats influenced by a greater volume
and neuronal number compared with that in
females (6). Notably, this anatomical size dif-
ference is also observed in the third interstitial
nucleus of the anterior hypothalamus (INAH-3),
the presumptive homologous cell group in hu-
mans (7). In mice, distinct subpopulations of tyro-
sine hydroxylase- and progesterone receptor-
expressing neurons in the AVPV and the VMH,
respectively, are sexually dimorphic and medi-
ate a range of sexual, parental, and aggressive
behaviors (8, 9), whereas female-biased differ-
ences in pro-opiomelanocortin (POMC) neu-
ronal numbers and activity in the Arc have been
reported to influence energy balance (10). High-
resolution mapping of hypothalamic circuitry
mediating sex-specific behaviors is an emerging
area of research (11).

Extraordinary diversity of hypothalamic
cell types

To better understand the cellular basis of hypo-
thalamic functions, attention has largely focused
on the resident neurons that are staggering in
diversity. Elegant biochemical studies in the
1950s identified various neuropeptidergic neu-
rons across the hypothalamus (12), with the true
extent of hypothalamic neuron heterogeneity
now being realized with the emergence of single-
cell omics, particularly single-cell RNA sequenc-
ing (scRNA-seq). Although hypothalamic neurons
historically have been classified on the basis of
neuropeptide phenotype or fast neurotransmit-
ter identity, scRNA-seq-defined transcriptional
signatures highlight the complexity of hypotha-
lamic neuronal populations. For example, some
neuropeptide transcripts are preferentially ex-
pressed in glutamatergic neurons (e.g., Oxt,
Grp, and Ucn3), whereas others are found in
y-aminobutyric acid-expressing (GABAergic)
neurons (e.g., Npy and Agrp) or even both (e.g,,
Sst and Crh) (13). Concomitantly, the broad cat-
egorization of excitatory glutamatergic or in-
hibitory GABAergic populations can be further
stratified into subpopulations that express a
combination of neuropeptides and transcription
factors (14-16), such as Hert and Pnoc distinguish-
ing clusters of Lhx9+ putative glutamatergic neu-
rons within the LH (75). Seventeen hypothalamic
scRNA-seq datasets have been integrated into a
consolidated and comprehensive mouse hypo-
thalamic cell atlas, serving as a valuable resource
for studying hypothalamic function with unpre-
cedented cell subtype-specific precision (77).
The challenge now is to translate this tran-
scriptional profiling into higher-resolution in-
sights of the cell type-function relationships. For
instance, a subset of Gal+ and Aupria+ neu-
rons in the POA are associated with enriched
cFos expression after pup exposure, which sug-
gests a role in parenting behavior (I8); subtypes
of orexigenic agouti-related peptide (AgRP) neu-
rons in the Arc exhibit differential transcriptional
responses to fasting, potentially representing
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discrete, energy state-responsive populations
(19); and molecularly distinct clusters of neu-
rons in the mammillary bodies are not only spa-
tially segregated but also project to different
regions of the anterior thalamus as perhaps
parts of parallel memory subcircuits (20). To
build on these largely correlative links and es-
tablish function, fine dissection of the compo-
nent parts of diverse hypothalamic circuits will
require combining newly identified subtype-
specific markers with targeted genetic tools.
For example, chemogenetic activation of LH
Sst+ neurons increases locomotor activity (21),
whereas activating VMH EsrI+ neurons elicits
both locomotion and heat production (22), which
highlights that circuits mediating movement
behaviors are dependent on context. In addition,
chemogenetic and optogenetic manipulations
of broad VMH EsrI+ neurons reveal this pop-
ulation to be necessary and sufficient for female
aggression (23), whereas stereotaxic injection of
small interfering RNAs (siRNAs) against Rprm,
which is expressed in a subset of VMH Esrl+
neurons, increases body temperature in female
mice, consistent with a sex-specific thermoreg-
ulatory role for this neuronal subpopulation (22).
These studies underscore the arduous task of
fine mapping the hypothalamic cell types and
circuits that control complex behaviors.

Despite a neuron-centric view of hypotha-
lamic cell type diversity, the hypothalamus also
contains heterogeneous glial populations, de-
fined originally in classical morphological studies
and more recently by multi-omics approaches.
These glial cells, including astrocytes, oligoden-
drocyte precursor cells, oligodendrocytes, mi-
croglia, ependymal cells, and tanycytes, are not
simply structural support but are active partic-
ipants in modulating hypothalamic circuits
(24). Astrocytes in the SCN, for instance, show
rhythmic expression of clock genes and influence
circadian locomotor behavior (25), and microg-
lial activity in the developing POA is required for
mating behaviors (26). Glial contributions to
the hypothalamic control of energy balance are
also extensive, ranging from leptin response
modulation by astrocytes and oligodendro-
cyte precursor cells; to melanin-concentrating
hormone (MCH)-responsive cilia beating by
ependymal cells, which may in turn facilitate
volume transmission of MCH through the cere-
brospinal fluid; to nutrient sensing, metabolite
transport, and neurogenesis by multifunctional
tanycytes (24, 27). Altogether, mounting evi-
dence indicates that different classes of glia play
essential roles across neuroendocrine networks,
with further studies needed.

Developmental programs of the hypothalamus

Given the diversity of cellular phenotypes found
in the hypothalamus, an understanding of when
and how these cell identities are acquired has
lagged. According to the columnar model of
early hypothalamic organization, and with the
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exception of the telencephalon-derived POA,
the hypothalamus begins to develop from the
ventral diencephalon at approximately embry-
onic day (E) 8.5 in mice or gestational week
(GW) 5 in humans, with both extrinsic and in-
trinsic factors directing regional patterning
(13). Sonic hedgehog (Shh) drives the expres-
sion of the classic hypothalamic marker Nkax2.1
and is required to induce a hypothalamic fate in
diencephalic progenitors, whereas Bmp and
‘Wnt signaling play important roles in establish-
ing the dorsal-ventral and rostral-caudal axes,
respectively (28). After early patterning, the de-
veloping hypothalamus is populated by neu-
rons, then glia, following the typical pattern
for other neural tube-derived brain regions:
Radial glia divide at the ventricular zone, giving
rise to fate-committed neuronal and glial pre-
cursors that undergo radial migration into the

Mouse brain

Hypothalamus

parenchyma (2). In the developing mouse and
human hypothalamus, hypothalamic radial
glia lining the third ventricle can divide asym-
metrically to generate mantle radial glial cells,
which serve as intermediate progenitor cells
(IPCs) located in the mantle zone (29) (Fig. 2A).
Notably, live-cell imaging of mantle radial glia
reveals that in addition to undergoing asymmetric
neurogenic divisions, they can also produce
cells expressing the progenitor marker SOX2
(29). Some of these daughter cells have basal
processes and likely function to maintain the
mantle radial glia pool, whereas others that
lack processes are speculated to increase the
diversity of hypothalamic progenitors and/or
to contribute to gliogenesis (29).

Early hypothalamic precursors are heteroge-
neous (30), supportive of a cascade diversification
model for hypothalamic neurogenesis. Unlike

F
Feeding behavior, energy homeostasis, and thermoregulation
MnPO VLPO PVN AH
Body fluids and electrolyte homeostasis
MnPO SCN PVN SON
Sleep-wake
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Puberty and fertility
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Fig. 1. A schematic representation of hypothalamic subdivisions in the mouse brain, highlighting
individual nuclei and associated physiologies. (A) The hypothalamus resides at the base of the brain, with
its nuclei forming a complex 3D patchwork around the third ventricle across four rostral-caudal regions.

(B to E) Representative coronal sections of the preoptic (B), anterior (C), tuberal (D), and mammillary (E)
regions demonstrate the diversity and intercalation of hypothalamic nuclei. (F) The hypothalamic control of
diverse physiologies and behaviors critical to survival involves coordinated activity across multiple nuclei.
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the fate-predetermined and stochastic models
of the cortex and the retina, respectively, the
cascade diversification model posits that the
myriad neuronal subtypes required for hypo-
thalamic function are generated in a stepwise
amplification of radial glial cells, to intermediate
progenitors, to neurons (31). In brief, hypotha-
lamic radial glia give rise to AsclI+ IPCs, com-
petent to generate both glutamatergic and
GABAergic neurons, and Neurog2+ IPCs, which
primarily produce glutamatergic neurons (31)
(Fig. 2A). The postmitotic neuronal progeny
of these complementary pools of intermediate
progenitors ultimately populate diverse nu-
clei. In their nascent state, the coexpression
of multiple peptides in a given neuronal sub-
type, along with pseudotime analyses, suggest
that several neuronal phenotypes can emerge
from a common, initially ambiguous transcrip-
tional state (31), which points to hypothalamic
complexity from its origin. Notably, in the Arc,
fate-mapping experiments reveal that both
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somatostatin (SST) and AgRP neurons are de-
rived from SST-expressing nascent neurons
(81), and distinct subpopulations of neurons
defined by combinatorial 7b23, Otp, and Dilxl/
2/5/6 expression are generated from a common
multipotent progenitor domain in a mosaic
and synchronous fashion (32), providing evi-
dence for this fate diversification.

As in other areas of the brain, neuronal and
glial cells in the hypothalamus emerge during
specific temporal windows (Fig. 2B). Hypotha-
lamic neurogenesis occurs at approximately
E10.5 to E16.5 in mice (33) and GWS8 to GW10
in humans (34), with neuronal precursors
specified by the combinatorial expression of
transcription factors and their correspond-
ing regulons (15, 16, 31). In mice, neuronal fate
commitment is marked by the Dix1/2/5/6 and
Sox1l/12 regulons (I16), the former of which
also characterizes neurogenic progenitors in
the developing human hypothalamus (34). Fur-
ther region- and nucleus-specific identity is
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Fig. 2. Developmental programs of the mouse hypothalamus. (A) Radial glial cells (RGCs) divide at the
ventricular zone (VZ) and give rise to both glia (tanycytes, oligodendrocytes, and ventricular zone-residing
ependymal cells) and neurons. Hypothalamic neurogenesis is proposed to occur through a cascade
diversification model in which ventricle-adjacent radial glia generate Neurog2+ and Ascll+ intermediate
progenitors located in the mantle zone. These intermediate progenitors then generate nascent glutamatergic
or GABAergic neurons that ultimately differentiate into the range of neuronal subtypes found in the
mature hypothalamus. (B) Schematic representation of the timing of neurogenesis and gliogenesis in the
developing hypothalamus. Glu, glutamatergic; GABA, GABAergic.
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conferred by additional gene regulatory net-
works, such as Lhx5 for the mammillary hy-
pothalamus and Foxal for the SuM (15), and
neuronal generation proceeds in an outside-
in, rostral-caudal pattern (32, 34). Compara-
tively less is known about gliogenesis, but the
process initiates upon the decline of neurogen-
esis (16, 34) under the control of the Hes5, Sox9,
and Nfia regulons (16). Tanycytes are among
the first-born glial cells, with most generated
between E13 and E15 (31), followed by the onset
of oligodendrocyte lineage cells (E13.5 or GW10),
astrocytes (E15.5 or GW15) (34, 35), and finally
ependymal cells (E17.5 or GW18) (16, 34) (Fig.
2B). Notably, oligodendrocyte development oc-
curs relatively early in humans compared with
mice, with in silico cell-cell communication pre-
diction suggesting a potential human-specific
role for early oligodendrocyte lineage cells in
facilitating neuronal survival and maturation
through Wnt and integrin signaling (34). The
role of glia in neuronal maturation and cir-
cuitry establishment continues to emerge as
the genetic programs governing hypothalamic
development are revealed.

Environmental influences on
hypothalamic development

Curiously, the developing hypothalamus is in-
fluenced by the external environment, changing
programs in response to the cues perceived to de-
fine the environment in which it will live (Fig. 3A).
This concept of fetal programming or develop-
mental origins of heath and disease (DOHaD) is
not new, but it does seem especially pronounced
in the murine fetal hypothalamus, perhaps re-
flecting the eventual central role of the hypo-
thalamus as a sensing brain region responsible
for adjusting a range of homeostatic and behav-
ioral systems to match the current environment.

Accumulating evidence illustrates the per-
manent effects of environmental inputs during
development on proper hypothalamic function
later in life. In both human and animal models,
a maternal high-fat diet can induce meta-
bolic disorders in the offspring by altering Arc
neuropeptides, signaling, neuroinflammation,
and/or epigenetics (36). In mice, maternal
cold stress causes hypothalamic fetal microg-
lia to sex-specifically disrupt oxytocin neuro-
nal numbers (37), and maternal fever (through
exogenous immune activation) accelerates the
onset of puberty with accompanying changes
in hypothalamic KissI, Tac2, and KissIr gene
expression (38). Furthermore, anthropologi-
cal chemicals, especially endocrine-disrupting
chemicals that mimic hormones, such as the
xenoestrogen bisphenol A (BPA), can perturb
developmental hypothalamic programs. Ma-
ternal exposure to environmentally relevant
levels of BPA can cause precocious neurogen-
esis in the SCN of embryonic mice, leading to
a concomitant disruption of circadian rhythms
(39) as well as changes in the development of
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kisspeptin and gonadotropin-releasing hor-
mone (GnRH) neurons, resulting in fertility
issues in females (40). Beyond bisphenols, many
studies have shown that exposure to air pol-
lution particle matter, diesel exhaust, polychlorin-
ated biphenyls, and nicotine can interfere
with hypothalamic neuro- and gliogenesis (41).
The true impact of environmental inputs on
human hypothalamic development is less de-
fined, with large cohort studies needed to fur-
ther delineate their influence.

Hypothalamic connectivity that drives
physiology and behaviors

Given that hypothalamic development is a
protracted series of steps whereby a neuron
born at a specific time migrates to the correct
location and forms appropriate synaptic con-
nections, it is perhaps not surprising that com-
plex developmental programs progress into
intricate circuit formation. As a neural integra-
tion center, the hypothalamus connects to the
endocrine system via the pituitary and the cir-
cumventricular organs (CVOs) as well as to other
neural centers through intra- and extrahypotha-
lamic circuits that control behaviors (Fig. 3). The
sophistication of these connections is central
to the myriad physiologies and behaviors that
the hypothalamus controls.

Neuroendocrine connectivity

The hypothalamus connects to the anterior
and posterior lobes of the pituitary via the
infundibulum (also known as the pituitary
stalk). Briefly, magnocellular neurons that
originate in the PVN and SON send axons
that travel through the infundibulum and ter-
minate in the posterior pituitary, where they
secrete arginine-vasopressin and oxytocin to be
released into peripheral circulation. The con-
nection to the anterior pituitary is less direct,
with neurons in the POA and other regions
secreting hypothalamic-releasing hormones
(e.g., GnRH and CRH) into the ME, where the
hypophyseal-portal vasculature transports them
to the anterior pituitary to stimulate the syn-
thesis and secretion of pituitary hormones (e.g.,
luteinizing hormone, follicle-stimulating hor-
mone, and adrenocorticotropic hormone) that
then act on peripheral endocrine organs (42).
Notably, the release of these neuropeptides or
hormones is either contributed by multiple
nuclei (i.e., arginine-vasopressin and oxytocin
by the PVN and SON) or is the result of inter-
actions among multiple nuclear clusters (e.g.,
the release of follicle-stimulating hormone by
the interactions among AVPV, POA, and Arc),
which emphasizes the extensive cooperation
between hypothalamic nuclei (Fig. 1F).

The neuroendocrine hypothalamus also re-
lies on highly permeable brain regions that
reside outside the blood-brain barrier to sense
peripheral cues, referred to as the CVOs: the
organum vasculosus of the lamina terminalis

Fong et al., Science 382, 388-394 (2023)
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Fig. 3. The hypothalamus as an integration center driving key physiologies. (A) The hypothalamus
receives and integrates environmental information, peripheral information, and neural signals to regulate
physiologies and behaviors via connections to the endocrine system and intra- and extrahypothalamic neural
centers. (B) After food intake, POMC neurons in the Arc that project to PVN neurons increase satiety, thus
decreasing food intake (purple). During fasting, NPY/AgRP-expressing neurons in the Arc that project to the PVN
increase food intake while also decreasing satiety by inhibiting (i) POMC neurons directly and (ii) the anorexigenic
POMC inputs on PVN neurons (blue). (C) KissI neurons in the AVPV together with KNDy neurons in the Arc
act on GnRH neurons in the POA to control the pulsatile release of GnRH, luteinizing hormone (LH), and follicle-
stimulating hormone (FSH) to regulate female fertility. (D) Responding to light input from the retinal-hypothalamic
tract, the SCN maintains circadian rhythms through the autoregulatory transcriptional-translational feedback
loops of clock genes, such as Bmall, Clock, Periodl,2,3, and CryL,2. 3V, third ventricle.

(OVLT), the subfornical organ (SFO), and the
ME (Fig. 3A). The OVLT resides in the anterior
wall of the third ventricle and detects circulat-
ing chemokines and cytokines to initiate body
temperature changes as well as monitor solute
levels to drive regulation of water balance and
thirst (43). The SFO is positioned in the dorsal
surface of the third ventricle and is the pri-
mary sensor of circulating angiotensin II to
communicate with brain centers that regulate
blood pressure, sympathetic outflow, and neuro-
endocrine factors (43). The ventral-residing
ME’s primary function is to provide a portal
for the secretion of hypothalamic-releasing
hormones into the anterior pituitary, but its
capillary bed is also in direct contact with hy-
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pothalamic ventricular cells and Arc neurons,
which suggests a role in sensing peripheral sig-
nals (43). Recently, a SCN-OVLT vascular por-
tal was identified that retrogradely transports
arginine-vasopressin from the hypothalamus
to the OVLT for secretion into broader circula-
tion (44, thereby creating a second portal system
outside the hypophyseal vasculature, which leads
to intriguing questions as to whether hypo-
thalamic neurons can secrete neuropeptides
for peripheral circulation independent of the
pituitary.

Hypothalamic neural connectivity

Individual hypothalamic nuclei are highly inter-
connected to facilitate the coordinated regulation
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of energy balance, reproduction, sleep-wake, stress
responses, thermoregulation, osmoregulation,
and blood pressure. Moreover, the hypothalamus’s
central positioning within the brain facilitates
broader neural connectiveness, such as through
the dorsal longitudinal fasciculus to the brain-
stem, across the medial forebrain bundle to the
neocortex, via the stria terminalis to the amyg-
dala, and within the mammillothalamic tract to
the thalamus, among others. Each of these
pathways contributes to a range of neural pro-
cesses, making the hypothalamus an important
contributor to a multitude of behaviors (45).
Herein, we provide a high-level overview of the
hypothalamus’s role in the limbic system plus
three well-established circuits to illustrate the
interconnectiveness of hypothalamic nuclei: ener-
gy balance, reproduction, and circadian rhythms.

Alongside the amygdala, thalamus, and hip-
pocampus, the hypothalamus is a key compo-
nent of the limbic system. The limbic circuitry
serves as a crucial interface between cognitive
functions, emotions, and adaptational responses
and allows for the formation of memories, learn-
ing from experiences, and behavioral adapta-
tions in response to the environment. The major
hypothalamic-limbic connections include the
hippocampal-centered circuits that connect via
the fornix to regulate the anterograde episodic
memory and the amygdala-centered circuits
interconnected with the stria terminalis and
thalamus that are considered fundamental for
the processing of mood, affect, and emotions
(42, 45) (Fig. 3A).

Centrally, the hypothalamus relies on a com-
plex interplay of hypothalamic circuitry to reg-
ulate energy balance. Simplistically, the drive
to forage is mediated by neurons coexpressing
orexigenic neuropeptide Y (NPY) and AgRP
(NPY/AgRP) in the Arc that activate melanocor-
tin hormone- and orexin-expressing neurons in
the LH that increase food intake, whereas satiety
is primarily controlled by POMC neurons in
the Arc that project to PVN neurons to release
o-melanocyte-stimulating hormone and decrease
food intake. Second-order neurons in the PVN,
VMH, DMH, and LH also send additional intra-
and extrahypothalamic projections that help
regulate feeding (46). Notably, when energy
levels are low, NPY/AgRP-expressing neurons
can directly inhibit POMC neurons to effectively
block satiation (47) (Fig. 3B).

Alongside energy balance, the hypothalamus
plays a fundamental role in regulating repro-
duction. Prenatally, GnRH neurons migrate from
the olfactory placode to the POA, where they
remain quiescent until acted upon at puberty
by pulsatile kisspeptin release from Arc neu-
rons that coexpress kisspeptin, neurokinin
B, and dynorphin (KNDy) and drives synchron-
ized GnRH secretion (48) (Fig. 3C). KNDy neu-
rons together with the Kisspeptin (KissI) neurons
in AVPV control the feedback loop that reg-
ulates this pulsatile gonadotropin release and

Fong et al., Science 382, 388-394 (2023)

induces sex steroid synthesis and secretion from
the gonads as well as gametogenesis (49). KNDy
neurons are involved in the negative feedback
of sex steroids, whereas KissI neurons in the
female AVPV are involved in the positive feed-
back of hormones leading to the preovulatory
luteinizing hormone surges (Fig. 3C). Given that
reproduction is an energy-demanding event, a
tight relationship between metabolic status
and reproduction exists, with melanocortin neu-
rons and Kkisspeptin neurons in the Arc in-
fluencing each other (50), although the full
mechanisms are still emerging.

The hypothalamus is the central circadian
pacemaker in mammals, with the SCN receiving
light input from the retinohypothalamic tract to
entrain the environmental light-dark cycle (Fig.
3D). Mechanistically, neurons of the SCN gen-
erate autonomous cellular circadian oscillations
through the autoregulatory transcriptional-
translational feedback loops of clock genes, such
as Bmall, Clock, Periodl,2,3, and CryI,2, which then
regulate large gene networks to control syn-
chrony of cellular activities (57). These SCN neu-
rons regulate circadian rhythms by interacting
with other wakefulness- and sleep-promoting
circuits in the POA, DMH, PVN, and LH, releas-
ing transforming growth factor-o (TGF-0) and
prokineticin 2 and sensing changes in body
temperature (5), for example. The LH is espe-
cially crucial in controlling sleep-wake cycles,
with orexin neurons promoting wakefulness
and maintained arousal during the day (5).

Emerging circuits of the hypothalamus

Advancements in cellular techniques, such as
cell type-specific viral transfections, antero-
and retrograde tracing, and chemogenetic and
optogenetic manipulations, facilitate a higher-
resolution probing of hypothalamic connec-
tivity, leading to the identification of emerging
circuits. Recently, the PVN and the LH were
revealed to help regulate pain, with parvocel-
lular oxytocin neurons in the PVN simulta-
neously projecting to magnocellular oxytocin
neurons in the SON and deep-layer neurons in
the spinal cord to suppress nociception and
promote analgesia (52). Moreover, activation
of PVN neurons that project to the neocortex
reduces pain sensitization and anxiety-like
behaviors (53), whereas LH orexin neurons that
project to the dorsal horn of the spinal cord
mediate antinociceptive effects (54). These find-
ings implicate the hypothalamus as an under-
appreciated region involved in the regulation of
autonomic and motivational responses to pain.
Moreover, the hypothalamus is emerging as
a neural integration center for gut-derived hor-
mones and microbiota metabolites. Serotonin,
cholecystokinin, and peptide YY hormones se-
creted by the gut can inhibit the activity of
hunger-promoting hypothalamic AgRP neurons
to induce satiety (55), whereas secretin released
from colon endocrine cells indirectly activates
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neurons in the nucleus of the solitary tract that
project to the PVN to modulate sodium ho-
meostasis (56). In addition, muropeptides de-
rived from gut bacteria can be transferred to the
hypothalamus, where they act on GABAergic
neurons to regulate food intake and body tem-
perature (57). Less understood is the influence
of the maternal microbiome on developmental
programs of the hypothalamus, although mater-
nal treatment with the so-called good bacterium,
Lactobacillus, corrects a gut microbial imbalance
from a maternal high-fat diet, restoring oxytocin
levels in the developing PVN and reversing social
deficits in offspring (58). Mapping the hypo-
thalamic circuitry responsive to the gut micro-
environment will require a multidisciplinary
approach that combines microbiome profiling
and multi-omics integration with rodent gnoto-
biotic and behavioral studies.

The hypothalamus as a debated adult
neurogenic center

A less-recognized output of the hypothalamus
is its influence on adult neurogenesis in the two
key neurogenic centers: the neocortex and the
hippocampus (Fig. 4A). In response to metabolic
cues, POMC neurons in the Arc send projections
to the ventricular-subventricular zone of the neo-
cortex and regulate neural stem cell proliferation
that drives adult neurogenesis of deep granule
neurons (59). Similarly, optogenetic stimulation
of hypothalamic SuM neurons robustly pro-
motes adult neuronal birth in the hippocampal
dentate gyrus, leading to increased production
of adult-born neurons and improved memory
performance (60). These studies raise the com-
pelling possibility that the hypothalamus serves
as a conduit, translating sensory inputs into out-
comes in adult neurogenic niches.

At the same time, an ongoing debate con-
tinues as to whether the hypothalamus itself is
a bona fide adult neurogenic center. The ven-
tricular zone of the adult hypothalamus has
neurogenic potential, with low levels of adult-
born hypothalamic neurons found in the POA
and the tuberal hypothalamus. Tanycytes, spe-
cialized glia that reside in this niche, have a
radial glia-like morphology and transcriptomic
signature (61), which suggests a shared role in
cell genesis (Fig. 4B). Short-term exposure to a
high-fat diet induces hypothalamic ventricular
cells to proliferate and give rise to neurons (62),
with genetic fate mapping linking adult neuro-
genesis to tanycytes in the ME (63). Evidence
is not conclusive as to whether these newly born
neurons are functionally integrated into hypo-
thalamic circuits, although these newly born
tanycyte-derived neurons display some electro-
physiological properties of functional neurons
(64), and transplanted immature hypothalamic
neurons reconstitute leptin responsiveness in
obese db/db mice (65), demonstrating the fea-
sibility of adult integration. Given the low num-
bers of hypothalamic adult-born neurons relative
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subventricular zone (V-SVZ) regulate neural stem cell (NSC) proliferation, which then modulates adult neurogenesis in the deep granule cell layer (GCL) of the olfactory
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circuit integration. (B) Radial glia-like tanycytes are thought to contribute to adult neurogenesis in the Arc and VMH, among other hypothalamic regions.

to those produced by the neocortical and hippo-
campal niches (62), questions continue regard-
ing the functional relevance of these adult
hypothalamic neurons.

Future directions

The hypothalamus is an ancient brain region
that predates the evolution of the vertebrate
brain, with hypothalamic neurosecretory cells
found in insects and annelids (66). Comparative
studies show species-specific hypothalamic pro-
grams that are either gained or lost during evo-
lution, which raises compelling questions about
the developmental and functional relationships
between the hypothalamus and specialized
areas of the mammalian brain, especially the
neocortex. For example, the hypothalamus is
more complex in cytoarchitecture and cell di-
versity compared with the neocortex, where
the columnar units are relatively consistent
across the cortical plate despite mediating
an extensive range of cognitive functions. This
observation perhaps reflects an evolutionary
simplification of the potentially surplus net-
works used by the hypothalamus or, alter-
natively, reveals the necessary redundancy in
circuitry needed to ensure survival. Relatedly,
the hypothalamus and neocortex use different
strategies to yield neuronal diversification,
which may further reflect an adoption of sim-
plified programs in the neocortex. Indeed, some
hypothalamic cell types common across verte-
brates, such as ciliated ependymal serotonergic
cells, are absent in the mammalian hypothal-
amus (67), but related homologs are found in
the lateral ventricles, which raises questions as
to whether some primitive hypothalamic func-
tions have been assumed by other brain regions.
Molecular and genetic tools, such as spatial
transcriptomics and cell type-specific Cre lines,
can provide insights into the relationship be-
tween hypothalamic cell types and the func-
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tional roles of related cells in other brain regions,
especially the neocortex.

Historically, hypothalamic neurons have re-
ceived the lion’s share of research attention, but
today, neuron-to-glia, glia-to-neuron, and glia-
to-glia communication is more appreciated.
Glial cells in the ventricular zone not only give
rise to all cell types in the hypothalamus but
also sense peripheral cues via the CVOs and
transfer these signals to nearby neurons. More-
over, parenchymal glia, consisting of microglia,
astrocytes, and cells of oligodendrocyte lineages,
interact with neurons to control synaptic trans-
mission, among other roles. Chronic high-fat
diet in mice, for instance, can cause astrogliosis
and microglia activation, leading to neuroin-
flammatory effects on nearby hypothalamic
neurons. Although most hypothalamic axons
are not myelinated, many input projections are,
which makes defects in myelination potentially
relevant to hypothalamic diseases, which re-
main poorly characterized. As the mapping of
hypothalamic connectivity continues, the in-
fluence of neural glia on these circuits must
also be examined.

Modern molecular tools have generated a
wealth of data that enable the cataloging of
hypothalamic cell types, which now must be
interrogated for their roles in development
and function. To do so, specialized Cre lines
that target increasingly discrete subpopula-
tions are needed. For instance, Sst+ neurons
in the LH were recently stratified into four mo-
lecularly distinct populations (21), potentially
each requiring their own Cre line to enable func-
tional characterization. Furthermore, Cre drivers
can be used in combination with chemogenetic
and optogenetic lines to activate or inhibit
neuronal populations, such as with diptheria
toxin to ablate specific cell types, stereotaxic
injections of siRNAs and/or short hairpin
RNAs (shRNAs) to knock down target genes,
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or floxed reporters to study lineages. Further-
more, dead CRISPR-Cas9 enzymes (dCas9s)
are increasingly used to activate or inhibit tar-
geted transcription factors to study the combi-
natorial code driving developmental programs
(68). Finally, the field must continue to pursue
human model systems, including hypothalamic
primary and organoid cultures enriched with
various combinations of hypothalamic nuclei,
to confirm developmental and network findings
(where feasible) observed in rodents. In conclu-
sion, deciphering the/fundamental mechanisms
of hypothalamic development and circuitry es-
tablishment is critical to our understanding of
physiological homeostasis and behaviors and
should facilitate the discovery of the underly-
ing etiology of many disease states.
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