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The survival of species heavily depends on social behaviors, which in turn rely on 
the ability to recognize conspecifics within an appropriate environmental context. 
These behaviors are regulated by the hypothalamus, which processes signals 
from both the external environment (such as food availability, photoperiod, and 
chemical cues from other animals) and the internal state (including sex, estrous 
cycle stage, nutritional status, and levels of stress). Understanding the brain circuits 
responsible for specific behaviors in experimental animals is a complex task given 
the intricate interactions between these factors and the diverse behavioral strategies 
employed by different species. In this review, we will critically evaluate recent 
studies focused on the ventral premammillary nucleus (PMv) and discuss findings 
that reveal the PMv as a key, yet sometimes overlooked, node in integrating external 
and internal environmental cues. We  will examine its structural components, 
internal connectivity, humoral influences, and associated functions, demonstrating 
the PMv role in the neural regulation of neuroendocrine responses and social 
behaviors. While much of the existing research centers on rats and mice as model 
organisms, we will highlight relevant species differences and include a dedicated 
section for findings in other species.

KEYWORDS

odorants, olfaction, photoperiod, neuroendocrine, hypothalamus, aggression, 
reproduction

1 Introduction

The survival of species depends on social behaviors, which rely on conspecific recognition 
in the appropriate context of external and internal environments. The hypothalamus is the 
main conductor of these behaviors, integrating signals from the external environment (e.g., 
availability of food, photoperiod, conspecific odorants) and the internal milieu (e.g., sex, stage 
of the estrous cycle, nutritional state, and levels of stress). Due to the complex interaction of 
multiple players and differences in species strategies, many challenges arise in unraveling the 
relevant brain circuitry for specific behaviors. Defining reproducible behavioral paradigms 
and physiological correlates in adequate animal models is, therefore, an absolute requirement 
for data interpretation and for gaining insights into the neural basis of social behaviors.

Over the past 20 years, significant progress in molecular and genetic technologies 
combined with exquisite imaging approaches have greatly improved the understanding of 
brain circuits in physiology and behavior (Anderson, 2012; Sternson et al., 2013; Kohl et al., 
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2018; Bayless et al., 2023). These advancements have facilitated the 
examination of the neural basis of social bonding, dominance, 
intraspecies communication, social reward, and sexual and agonistic 
behaviors. While much has been learned, many gaps remain. Among 
them are the role of the ventral premammillary nucleus (PMv), the 
chemical phenotype of defined projections, and the behavioral output 
in a sex-specific manner.

Compared to other hypothalamic nuclei, such as the medial 
preoptic nucleus, the ventromedial nucleus of the hypothalamus, and 
the arcuate nucleus, little is known about the PMv. However, research 
on this topic has significantly advanced in recent years, revealing that 
this discrete nucleus plays a crucial role in relaying signals from 
external environmental cues and the internal milieu to allow for 
species-specific physiological and behavioral responses.

Here, we will critically discuss the recent literature focused on 
PMv structural components, intrinsic connectome, and associated 
functions, highlighting its essential but sometimes neglected role in 
the neural circuitry of sexual and agonistic behaviors. It should 
be  noted that the bulk of the scientific literature on this topic is 
focused on rats and mice. Species differences will be  highlighted 
whenever possible, and a separate section will be dedicated to findings 
in other species.

2 Brief historical overview

The premammillary nucleus was first identified by Ramón y Cajal 
(1911) as “a nucleus that lies between the mammillary body and the 
ventromedial nucleus” in rodents. Situated in the posterior 
hypothalamus, it was also referred to as the posterior or accessory 
nucleus of the tuber cinereum. This description implies that Ramón y 
Cajal was depicting the ventral, not the dorsal, premammillary nucleus.

In 1927, Elisha Gurdjian published a seminal study on the 
anatomy of the rat diencephalon where they provided a detailed 
description of the PMv. Gurdjian identified the PMv as a cluster of 
medium-sized cells situated more rostrally than the dorsal 
premammillary nucleus, at the lower limits of the hypothalamus. They 
noted that in its front portion, the PMv contains a group of cells that 
extend from its upper middle limits in a gentle curve.

“In a plane farther caudal, the nucleus rounds off, becomes smaller, 
and occupies a position between the rostral extreme of the lateral 
mammillary nucleus and the hypothalamic periventricular nucleus. 
In the plane of the middle third of the mammillary body this nucleus 
disappears…its dorsal portion disappearing first, while a portion of 
its ventral part continues caudal into the mammillary body” 
(Gurdjian, 1927).

Few years later, Krieg (1932) delineated the structural details of 
PMv neurons.

“Golgi impregnations indicate medium or small cells which have 
from two to four long branching processes which form a loose 
neuropil in the area occupied by the nucleus” (Krieg, 1932).

Most of the initial anatomical descriptions were based on rodent 
brains, but later the PMv was also identified in other species (Kappers 
et al., 1936; Haymaker et al., 1969).

The role of the PMv in physiology and behavior started to 
be revealed in studies using electrolytic lesions of hypothalamic nuclei 
of rats. In search for brain sites associated with metabolic control, 
Hetherington and Ranson (1940) implicated the PMv as part of the 
lesioned areas and potentially involved in energy balance.

“Examination of these lesions has shown them to be very large, but 
they all have in common extensive bilateral damage to the region 
occupied by the dorsomedial and ventromedial hypothalamic nuclei, 
the arcuate nucleus, the fornix, and that portion of the lateral 
hypothalamic area ventral to it, and probably also the ventral 
premammillary nuclei” (Hetherington and Ranson, 1940).

This is, in fact, a remarkably precise description of the distribution 
of leptin receptors in the rat hypothalamus (Elmquist et al., 1999). The 
role of PMv neurons in energy balance, however, is debatable and will 
be discussed in subsequent sections.

From the late 70s to mid-80s, distinct groups of investigators 
positioned the PMv as part of the circuitry controlling conspecific 
behaviors. Using electrolytic lesions and electrochemical stimulation, 
Taleisnik’s laboratory, working with female rats, proposed that the 
PMv is part of the vomeronasal circuitry associated with sensing 
conspecific opposite sex odorants and endocrine reproductive 
responses. Ovariectomized, estrogen-primed female rats showed 
increased luteinizing hormone (LH) release when presented with male 
urine, a response that was blocked by bilateral lesions of the PMv 
(Beltramino and Taleisnik, 1979, 1983, 1985). Similarly, stimulation 
of the medial nucleus of the amygdala or the bed nucleus of the stria 
terminalis induced LH secretion, also absent when the PMv was 
ablated (Beltramino and Taleisnik, 1978, 1980). They concluded that, 
in female rats, LH release evoked by male odorants is relayed by the 
PMv before reaching the final path in the mediobasal hypothalamus 
(Beltramino and Taleisnik, 1985).

In male rats, studies conducted by Koolhaas group suggested a 
role for the PMv in agonistic behaviors, i.e., male display of dominance 
or aggression toward another male of the same species (van den Berg 
et al., 1983). Male rats with electrolytic lesions of the PMv showed a 
higher number of attacks and sustained aggressive posture toward a 
non-lesioned same-sex cage mate.

In the last two decades, with the use of innovative technologies 
and approaches, consistent and reproducible findings on PMv 
circuitry and function have supported its role as a key integrative relay 
for neuroendocrine and behavioral responses.

3 Structure and circuitry

In rats and mice, the rostral tip of the PMv coincides with the 
most rostral aspect of the third ventricle recess, extending toward the 
caudal end of the ventromedial nucleus of the hypothalamus. The PMv 
is surrounded medially by the arcuate nucleus and the dorsal 
tuberomammillary nucleus, ventrally by the ventral limits of the 
hypothalamus, and dorsally by the fornix, the dorsal premammillary 
nucleus, and the posterior nucleus of the hypothalamus. Its shape 
resembles a crescent moon with the concavity turned dorsally and 
laterally, facing the fornix. Caudally, the PMv has an oval shape with 
a larger transversal axis, and boundaries lying rostral to the medial 
mammillary nucleus.
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The PMv projections were initially described using standard 
neuroanatomical tracers in rats (Canteras et al., 1992; Cavalcante et al., 
2014) and mice (Gautron et al., 2013) (Figure 1A). A predominant 
innervation of the forebrain as rostral as the prelimbic cortex was 
noticed. Low to moderate inputs were observed in the infralimbic 
cortex, ventral subiculum, CA1 field, lateral septum, and medial 
thalamic nuclei such as the paraventricular, paratenial, reuniens, and 
mediodorsal (Canteras et al., 1992). The main targets, however, were 
nuclei of the hypothalamus, amygdala, and bed nucleus of the stria 
terminalis, components of the accessory olfactory pathway or 
vomeronasal system (VNS) (Scalia and Winans, 1975; Canteras et al., 
1992; Boehm, 2006; Gautron et al., 2013).

The VNS comprises a group of forebrain nuclei indirectly 
innervated by the vomeronasal organ (VNO), relayed by the accessory 
olfactory bulb. They receive and process olfactory information related 
to conspecific (socially relevant) and heterospecific (socially 
non-relevant) interactions (Halpern and Martínez-Marcos, 2003). The 
VNS encompasses the accessory olfactory nucleus, and divisions of 
the bed nucleus of the stria terminalis, the medial and posterior nuclei 
of the amygdala, and subdivisions of the cortical amygdala (Scalia and 
Winans, 1975).

The PMv is also part of the VNS, comprising the third relay 
station of the vomeronasal network (Segovia and Guillamón, 1993; 
Guillamón and Segovia, 1997). It densely projects to the arcuate 
nucleus and the ventrolateral subdivision of the ventromedial nucleus 

of the hypothalamus, key components of neuroendocrine and 
behavioral circuitry, respectively (Canteras et  al., 1992; Gautron 
et al., 2013).

The PMv innervates the medial preoptic area, the anteroventral 
periventricular nucleus (AVPV), and the gonadotropin-releasing 
hormone (GnRH) neurons, the final neural output in the 
neuroendocrine reproductive axis (Rondini et al., 2004; Boehm et al., 
2005; Yoon et al., 2005; Leshan et al., 2009; Louis et al., 2011). The 
AVPV is a sexually dimorphic site (bigger in females), fundamental 
for the LH surge at mid-cycle (Wiegand et al., 1978; Wang et al., 2019). 
Together, a simple model would predict that neurons of the PMv relay 
odorant cues from distinct sources to AVPV and GnRH neurons 
modulating neuroendocrine responses.

The afferents to the PMv are mostly reciprocal (Figure 1B), i.e., 
they originate from VNS and gonadal steroid-sensitive nuclei in rats 
of both sexes (Nakano et al., 1997; Cavalcante et al., 2014). Outside the 
VNS, the ventral subiculum and the ventral subdivision of the lateral 
septum extend dense to moderate projections to the PMv (Canteras 
et al., 1992; Cavalcante et al., 2014).

Although the general PMv “connectome” is thoroughly described 
in rats, afferent inputs in mice are lacking and the chemical identity of 
these pathways is understudied. The PMv receives projections from 
calcitonin gene-related peptide (CGRP) neurons of the preoptic area 
(Spratt and Herbison, 2002) and from urocortin 3 neurons of the 
medial nucleus of the amygdala and perifornical area (Cavalcante 

FIGURE 1

Illustration of the ventral premammillary nucleus (PMv) intrinsic connectome. (A) Summary of projections of the rat PMV. (B) Summary of the afferent 
innervation of rats and mice PMv. Vomeronasal relays in blue and hypothalamic output in green. Note the abundance of bidirectional innervation of 
vomeronasal system nuclei and behavioral control sites. AHN, anterior hypothalamic nucleus; AOB, accessory olfactory bulb; AR, androgen receptor; 
ARH, arcuate nucleus; AVPV, anteroventral periventricular nucleus; BAOT, bed nucleus of the accessory olfactory tract; BMA, basomedial nucleus of the 
amygdala; BSTam, anteromedial division of the bed nucleus of the stria terminalis; BSTp, posterior division of the bed nucleus of the stria terminalis; 
CA1, CA1 field of the hippocampus; CART, cocaine- and amphetamine-regulated transcript; CB1, cannabidiol receptor 1; COA, cortical amygdala; 
DMH, dorsomedial nucleus of the hypothalamus; DR, dorsal raphe nucleus; Enk, enkephalin; ENT, entorhinal cortex; ERs, estrogen receptors; GHSR, 
growth hormone secretagogue receptors; Glu, glutamate; GnRH, gonadotrophin release hormone; ILA, infralimbic cortex; IR, insulin receptor; LC, 
locus coeruleus; LDT, laterodorsal tegmental nucleus; LepR, leptin receptor; LHA, lateral hypothalamic area; LSr, rostral part of the lateral septal 
nucleus; LSv, ventral part of the lateral septal nucleus; MC3R/4R, melanocortin-3 and 4 receptors; MEA, medial nucleus of the amygdala; MEPO, 
median preoptic nucleus; MPN, medial preoptic nucleus; Nesf1, nesfatin-1; NO, nitric oxide; NT, neurotensin; PA, posterior nucleus of the amygdala; 
PAA, piriform-amygdalar area; PACAT, pituitary adenylate cyclase-activating polypeptide; PAG, periaqueductal gray; PBL, lateral division of the 
parabrachial nucleus; PFx, perifornical area; PH, posterior hypothalamus; PL, prelimbic cortex; PT, paratenial nucleus; PVH, paraventricular nucleus of 
the hypothalamus; PVT, paraventricular nucleus of the thalamus; RE, reunens nucleus; SPF, subparafascicular parvicellular nucleus; SUBv, ventral 
subiculum; SUM, supramammillary nucleus; Tac1, tachykinin 1 or substance P; TTd, dorsal part of the taenia tecta; TU, tuberal nucleus; VMH, 
ventromedial nucleus of the hypothalamus, VMHvl, ventrolateral division of the ventromedial nucleus of the hypothalamus; VNO, vomeronasal organ; 
VTA, ventral tegmental area. Data based on Canteras et al. (1992), Gautron et al. (2013), and Cavalcante et al. (2014). Abbreviations according to the 
Allen Brain Atlas, Mouse Brain (https://mouse.brain-map.org/).

https://doi.org/10.3389/fnins.2025.1589156
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://mouse.brain-map.org/


Cavalcante et al. 10.3389/fnins.2025.1589156

Frontiers in Neuroscience 04 frontiersin.org

et  al., 2006b), but the functional relevance of these projections 
is unknown.

4 Chemical identity

The PMv neurons densely express the fast-acting excitatory 
neurotransmitter glutamate (Ziegler et  al., 2002; Lin et  al., 2003; 
Donato et al., 2011). A subset of these neurons also produces nitric 
oxide (NO), a gaseous, highly soluble, and membrane-permeable 
neurotransmitter (Vincent and Kimura, 1992; Rodrigo et al., 1994; 
Gotti et al., 2005). Due to its gaseous nature, NO is primarily detected 
via labeling of synthetizing or metabolizing enzymes, such as NO 
synthase (neuronal or nNOS) and nicotinamide adenine dinucleotide 
phosphate (NADPH)-diaphorase (Hope et al., 1991). NO amplifies 
glutamatergic neurotransmission via actions in NMDA receptors and 
induces cellular responses via dephosphorylation of guanosine-
triphosphate to cyclic guanosine-monophosphate (cGMP) (Wang and 
Robinson, 1997; Smolenski et al., 1998).

Data on the neuropeptidergic makeup of PMv is limited. In rats, 
substance P, a member of the tachykinin family (a.k.a. Tac1), is 
abundant with higher expression in males (Warden and Young, 1988; 
Larsen, 1992). Corticotropin-releasing factor (CRF), vasoactive 
intestinal polypeptide (VIP), cocaine- and amphetamine-regulated 
transcript (CART), enkephalin, neurotensin, and nesfatin-1 are also 
observed but at lower levels (Zoli et al., 1993; Lantos et al., 1995; Papp 
et al., 2025). In mice, Tac1 and neurotensin distribution are similar to 
that observed in rats, whereas VIP, CRF, and CART expression are 
lower or undetectable (Wamsley et al., 1980; Shimada et al., 1987; Zoli 
et al., 1993; Douglass et al., 1995; Lantos et al., 1995). Dense expression 
of pituitary adenylate cyclase-activating polypeptide (PACAP) has 
been reported in the mouse PMv (Ross et al., 2018).

Whether these neuropeptides are part of specific circuitry is 
unclear. CART and NO are coexpressed in PMv neurons (Donato 
et  al., 2010a), but the functional significance of this finding is 
unknown. CART was first described as a neuropeptide in the rat 
striatum modulated by psychostimulants (Douglass et al., 1995). It was 
later observed throughout the central nervous system and has been 
implicated in a variety of physiological processes, including feeding, 
stress response, and reproduction (Couceyro et al., 1997; Koylu et al., 
1997, 1998; Rondini et al., 2004; Venancio et al., 2017; Ahmadian-
Moghadam et al., 2018). In rats, PMv CART neurons project to the 
AVPV, and CART immunoreactive fibers are in close apposition with 
GnRH neurons (Leslie et al., 2001; Rondini et al., 2004). In the mouse, 
projections of PMv CART neurons are yet to be defined.

Humans and mice with loss-of-function mutations in nNOS 
(encoded by NOS1 and Nos1 genes, respectively) are infertile and 
global inhibition or deletion of NO production precludes leptin-
induced LH secretion (Yu et al., 1997; Gyurko et al., 2002; Bellefontaine 
et al., 2014; Chachlaki et al., 2022). Of note, androgen receptors (AR) 
are highly coexpressed in NO/CART neurons of the rat PMv 
(Yokosuka et al., 1997) and NO/leptin receptor neurons of the mouse 
PMv (Donato et al., 2010a; Leshan et al., 2012; Cara et al., 2020).

A fascinating aspect of the PMv is the abundance and variety of 
receptors for internal environmental cues. It expresses virtually all 
gonadal steroid nuclear receptors, e.g., estrogen receptor alpha and 
beta, progesterone receptor, and AR, with particularly dense levels of 
AR (Simerly et al., 1990; Shughrue and Merchenthaler, 2001; Cara 

et al., 2021). Receptors for leptin (LepR), ghrelin, insulin, calcitonin, 
uroguanylin, prolactin, and growth hormone are also observed in 
PMv neurons (Elmquist et al., 1998; Elias et al., 2000; Zigman et al., 
2006; Scott et al., 2009; Garcia-Galiano et al., 2017; Merlino et al., 
2019; Silveira et al., 2019).

The PMv densely expresses receptors for peptides and 
unconventional neurotransmitters associated with whole-body 
homeostasis such as melanocortin-3 and-4, neuropeptide Y type 1, 
orexin, fatty acids (CD36), opioids, and endocannabinoids (Brown 
et al., 1996; Marcus et al., 2001; Liu et al., 2003; Wittmann et al., 2007; 
Glezer et al., 2009; Bedenbaugh et al., 2022). Little is known about 
their interplay, but a few findings are of interest. A subset of PMv LepR 
neurons express insulin receptors, but no coexpression between LepR 
and melanocortin-4 receptors or leptin-induced STAT-3  and 
nesfatin-1 was identified, indicating a dissociation of metabolic 
pathways within this site (Gautron et al., 2013; Garcia-Galiano et al., 
2017; Papp et al., 2025).

Dopamine transporter (DAT, Slc6a3 gene), a membrane protein 
involved in dopamine reuptake at presynaptic terminals, is also 
expressed in PMv neurons (Meister and Elde, 1993). These DAT 
neurons are intriguing because they exhibit very low or undetectable 
levels of tyrosine hydroxylase (TH) and seem unable to release 
dopamine (Soden et al., 2016; Yip et al., 2018). Nevertheless, PMv 
DAT neurons contain other components of the dopamine 
regulatory pathway, including dopamine decarboxylase (Ddc or 
Aadc gene), vesicular monoamine transporter 2 (Vmat2 or Slc18a2 
gene) and guanylyl cyclase 2C (Gucy2c gene) (Merlino et al., 2019; 
Soden et al., 2016; Han et al., 2020). The role of PMv DAT neurons 
has been incompletely defined and will be  discussed in 
another section.

5 Relevance for social behaviors

In the last decades, it has become clear that the PMv of rodents 
plays a crucial role in the integration of external (olfactory in most 
mammals) and internal environmental cues to allow for adequate 
behavioral responses. These responses are mostly associated with 
conspecific recognition and reproductive strategies in both sexes and 
are stablished during pubertal transition (Sisk and Zehr, 2005; 
Wommack and Delville, 2007). Using comparative bulk RNA 
sequencing of PMv from prepubertal and adult female mice, 
we showed that differentially expressed genes were highly enriched for 
extracellular matrix (Han et al., 2020) (Figure 2). In fact, abundant 
perineuronal nets (PNN), a specialized form of extracellular matrix, 
are observed in PMv neurons with higher levels in males (Ciccarelli 
et  al., 2021). These glycoproteins surround the soma of selected 
subtypes of neurons and appear to have a role in restraining neuronal 
structural plasticity (Sorg et al., 2016). Rather than “lattice-like,” the 
PNN in PMv neurons has a semi-organized “cotton wool-like” aspect, 
typical of that found in glutamatergic neurons. This structure indicates 
a more permissive extracellular environment for synaptic and 
dendritic remodeling (Fawcett et al., 2019; Ciccarelli et al., 2021). 
However, abundant PNN in PMv neurons also suggest limited 
plasticity, at least during adult life in a sex-specific manner (Sorg et al., 
2016; Ciccarelli et al., 2021). In females, studies have emphasized a 
role in the neuroendocrine reproductive axis, while in males, the PMv 
has been associated with agonistic behaviors.
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5.1 Integrating olfactory cues and gonadal 
steroids milieu

The PMv directly senses the individual’s reproductive status via 
androgens and estrogen receptors (Simerly et al., 1990; Shughrue and 
Merchenthaler, 2001; Merchenthaler et al., 2004; Cara et al., 2021). 
PMv neurons are, however, devoid of aromatase (Figure 3), indicating 
that circulating androgens affect male and female PMv neurons 
independent of aromatization to estradiol. The PMv also expresses Fos 
immunoreactivity (Fos-ir) in response to mating, exposure to 
opposite-sex odorants, and agonistic encounters (Kollack-Walker and 
Newman, 1995; Coolen et al., 1996; Yokosuka et al., 1999; Veening 
et al., 2005; Cavalcante et al., 2006a; Donato et al., 2010b; Donato et al., 
2013; Lin et al., 2011). To what extent these neurons overlap and the 
relevant circuitry of independent subpopulations of neurons are not 
completely defined.

In male rats, exposure to opposite-sex odors induces Fos-ir in NO 
and CART neurons and increases Cartpt expression in the PMv 
(Cavalcante et al., 2006a; Donato et al., 2010a). As mentioned in a 
previous section, PMv CART neurons innervate areas associated with 
reproductive neuroendocrine control (Rondini et al., 2004). In fact, 
lesions of the female PMv temporarily disrupt estrous cycles, alter 
cyclic changes in circulating gonadal steroids and gonadotropins, and 
disrupt the dynamic changes in GnRH expression and neuronal 
activation in the proestrous day. It also decreased female receptivity 
(lordosis) accompanied by a lower number of mounts and ejaculation 
rate of an intact male breeder (Donato et al., 2009; Donato et al., 
2013). Together, these findings suggest that PMv CART neurons 

convey information on sexually relevant odorants to the reproductive 
axis, modulating neuroendocrine and behavioral responses.

PMv CART neurons also coexpress LepR (Elias et al., 2000, 2001). 
In mice, PMv LepR neurons respond to conspecific and heterospecific 
(predators) odorants (Leshan et al., 2009; Yuan et al., 2024). Because 
leptin signals energy status, we evaluated if responses to olfactory cues 
were modified in mice under negative energy balance. No difference 
in the number of Fos-ir neurons in an experimental paradigm of acute 
(overnight) fasting was observed (Donato et al., 2010b). However, 
hypoglycemia reduced odor-induced Fos-ir in nesfatin-1 non-LepR 
PMv neurons (Papp et al., 2025).

Socially relevant odors induce physiological arousal in rodents 
and humans (Wang et al., 2012; Lübke and Pause, 2015). Using LepR 
neurons as a genetic tool (LepR-Cre mouse model), studies found that 
remote activation of PMv LepR neurons increased wakefulness, 
whereas inhibition of those neurons precluded odorant effect on 
sleep/wake pattern and duration (Yuan et al., 2024). Together, these 
findings indicate that the PMv also relays environmental information 
to areas controlling sleep/wake cycles. Independent studies are 
necessary to reproduce these findings and define the projections 
associated with this compelling observation.

Approximately half of PMv LepR neurons are sensitive to 
androgens in male and 35% in female mice (Cara et al., 2020, 2021). 
Lack of AR in LepR neurons (LepRΔAR mice) induced no changes in 
food intake, fasting blood glucose, sexual maturation, or fertility (Cara 
et  al., 2020). However, male LepRΔAR mice exhibited increased 
ambulatory activity, higher basal testosterone levels, and exaggerated 
response to negative feedback actions of sex steroids, i.e., increased LH 
levels following orchidectomy. Because high testosterone and LH 
levels are hallmarks of polycystic ovary syndrome (PCOS), we assessed 
if AR in LepR neurons plays a role in the neuroendocrine 
dysregulation of hyperandrogenemia-induced PCOS-like phenotype 
in mice. Notably, the lack of AR in LepR neurons restored estrous 
cycles in prenatally androgenized female mice (Cara et al., 2023).

5.2 Integrating metabolic cues and the 
reproductive neuroendocrine axis

PMv neurons express a variety of receptors for metabolic cues. Of 
those, LepR is the most well-studied to date. Leptin is an adipocyte-
derived hormone that signals whole-body fat content, and the amount 
of energy stored. Mice lacking leptin (ob/ob, Lep gene) or leptin 
receptor (db/db, Lepr gene) are obese, infertile, and have 
hypogonadism, among other disturbances (Barash et al., 1996; Chehab 
et al., 1996; Casanueva and Dieguez, 1999; Elias and Purohit, 2013). 
Leptin administration to leptin-deficient mice increases LH levels, a 
response that is ineffective when the PMv is bilaterally ablated (Donato 
et al., 2011).

Food restriction in wild-type rats and mice decreases circulating 
levels of leptin and inhibits the reproductive axis (Marsteller and 
Lynch, 1987; Ahima et al., 1996). Likewise, significant weight loss or 
energy deprivation in women reduces LH secretion, leading to 
amenorrhea (Pirke et al., 1985; Bronson and Manning, 1991; Loucks 
et al., 1998; Warren et al., 1999). Leptin treatment partially restores the 
levels of gonadal steroids and gonadotropins, improving LH pulse 
frequency and ovulation in rodents and humans under negative 
energy balance (Ahima et al., 1996; Gruaz et al., 1998; Nagatani et al., 

FIGURE 2

Differentially expressed genes associated with extracellular matrix in 
the ventral premammillary nucleus (PMv) of prepubertal (PP) vs. 
diestrous (Di) female mice. Data obtained from Han et al. (2020).
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1998; Schneider et al., 1998). This effect is relayed, at least in part, by 
the PMv as the increase in LH by acute leptin treatment was prevented 
in PMv-lesioned rats (Donato et  al., 2009). Moreover, in mice, 
activation of leptin-responsive PMv neurons elevates LH levels even 
in a neutral energy balance (Sáenz de Miera et al., 2024).

Excessive leanness in prepubertal girls delays sexual maturation, 
while an excess of body fat has been associated with early onset of 
puberty (Frisch, 1985; Dunger et  al., 2005; Ahmed et  al., 2009; 
Rosenfield et  al., 2009; Biro et  al., 2010; Burt Solorzano and 
McCartney, 2010; Reinehr and Roth, 2019; Anderson et al., 2024). 
Sexual maturation is a complex process that involves a variety of 
regulatory systems and hormones. Leptin is one of them, exerting a 
facilitatory role in the onset of puberty (Ahima et al., 1997; Elias, 2012; 
Anderson et al., 2024). Humans with a loss-of-function mutation in 
LEP gene are infertile, remaining in a prepubertal state unless leptin 
is replaced (Farooqi et  al., 1999). Short-term leptin treatment of 
leptin-deficient mice precipitates puberty onset, an effect that is also 
disrupted in PMv-lesioned mice (Cheung et al., 1997; Donato et al., 
2011; Han et al., 2020).

The role of PMv LepR neurons in leptin action in sexual 
maturation is strengthened by studies using genetic manipulation or, 
more specifically, conditional re-expression of Lepr gene in the PMv 
of LepR null mice. This strategy allows for the evaluation of the actions 
of LepR in targeted nuclei in the absence of leptin signaling elsewhere. 
Unilateral re-expression of endogenous LepR in the PMv of LepR null 
female mice induced puberty and improved fertility with no change 
in body weight and food intake (Donato et al., 2011). However, this 
manipulation did not result in successful pregnancies at term. Most 
pregnant females showed resorptions or delivered pups with 
malformations (Mahany et al., 2018). This poor pregnancy outcome 
following restoration of LepR in PMv neurons may reflect the mouse 
adiposity and insulin resistance and/or lack of leptin signaling in key 
target cells (Zuure et al., 2013; Egan et al., 2017; Childs et al., 2021).

About half of all PMv neurons express LepR and virtually all PMv 
LepR neurons are glutamatergic (Elmquist et al., 1997; Elias et al., 
2000, 2001; Donato et al., 2009; Leshan et al., 2009; Caron et al., 2010; 
Zuure et al., 2013). Whereas lack of LepR in glutamatergic neurons 
did not disrupt the reproductive function (Zuure et al., 2013; Martin 
et al., 2014), female mice lacking vesicular glutamate transporter 2 
(Vglut2) in LepR neurons developed late-onset obesity, altered 
pubertal maturation, disrupted estrous cycles, and mild subfertility 

(Sáenz de Miera et  al., 2024). Because LepR and Vglut2 are 
coexpressed in other cells, we used the LepR null mice to assess the 
role of PMv in those effects. Endogenous re-expression of LepR in 
PMv neurons restores sexual maturation in otherwise prepubertal 
LepR null mice (Donato et  al., 2011; Mahany et  al., 2018). This 
response is blocked in mice with deletion of Vglut2 selectively in PMv 
neurons (Sáenz de Miera et al., 2024). Together, these findings indicate 
that other metabolic cues may overcome the lack of leptin signaling 
in glutamatergic neurons, but the specific reproductive role of leptin 
in the PMv requires glutamate neurotransmission.

Leptin depolarizes 75% of the PMv LepR neurons through PI3K-
induced activation of TRPC channels and hyperpolarized the 
remaining 25% through an ATP-gated potassium channel (Leshan 
et al., 2009; Williams et al., 2011). Of note, about 70% of PMv LepR 
neurons coexpress PACAP (Ross et al., 2018). Lack of PACAP in PMv 
neurons (PMvPACAP KO mouse) induced marked disruption of the 
reproductive function. PMvPACAP KO female mice exhibited longer 
estrous cycles, decreased capacity to produce a litter after mating, and 
increased latency to pregnancy. These effects appear to be partially 
attained via the downstream innervation of kisspeptin neurons (Ross 
et al., 2018), a crucial component of the reproductive neuroendocrine 
axis. Inactivating mutations in the kisspeptin (Kiss1) gene or its 
receptor (Kiss1r) result in congenital hypogonadotropic hypogonadism 
and failure to progress through puberty in humans and mice (de Roux 
et al., 2003; Seminara et al., 2003; Topaloglu et al., 2012).

A subpopulation of PMv LepR neurons coexpress DAT, though 
their role in neuroendocrine regulation remains unclear. Lepob females 
exhibit lower PMv Slc6a3 (DAT) expression, which is restored after 
short-term leptin treatment-induced puberty onset (Sáenz De Miera 
et al., 2025). The expression of PMv-DAT is higher in prepubertal mice 
and adult females compared to adult males. In females, PMv-DAT 
neurons project densely to AVPV Kiss1 neurons, which are part of a 
sexually dimorphic circuitry associated with mid-cycle LH surge 
(Wang et al., 2019). The significance of the sex differences in DAT 
expression and neuronal projections is currently under investigation.

All in all, it seems reasonable to assume that PMv LepR neurons 
synapse onto GnRH and kisspeptin neurons using glutamate, PACAP, 
CART, and NO as neurotransmitters (Leshan and Pfaff, 2014; Hill and 
Elias, 2018; Anderson et al., 2024). Those neurons relay olfactory and 
humoral signals required for the onset of puberty and reproductive 
function in adult mice. It should be noted that these physiological 

FIGURE 3

The ventral premammillary nucleus (PMv) expresses a dense collection of sex steroid receptors. (A) Bright field image showing the dense expression of 
androgen receptors (AR) in the mouse PMv. (B) Fluorescent image showing AR immunoreactivity in the PMv. (C) Fluorescent image showing lack of 
aromatase expression in the mouse PMv using aromatase-cre induced GFP. The aromatase-Cre mouse model was kindly provided by Dr. Nirao Shah 
(Stanford University). 3v, third ventricle; AR, androgen receptor; Arc, arcuate nucleus; GFP, green fluorescent protein; PMV, ventral premammillary 
nucleus. Scale bar: (A) 2 mm, (B,C) 400 μm.
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effects are sexually dimorphic, i.e., they are observed mainly in 
females. In fact, a small proportion of leptin-signaling deficient male 
mice are fertile (Lane and Dickie, 1954; Elias and Purohit, 2013), and 
leptin action in the testis seems to have a key action linking 
metabolism and reproductive function (Tena-Sempere and Barreiro, 
2002; Borges et al., 2017). The relevance of PMv circuitry for males has 
been associated with behavioral strategies for successful reproduction, 
not neuroendocrine responses.

5.3 Aggressive behaviors: territoriality and 
protection of the offspring

Several laboratories have shown that agonistic encounters activate 
(i.e., induce Fos-ir) PMv neurons of rats, mice, and hamsters (Kollack-
Walker and Newman, 1995; Veening et al., 2005; Lin et al., 2011). 
Using genetic tools in mouse models, studies have identified the PMv 
DAT neurons as key players in inter-male aggression. PMv-DAT 
neurons are glutamatergic and in male mice they show Fos-ir in the 
presence of conspecifics of both sexes (Soden et  al., 2016). These 
neurons are more responsive to either same-sex odorants or intruders 
when compared to female urine, pups, or male rats (Soden et al., 2016; 
Chen et  al., 2020). Inhibition or ablation of PMv-DAT neurons 
abolished male mice’s response to male urine and diminished the 
aggressiveness toward an intruder, with no effect on sexual behavior 
(Soden et al., 2016; Stagkourakis et al., 2018; Chen et al., 2020).

The role of PMv-DAT neurons in agonistic behaviors, however, is 
marked by individual nuances. Optogenetic stimulation of PMv-DAT 
neurons of aggressor resident mice increased attack toward intact or 
orchidectomized male and female intruders. In non-aggressor mice, 
activation of PMv DAT neurons increased exploratory behavior 
(Stagkourakis et al., 2018).

The progesterone receptor (PR) is also expressed in PMv neurons 
and has been utilized as a genetic tool to assess the PMv role in 
response to odorants. Activation of the PMv PR neurons promoted, 
and inhibition suppressed, intermale aggression (Itakura et al., 2022). 
In males, PMv PR neurons are activated by the presence of male and 
female mice and urine odorants. These neurons respond to 53AF, a 
low-molecular-weight fraction of male urine that activates a specific 
VNO receptor (Vmn2r53) associated with sensing aggression-
promoting urinary odorants (Chamero et  al., 2011; Itakura et  al., 
2022). Ablation of Vmn2r53 eliminated 53AF’s effect on PMv PR 
neurons and diminished the response of these neurons to male mice 
urine, while the response to female or orchidectomized male urine 
was intact (Itakura et al., 2022).

Female rodents can also exhibit aggressive behaviors, though these 
behaviors are less common and less intense than in males. Heightened 
aggression is often observed when females are protecting their offspring. 
This behavior, known as maternal aggression, is driven by olfactory cues 
and aims to defend their young from potential threats (Ferreira and 
Hansen, 1986; de Almeida et al., 2014). Increased Fos-ir in the rat PMv 
has been reported following episodes of maternal aggression, and 
maternal aggression is reduced after PMv ablation (Motta et al., 2013). 
PMv-DAT neurons are hyperexcited in aggressive compared to 
non-aggressive dams and virgin mice (Stagkourakis et  al., 2024). 
Optogenetic stimulation of these neurons enhances aggressive behavior 
and reduces maternal care in lactating dams. This stimulation does not 

trigger aggressive behavior in virgins, although it does lead to increased 
investigation of a conspecific.

Overall, the PMv plays a key role in various forms of aggressive 
behavior, including intermale and maternal aggression. The neural 
circuitry underlying these behaviors is not completely defined, but in 
both cases, the ventrolateral subdivision of the ventromedial nucleus 
of the hypothalamus appears to be  the main downstream effector 
(Hashikawa et al., 2017; Georgescu et al., 2022). PMv neurons relay 
odorant signals to the ventrolateral ventromedial nucleus of the 
hypothalamus in both sexes, modulating the transient nature of 
aggression through the sensing of gonadal or placental hormones.

6 Other potential functions

Although the PMv neurons express receptors for hormones and 
neuropeptides related to metabolic regulation, their role in energy 
balance has been contentious. Lesion of the PMv did not affect body 
weight, body composition, mean food intake, and circulating leptin 
levels in rodents (Donato et al., 2009; Donato et al., 2011). Ablation of 
PMv neurons, re-expression of LepR in LepR null mice, or disruption 
of PACAP in LepR neurons does not affect body weight (Donato et al., 
2009; Donato et al., 2011; Ross et al., 2018). Few studies, however, have 
suggested that the PMv has a minor role in energy balance. For 
example, the administration of ghrelin into the PMv altered the 
respiratory exchange ratio and glucose homeostasis in the absence of 
changes in caloric intake or fat mass (Hyland et al., 2021). Disruption 
of leptin signaling in both PMv and the lateral hypothalamic area 
resulted in a higher respiratory exchange ratio and altered glycemic 
control with no effect on either body weight, food intake, energy 
expenditure, or locomotor activity (Denroche et al., 2016).

In the 80s, two studies from Shiraishi and Mager implicated the 
PMv in the modulation of body temperature (Shiraishi and Mager, 
1980a, 1980b). After these initial publications, little evidence was 
collected reproducing the findings. Nevertheless, recent studies from a 
different group suggested that orexin-responsive neurons in the PMv are 
associated with motion sickness-induced hypothermia (Pan et al., 2024).

As expected in all scientific findings, the role of PMv in respiratory 
exchange ratio, glucose homeostasis, and thermogenesis requires 
independent corroboration.

7 The PMv in other mammals and in 
birds

As mentioned, the bulk of scientific literature on PMv has focused 
on rats and mice as model organisms. However, examination of the 
PMv in other species has revealed insights into its potential role based 
on consistent hypothalamic location and aspects of its structural and 
chemical phenotype. Notably, PMv neurons in several mammal and 
bird species of seasonal reproduction are responsive to photoperiodic 
(perceived day length) related cues instead of odorants.

7.1 PMv in other mammals

The PMv in other rodent species, from hamsters to rock cavy 
(Kerodon rupestris, a crepuscular rodent), has comparable 
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structural features (Reis et al., 2018). PMv neurons of Siberian 
hamsters (Phodopus sungorus) exhibit vasopressin binding in a 
sex-dependent manner, with higher levels in males. No 
photoperiodic variation has been described for vasopressin 
binding, indicating no changes in vasopressin receptors’ 
expression across seasons, as opposed to what was observed in 
other hypothalamic regions (Dubois-Dauphin et al., 1991). The 
PMv of Siberian hamsters (Phodopus sugorus) also expresses 
thyroid hormone receptor beta (Thrb) (Barrett et  al., 2007), 
whereas in Syrian hamsters (Mesocricetus auratus), the PMv 
coexpresses AR and nNOS as well as thyroid hormone receptors 
alpha (Thra) (Hadeishi and Wood, 1996; Jansen et al., 1997).

The PMv of the Brazilian opossum (Marmosops paulensis), a 
nocturnal marsupial, expresses estrogen receptors and shows 
structural similarities to the rodent PMv (Fox et al., 1991).

Estrogen receptors, thyroid hormone receptor alpha, as well as 
CART and nNOS, were also observed in the sheep PMv (Jansen et al., 
1997; Sliwowska et al., 2004). In ewes, the PMv is a small nucleus 
located within a larger area defined as the premammillary region 
(PMH) that also encompasses the caudal arcuate and 
tuberomammillary nuclei (Sliwowska et al., 2004). Melatonin binding 
and high-affinity melatonin receptor MT1 (previously known as 
MTNR1A) were described in the PMH, in a region likely 
corresponding to ewes’ PMv (Malpaux et  al., 1998; Migaud 
et al., 2005).

In mammals, melatonin is the main hormone that links 
photoperiodic cues to reproductive function. Melatonin micro-
implants placed in the PMH of ewes housed under a long 
photoperiod (i.e., a non-breeding season) induced LH release 
(Malpaux et al., 1998). It is worth noting, however, that the primary 
site of melatonin action in the seasonal control of reproduction is 
the pituitary gland pars tuberalis (Dardente et al., 2019). Moreover, 
the arcuate nucleus and tanycytes (cells lining the ventral wall of the 
third ventricle), both located in the adjacencies of the PMv, have 
also been involved in the seasonal control of reproduction. Whether 
the ewes’ PMv is a melatonin target for seasonal reproduction 
requires further investigation.

The premammillary area is poorly defined in primate brains. 
Using autoradiography, a dense dihydrotestosterone (DHT) 
radiolabeled signal was described in the PMv of rhesus monkeys 
(Michael and Rees, 1982). However, no illustrations of this observation 
are available, making their findings difficult to interpret or compare 
with other species.

In the cynomolgus monkey (Macaca fascicularis), a 
premammillary nucleus (PM) was described rostral to mammillary 
nuclei in a ventral position, adjacent to the ventral borders of the 
hypothalamus, where neurons expressing AR immunoreactivity 
were described (Veazey et al., 1982; Michael et al., 1995). We found 
a similar PM localization in the common marmoset (Callithrix 
jacchus) and the capuchin monkey (Cebus apella) using CART 
immunoreactivity and NADPH diaphorase (Cavalcante et  al., 
2011). Due to challenges in defining the borders of the PMv, 
we designated this area as the PM to align with the nomenclature 
used for the cynomolgus monkey. Of note, when analyzing the 
distribution of PNN in the reproductive neural circuit of the 
common marmoset, Ciccarelli and co-workers identified this 
hypothalamic region as the PMv (Ciccarelli et al., 2021).

7.2 PMv in birds

In birds, the region described as the nucleus inferior, also known 
as the “nucleus premammillaris medialis” (PMM), appears to have 
homologies with the mammalian PMv (Crosby and Showers, 1969). 
It is located immediately dorsal to the nucleus infundibularis, the 
rodent arcuate nucleus, at the most caudal levels of the hypothalamus. 
The PMM expresses CART in songbirds (Singh et al., 2016, 2020), 
shows high-affinity binding to 3H-estradiol in ring doves (Streptopelia 
risoria) (Martinez-Vargas et  al., 1976), and expresses metabolic 
markers such as NPY in chickens (Kameda et  al., 2001). Strong 
projections from the PMM to the lateral septum have been described 
in chickens (Gallus domesticus) (Montagnese et al., 2008).

In other avian species, the PMM is described in the caudal 
hypothalamus, above the third ventricle recess (Kang et al., 2007; 
Moore et  al., 2018). It is a dopaminergic area that expresses 
tyrosine hydroxylase (TH), the rate-limiting enzyme for dopamine 
production (Kang et  al., 2007; Haas et  al., 2017; Maney et  al., 
2020). In turkeys (Meleagris gallopavo), the PMM expresses 
serotonin receptors 5-HT2C and 5-HT1A and shows strong Fos-ir 
in response to a 5-HT2C agonist (Bakken et al., 2014). Retrograde 
labeling has demonstrated serotonergic projections to the PMM 
and close 5-HT immunoreactive appositions to PMM TH cells 
(Kang et al., 2009).

The ability of avian PMM neurons to perceive light and 
photoperiodic changes has suggested a role in the seasonal control 
of reproduction. In turkey hens, the dopaminergic neurons of the 
PMM express tryptophan hydroxylase 1 (TPH1) and 
arylalkylamine N-acetyltransferase (AANAT), both key enzymes 
of melatonin synthesis (Kang et al., 2007). TH and TPH1 gene 
expression show opposing diurnal and circadian phases, i.e., TH 
is higher during the day and TPH1 is higher at night, as well as 
opposing expression changes in long vs short photoperiod (Kang 
et al., 2007). Circadian rhythms and photoperiod also modulate 
the expression of clock genes in the turkey’s PMM (Leclerc 
et al., 2010).

The photoperiodic control of reproduction in birds is 
independent of melatonin and relies on the expression of 
photoreceptors in the mediobasal hypothalamus. These 
photoreceptors are responsive to different wavelengths, informing 
distinct light stimulation to brain sites associated with the control of 
seasonal reproduction (Nakane et al., 2010; Nakane and Yoshimura, 
2019). For example, the turkey PMM expresses melanopsin (OPN4 
gene), a photoreceptor responsive to blue light (Kang et al., 2010). 
OPN4 expression is higher at night and decreases in response to light 
pulses during the photosensitive period (Kang et al., 2010). Thirty 
minutes of light exposure during the photosensitive period induces 
Fos-ir in PMM neurons and increases GNRH1 mRNA expression 
(Thayananuphat et al., 2007a, 2007b).

Melanopsin expression has also been observed in the PMM TH 
cells of domesticated Pekin drakes (Anas platyrhynchos). In this 
species, white and blue (but not red) light induced expression of 
FRA2 (an immediate early gene) in PMM TH cells (Haas et al., 
2017). Male white-throated sparrows (Zonotrichia albicollis) kept in 
short-day lengths and exposed to a single long day showed change 
in the expression of another immediate early gene, EGR1, in 
dopaminergic neurons of the PMM. EGR1 expression was delayed 
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for about 11 h after the shift, still before the activation of GnRH 
neurons was detected. In this species, no daily rhythm was observed 
in PMM TH expression (Maney et al., 2020). It is worth noting that 
the differences in timing of relevant gene expression observed in 
distinct species may be associated with experimental variables such 
as dynamic changes in gene expression, differences in brain 
circuitry, and breeding strategy.

In Pekin drakes, long-duration white light caused gonadal 
recrudescence, i.e., gonadal “awakening” after a period of inactivity. 
Blue or red lights alone, however, were not sufficient to induce this 
effect. Because the PMM neurons are mostly responsive to blue lights, 
the authors concluded that, in Pekin drakes, light-induced activation 
of PMM is not required for gonadal recrudescence (Haas et al., 2017). 
Similarly, PMM lesions in turkey hens did not affect egg laying or 
gonadal regression following long-photoperiod exposure, indicating 
that the PMM is dispensable for the initiation or termination of the 
breeding season (Moore et al., 2018).

As it stands, the role of PMM in birds is inconclusive and requires 
independent analysis in distinct avian species with different social 
behaviors and reproductive strategies. However, it is attempted to 
speculate that from an evolutionary perspective, the avian 
premammillary nucleus is well positioned to sense relevant 
environmental cues (photoperiod) modulating species-specific 
neuroendocrine and behavioral responses.

8 Concluding remarks

Successful social behavior critically depends on the sensory 
information from the external environment. In macrosmatic 
animals, such as rodents with a large olfactory system and a highly 
developed sense of smell, detecting odorants is essential for 
interactions with conspecifics. These interactions include 
discriminating sexual mates and competitors and defending the 
territory and offspring. However, for microsmatic species, such as 
primates, how external cues are integrated into behavioral responses 
remains poorly understood, with limited knowledge about 
hypothalamic sites associated with social behaviors. In seasonal 
breeders, photoperiod or perceived day length plays a critical role 
in social behavior and reproductive success, indicating an 
evolutionary adaptation to environmental cues that align with 
species-specific reproductive strategies.

External environmental cues alone do not ensure successful 
behavior. The individual’s internal state is key in providing context for 
distinct social behaviors. Circulating hormones that indicate sex, 
reproductive status, and nutritional state are fundamental in 
facilitating behavioral choices. In most vertebrates, including primates, 
the hypothalamus integrates these external and internal cues.

In this review, we  discussed the findings that position the 
hypothalamic PMv as a hub for integrating external and internal 
environmental cues. PMv neurons receive signals of conspecific 
odorants in rodents and of light in seasonal breeders, while also 
sensing sex hormones and metabolic cues, and projecting to 
neuroendocrine and behavioral effectors in the brain. Therefore, 
we  propose that PMv neurons are key in defining context for 
behavioral output. However, much remains to be learned about the 
diverse strategies used by different species and the role played by 

the PMv in each of these social or species survival-
oriented behaviors.
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