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Reproduction is the biological process by which new individuals are produced by their parents. It is the
fundamental feature of all known life and is required for the existence of all species. All mammals reproduce
sexually, a process that involves the union of two reproductive cells, one from a male and one from a female.
Sexual behaviors are a series of actions leading to reproduction. They are composed of appetitive, action, and
refractory phases, each supported by dedicated developmentally-wired neural circuits to ensure high repro-
duction success. In rodents, successful reproduction can only occur during female ovulation. Thus, female sexual
behavior is tightly coupled with ovarian activity, namely the estrous cycle. This is achieved through the close
interaction between the female sexual behavior circuit and the hypothalamic-pituitary-gonadal (HPG) axis. In
this review, we will summarize our current understanding, learned mainly in rodents, regarding the neural
circuits underlying each phase of the female sexual behaviors and their interaction with the HPG axis, high-

lighting the gaps in our knowledge that require future investigation.

1. Introduction

Reproduction is crucial for all species. An efficient, robust, and well-
timed reproduction strategy ensures the existence and prevalence of a
species from generation to generation. Given that productive copulation
requires fertilization in mammals, many species, including rodents,
employ a peri-ovulation mating strategy; that is, females become only
sexually receptive when mature eggs are released from the ovary into
the oviduct, a period known as estrus (Gutierrez-Castellanos et al., 2022;
Inoue, 2022). After a male ejaculates, for one time or several times
depending on the species, both the male and female enter a refractory
period with low interest in the opposite sex (Bermant, 1961; Seizert,
2018; Yang and Clemens, 1996; Yin et al., 2022). Meanwhile, the
fertilized eggs undergo many cell divisions to form blastocysts, and sex
hormones prepare the uterus for accepting blastocysts for implantation
(Wang and Dey, 2006). Thus, female reproduction in rodents is an
intricate collaboration between the behavior circuit and ovarian activ-
ity, which is under the tight control of the hypothalamic-pituitar-
y-gonadal (HPG) axis. Notably, there are two other types of female
mating strategies in mammals that do not require simultaneous ovula-
tion, including mating-induced ovulation (e.g. rabbits and cats) and
ovulation-decoupled mating (e.g. humans) (Bakker and Baum, 2000;
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Brenner and West, 1975). In this review, we will focus on the peri-
ovulation mating in rodents, summarizing our current understanding
regarding the neural circuits controlling various phases of female sexual
behaviors and their interaction with the HPG axis.

2. The appetitive phase of female sexual behaviors

Female sexual behaviors comprise three phases: appetitive, action
(consummatory), and refractory Fig. 1) (Beach, 1976; Everitt, 1995;
Gutierrez-Castellanos et al., 2022; Micevych and Meisel, 2017). The
appetitive phase can be further divided into detection, approach, and
investigation (Wei et al., 2021). During detection, the female identifies
the unique sensory cues emitted by a distant male. During approach, the
female moves towards the male to establish physical contact. During
investigation, the female closely explores the male to determine its
identity and perhaps acquire certain social and health-related informa-
tion. The latency to approach and the time spent investigating could
reflect the female’s interest in the male and its readiness to engage in
sexual behaviors, i.e. sexual motivation. While in the wild, the appeti-
tive phase is likely essential for successful reproduction as copulation
can only occur when two animals are physically close, this phase is
minimal in the standard laboratory mating assays. Indeed, when the
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male and female are placed in a shoe-box-sized cage, their chance of
encountering is high. Nevertheless, the approach frequency and inves-
tigation duration still reflect females’ sexual interest in males (Yin et al.,
2022).

Several behavioral paradigms were designed to specifically deter-
mine the role of brain regions in detection, approach, and investigation.
In the habituation-dishabituation test, the females are presented with
urine from a conspecific 3-4 times, followed by urine from a different
conspecific (Fig. 2A) (Baum and Keverne, 2002). As the female becomes
increasingly familiar with the same urine, it decreases investigation
time. When unfamiliar urine is presented, the investigation time in-
creases. This assay is robust and straightforward. Importantly, it can
reveal deficits in detection and discrimination independent of sexual
interest. Social preference test is commonly used for determining
changes in sexual interest (Fig. 2B, C) (Keller et al., 2008). Intact male
odor, e.g. urine, and castrated male odor (or female odor) are each
placed at one end of a Y maze or a three-compartment arena, and fe-
males are allowed to explore the maze freely. The relative time the fe-
male spent on investigating each odor is then measured to determine its
sexual interest. Females with higher sexual interest is expected to prefer
the intact male cue over castrated or female cues. A more sophisticated
nose entry test is also used to assess interest/motivation towards the
male cues (Fig. 2D) (Demir et al., 2020). In the assay, females are placed
in a chamber with two ports that contain different social cues. The fre-
quency of port entry reflects the female’s interest in a cue. Thus, females
with high sexual interests are expected to poke the male cue port more
frequently. However, the social preference test and nose port test could
not distinguish a deficit in detection vs. interest as they are both man-
ifested as a reduced number of poking. Thus, they should be used in
combination with the habituation-dishabituation test to determine the
exact cause of a deficit (Keller et al., 2008). Lastly, paced mating test
(Fig. 2E) is often used to assess female sexual motivation during copu-
lation, which is typically dominated by the males (Johansen et al., 2008;
Paredes and Vazquez, 1999). In this assay, the test chamber is divided by
a partition, and the female can enter or exit the side where the male is
confined. The frequency and duration of visits are used to measure the
motivational state of the female. Females with high sexual interests are
expected to visit the male chamber more frequently.

3. Neural substrates essential for the appetitive phase of female
sexual behaviors

Rodents are nocturnal and rely heavily on olfaction. Thus, volatiles
emitted by distant males are essential for detection, although other
sensory modalities, such as ultrasound vocalization, likely also
contribute (Asaba et al., 2014). The main olfactory system is responsible
for sensing and processing volatiles (Fig. 3). Airborne chemicals first
bind to the olfactory receptors in the olfactory sensory neurons (OSNs)
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of the main olfactory epithelium (MOE), then the information passes to
the main olfactory bulb (MOB) and reaches multiple brain regions,
including the anterior olfactory nucleus (AON), olfactory tubercle (OT),
piriform cortex (Pir), cortical amygdala (anterior and posterolateral
part; CoAa and CoApl, respectively), and entorhinal cortex (EC) (Spehr
et al., 2006). Genetic ablation or ZnSO4-induced MOE lesion severely
impaired females’ performance in the habitation-dishabituation test as
evidenced by the low investigation time to both familiar and unfamiliar
urine samples (Keller et al., 2006a; Ma et al., 2002).

In contrast to the MOE ablation, lesioning the vomeronasal organ
(VNO), the peripheral organ to sense non-volatile pheromones, did not
affect the detection or discrimination of conspecific volatiles. However,
VNO lesioned animals (VNOx) showed a generally low level of investi-
gation of non-volatiles in urine or soiled bedding and no preference for
non-volatiles from intact male urine over castrated male urine (Keller
et al., 2006b). Thus, non-volatile pheromones, detected by the VNO, are
essential for sustaining the interest of the female upon contact. VNO
sends the pheromone signal to the accessory olfactory bulb (AOB),
which in turn passes the information to the medial amygdala (MeA),
posteromedial cortical amygdala (PMCo), and the principal nucleus of
bed nucleus of the stria terminalis (BNSTpr) (Spehr et al., 2006). As key
relays of the accessory olfactory pathways, both AOB and MeA are
essential for females’ interest in male pheromones. For example, Darcin
is a male-specific major urinary protein (MUP) that can strongly induce
female’s interest, revealed by poking in the nose entry test (Fig. 2D)
(Demir et al., 2020). When AOB was suppressed optogenetically, Darcin-
induced interest in female mice was blocked entirely. Furthermore,
activating Darcin-responsive MeA cells increased female’s port entry
while inhibiting MeA abolished female’s attraction to Darcin, suggesting
the AOB-MeA pathway is essential for mediating female’s innate interest
in male pheromones (Demir et al., 2020). In addition to non-volatile
cues, volatile cues converge onto the MeA through CoApl (Martinez-
Marcos, 2009). Lesion of MeA, especially its posterior subdivision
(MeAp), also blocked the preference of female mice for male volatiles
without affecting her ability to detect and discriminate the male odor
from castrated male odor in the habituation-dishabituation test (DiBe-
nedictis et al.,, 2012). Thus, the innate preference for male cues,
regardless of volatiles or non-volatiles, requires intact MeA in females.

From the MeA, the converged male chemosensory cues are sent to
the medial hypothalamus (MH), either directly or via the BNSTpr (Spehr
et al., 2006) (Fig. 3). However, BNSTpr-routed information appears to
be non-essential as lesioning the area does not affect female’s preference
for the male urine in a two-choice investigation test in hamsters (Mar-
tinez and Petrulis, 2011). It is worth noting that BNSTpr function in
processing social cues is sexually dimorphic. For example, aromatase-
expressing cells in BNSTpr in male mice respond differentially to male
and female cues, whereas the same cells in females do not respond to
intruder of either sex (Bayless et al., 2019).

Male ejaculation  Anogenital grooming

Fig. 1. Three phases of female sexual behaviors in rodents. (A) The appetitive phase includes detection, approach, and investigation. These three actions occur in
loops until the action phase begins. (B) During the action phase, the male initiates mounting, positioning itself on top of the female while holding the female’s flanks
with its front paws. If the female is receptive, it stays stationary with its back arching downward, a posture known as lordosis. (C) After the male ejaculates, both
males and females show low sexual interest and spend most time grooming and licking themselves. Dark gray: male; light gray: female.
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Fig. 2. Behavioral paradigms to assess social odor
detection and sexual interest. (A) Habituation-
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At the MH, the medial preoptic area (MPOA), the ventrolateral part
of the ventromedial hypothalamus (VMHvl), and the ventral part of
premammillary nucleus (PMv) are the main targets of MeAp and BNSTpr
(Fig. 3). Chemogenetic inhibition of VMHVI cells expressing Cckar
(VMHvI®¥*2) abolished the preference of estrous females in males,
whereas activating the cells enhanced the preference for males in dies-
trous females (Knoedler et al., 2022; Yin et al., 2022). MPOA is also
essential for female sexual interest. Deficits in MPOA caused by lesion,
optogenetic inactivation, or estrogen receptor alpha (Esrl) knockdown
all diminished female’s preference for intact male odor over castrated
male or female odor (Guarraci and Clark, 2006; Martinez and Petrulis,
2013; McHenry et al., 2017; Spiteri et al., 2012a; Xiao et al., 2005).
Additionally, in paced mating test, the MPOA lesion in rats consistently
reduced the female’s voluntary interaction with the males (Guarraci
et al., 2004; Xiao et al., 2005; Yang and Clements, 2000). Given the
strong excitatory projections of PMv cells to both MPOA and VMHv] and
the high responsivity of PMv cells to conspecific olfactory cues, PMv
likely also play a positive role in sexual interest in females, although
experimental evidence is still lacking (Canteras et al., 1992; Motta et al.,
2013; Soden et al., 2016).

From the MH, the projection to the ventral tegmental area (VTA) is
likely essential for driving the high interest towards the males (Fig. 3).
Optogenetic activation of the projection from MPOA neurotensin cells to
VTA enhanced the investigation of males in female mice (McHenry et al.,
2017). VTA contains abundant dopamine neurons, which are likely
disinhibited by MPOA GABAergic inputs to VTA GABAergic cells (Fang
et al., 2018). Indeed, Optogenetic activation of MPOA neurotensin cell
projection to VTA caused dopamine release in the nucleus accumbens
(NAc), the primary target of VTA (McHenry et al., 2017). The VTA-NAc
dopamine release is causally linked to social interest. Optogenetic acti-
vation of VTA dopamine cells or their terminals in the NAc strongly
increased social interest in mice, whereas inhibiting VTA dopamine cells
reduced social interest (Dai et al., 2022; Gunaydin et al., 2014).

Altogether, current knowledge suggests a vital role of the main ol-
factory system in detecting and locating male cues. Once the females and

(Mouée)

males are in close contact, non-volatile pheromones induce dopamine
release in the NAc through the VNO-AOB-MeA-(MPOA, VMHV], PMv)-
VTA-NAc circuit to maintain the high interest towards the males
(Fig. 3). In addition, male volatiles could also contribute to the sustained
interest by activating MeA through CoApl. Importantly, the same male
cue does not evoke the same level of interest from the female every time.
Rather, the behavior output is strongly modulated by the female’s in-
ternal state, which is determined collectively by sex hormone level,
experience, age, metabolic state and health condition etc. Sex hormones,
which fluctuate across the estrus cycle, are particularly important for
modulating females’ interest in males. Indeed, the entire circuit
mentioned above expresses abundant sex hormone receptors (Mitra
et al., 2003). As a result, the circuit’s response and hence the female’s
interest in the male wanes and waxes across the estrous cycle (Gutierrez-
Castellanos et al., 2022) (Fig. 3).

4. The action phase of female sexual behaviors

The action phase of female sexual behaviors is remarkably simple in
its motor pattern: the female stays stationary with her back arching
downward, a posture known as lordosis (Pfaff et al., 2008). This posture
exposes the vagina to facilitate penile insertion. Lordosis quotient is the
percentage of trials the female expresses lordosis when being mounted
by a male. It is a common measure of the sexual receptivity of a female.
As males’ mounting success tightly links to females’ behavior, the
likelihood of males advancing sexual behaviors, e.g. the ratio between
mount and mount attempt and that between intromission and mount,
could also be used as a readout of female’s receptivity level (Yin et al.,
2022). In mice, when the female’s receptivity is low, instead of lordotic,
it could actively reject the male’s mounting attempt by kicking, pushing,
or flight. Females may also be semi-receptive: while they do not actively
reject the male, they wiggle and twist when being mounted (Yin et al.,
2022). Manual flank-perineum stimulation (palpation) that mimics male
action during mounting is sufficient to elicit lordosis in rats, suggesting
the reflexive nature of lordosis (Kow et al., 1979). Notably, the tendency
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Fig. 3. A hypothesized model describing the neural circuits underlying various
aspects of female sexual behaviors. During the appetitive phase of female sexual
behaviors, male-related volatiles are detected by the MOE-MOB-CoApl circuit
and converge with the non-volatile cues detected via VNO-AOB at the MeA.
These chemosensory cues then evoke dopamine release at the NAc through the
MPOA-VTA-NAc pathway to mediate the female’s high interest in the male (red
bold arrow). During the action phase, male mounting associated somatosensory
inputs activate the PAG to evoke the lordosis reflex (blue bold arrow). PAG is
gated by the VMHvl, which is under the strong influence of sex hormones and
male chemosensory inputs. PMv facilitates lordosis and MPOA inhibits lordosis
by providing excitatory and inhibitory inputs to the VMHvI, respectively. When
the male ejaculates, responses of the VMHvI and MPOA trigger prolactin surges
essential for uterus development via ARCP? cells (black bold arrow). Mean-
while, ejaculation causes a strong activation of BNSTpr cells, inhibiting the
VMHvI and reducing the sexual interest. The mating circuit also interacts with
the HPG axis extensively. VMHvl and PMv provide excitatory inputs to AVPVXisS
cells to facilitate GnRH surge during proestrus (orange bold arrow). In turn, sex
hormones released from the HPG axis modulate the overall state of the mating
circuit. MOE: main olfactory epithelium; MOB: main olfactory bulb; OT: ol-
factory tubercle; Pir: piriform cortex; EC: entorhinal cortex; CoApl: postero-
lateral part of cortical amygdala; VNO: vomeronasal organ; AOB: accessory
olfactory bulb; MeA: medial amygdala; PMCo: posteromedial cortical amyg-
dala; BNSTpr: principal nucleus of bed nucleus of the stria terminalis; MPOA:
medial preoptic area; VMHvl: ventrolateral part of the ventromedial hypo-
thalamus; PMv: ventral part of premammillary nucleus; VTAP*: ventral
tegmental area dopaminergic cells; NAc: nucleus accumbens; PAG: peri-
aqueductal gray; ARCP?: arcuate nucleus dopaminergic cells; AVPVSSS: ante-
roventral periventricular nucleus Kkisspeptin cells; GnRH: gonadotropin-
releasing hormone.

of females to show lordosis is strongly modulated by sex hormones
(Jennings and de Lecea, 2020; Komisaruk, 1974; Micevych and Meisel,
2017; Pfaff, 1973), the presence of specific male pheromones (Haga
et al., 2010), and vaginal-cervical stimulation (VCS) (Rodriguez-Sierra
et al., 1975).

5. The neural substrates for lordosis

The VMH, especially the ventrolateral part where sex steroid re-
ceptors are densely expressed, is perhaps the best characterized brain
area for regulating female sexual behaviors (Jennings and de Lecea,
2020; Kow and Pfaff, 1998; Lenschow and Lima, 2020; Micevych and
Meisel, 2017; Pfaff et al., 2008). To date, VMHvI remains the only brain
region that could rapidly increase female sexual receptivity upon arti-
ficial activation. D.W. Pfaff and colleagues first showed that prolonged
electric stimulation of the VMH region could facilitate the lordosis
response to manual somatosensory stimulation or male mounting in
female rats (Pfaff and Sakuma, 1979). Conversely, lesions in the VMH
suppressed the lordosis reflex in rats (Pfaff and Sakuma, 1979). Subse-
quent experiments showed that sex hormone implants in the VMH could
facilitate lordosis (Rubin and Barfield, 1980, 1983a, 1983b), while
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shRNA-mediated Esrl knockdown had the opposite effect (Musatov
et al., 2006). More recent studies focusing on molecularly defined
VMHvVI populations showed that VMHVI cells express progesterone re-
ceptor (VMHVI™®) is necessary for female sexual receptivity in mice
(Inoue et al., 2019; Yang et al., 2013). However, activating VMHvI'R
cells failed to facilitate lordosis (Inoue et al., 2019). This surprising
negative result likely reflects the functional heterogeneity of the
VMHVIPR cells. Our study revealed that VMHvI™™ cells in female mice,
which overlap nearly 100% with VMHVI™® cells, contain two sub-
divisions: a medial subdivision activated during aggression and a lateral
subdivision activated during female sexual behaviors (Hashikawa et al.,
2017). These subdivisions show differential projection patterns and
transcriptomic profiles, although they are both enriched of Esrl and PR
(Hashikawa et al., 2017; Kim et al., 2019; Knoedler et al., 2022). Liu
et al. recently found that VMHvI cells expressing Npy2r, a medial
subdivision-biased gene, can bi-directionally modulate female mouse
aggression, whereas Nyp2r-Esrl+ cells can modulate female sexual
behaviors (Liu et al., 2022). Studies from our group and Knoedler et al.
further demonstrated that VMHvI cells expressing Cckar, a lateral
subdivision-biased gene, are necessary for female sexual receptivity but
not female aggression in mice (Knoedler et al., 2022; Yin et al., 2022).
Furthermore, we found that chemogenetic and optogenetic activation of
VMHVI®® cells is sufficient to promote female sexual receptivity even
in ovariectomized (OVX) female mice (Fig. 4) (Yin et al., 2022). Thus,
VMHVI®®®" cell activity can bypass the sex hormone requirement to
powerfully control female sexual receptivity. In other words, sex hor-
mone is likely required because it plays an import role in activating
VMHVI®® cells. Artificial activation of VMHvI®K®" cells fulfills this
requirement and eliminates the need of sex hormones. Indeed, virtually
all VMHvI®®" cells in female mice express Esrl and VMHvI®" cells
show a high level of plasticity over estrus cycle (Yin et al., 2022). Spe-
cifically, in vivo activity, intrinsic excitability, and synaptic transmission
of VMHvI®?" cells are high during estrus and low during diestrus (Yin
et al., 2022). However, it is important to note that VMHvI®®" activity
does not increase during acute expression of lordosis (Yin et al., 2022).
When VMHVI®*® activity in female mice was artificially increased, it
facilitated female receptivity but did not induce lordosis posture in the
absence of male mounting attempt, suggesting that VMHvl does not
control moment-to-moment lordosis reflex (Yin et al., 2022).

As mentioned earlier, VMHvI receives substantial inputs from MeA
and BNSTpr, two key regions for processing male non-volatile and vol-
atile cues (Fig. 3). These chemosensory inputs are important for the full
expression of lordosis, as any deficit along the VNO-AOB (or MOE-MOB)
-MeA pathway impairs female sexual receptivity. For example, ablation
of VNO or knocking out Trpc2, an ion channel essential for signal
transduction of VNO cells, consistently reduced lordosis quotient in
mice, rats, and hamsters (Curtis et al., 2001; Hellier et al., 2018; Keller
et al., 2006a; Kimchi et al., 2007; Mackay-Sim and Rose, 1986; Oboti
et al., 2014; Rajendren et al., 1990). Knocking out cyclic nucleotide-
gated channel subunit alpha 2 (cnga2), an essential ion channel for
OSNs in the MOE, impaired female sexual receptivity in mice (Mandiyan
et al., 2005). Optogenetic silencing AOB neurons projecting to the MeA
reduced the expression of lordosis in sexually experienced estrous fe-
male mice (McCarthy et al., 2017). Lesion, chemogenetic inhibition, and
optogenetic inactivation of the MeA cells, especially GABAergic cells, all
reduced lordosis (DiBenedictis et al., 2012; Johnson et al., 2021;
McCarthy et al., 2017; Rajendren and Moss, 1993). Inhibiting MeA cells
also suppressed the lordosis-promoting effect of Exocrine gland-
secreting peptide 1 (ESP1), a male mouse pheromone (Ishii et al.,
2017). In contrast to the critical role of MeA in promoting female
receptivity, the role of BNSTpr appears to be very limited. Lesion, che-
mogenetic inactivation, or ablation of BNSTpr cells failed to impair fe-
male lordosis in mice and hamsters (Bayless et al., 2019; Ishii et al.,
2017; Martinez and Petrulis, 2011), although a recent study showed that
BNSTpr cells expressing st18 are active during lordosis in mice (Zhou
et al., 2023).
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Fig. 4. The role of VMHvII®“®" cells in female sexual behaviors. (A) Diagram showing the location of VMH in the hypothalamus and its functionally and molecularly
distinct subdivisions. Mating-related VMHVII cells may project to PAG and AVPV to control female lordosis and the HPG axis, respectively. (B) A summary of the in

vivo and in vitro activity patterns of VMHvI1¢<ar

cells during estrus and diestrus and the behavior changes induced by VMHv1
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LQ: Lordosis quotient. For simplicity, we use VMHvI®®® to represent VMHVII®™®" in the text.

Why is chemosensory input important for lordosis? It is not a direct
trigger of the lordosis reflex as females do not show lordosis upon
sniffing the males or male urine, nor is it necessary, as manual cutaneous
stimulation could induce lordosis in the absence of any chemosensory
cues. We consider the primary role of male pheromones is to boost the
overall activity level of VMHvI cells. When the male is around, VMHvl
cells in female mice not only acutely increase activity during each
episode of close contact but also show a sustained baseline activity in-
crease (Hashikawa et al., 2017; Nomoto and Lima, 2015; Yin et al.,
2022). Both of these activity changes are likely mainly driven by che-
mosensory inputs as VMHvI cells respond strongly to male urine and
minimally to auditory cues, e.g. ultrasound vocalization and all our re-
cordings were performed under infrared light, allowing minimal visual
inputs (Hashikawa et al., 2017; Yin et al., 2022). While the acute
response during close social contact is likely mediated by fast synaptic
transmission, we speculate that the sustained baseline activity change is
mediated by some slow-acting molecules, such as neuropeptides or sex
hormones. Consistent with this hypothesis, gonadotropin-releasing
hormone (GnRH) gradually increased in the basal medial hypothala-
mus in females over the course of mating (Lin and Ramirez, 1991), and
VNO lesion blunted such increase (Rajendren et al., 1990). The GnRH
release is functionally relevant as supplementing GnRH to VNO-ablated
females restored the female’s sexual receptivity in various rodent species
(Keller et al., 2006b; Mackay-Sim and Rose, 1986; Rajendren et al.,
1990). These results suggest a model that during male-female in-
teractions, male pheromones activate the accessory olfactory system
through VNO to increase GnRH release and potentially other related
hormones, boosting VMHVI®™® cell activity and sexual receptivity
(Fig. 3). The pheromone-induced activity boost is likely sex hormone
state dependent as we observed a higher elevation in baseline activity of
VMHVI®*®" cells in estrous than diestrous female mice after male pre-
sentation (Yin et al., 2022). Beyond the HPG axis, pheromone inputs
may also induce neuromodulator release, such as dopamine, norepi-
nephrine and serotonin to influence activities of cells related to lordosis
(Gunaydin et al., 2014; Li et al., 2016; Vathy and Etgen, 1989).

Other VMHvl-connected medial hypothalamic regions, including
PMv and MPOA, also play roles in lordosis. PMv plays a positive role as
bilateral lesions of the PMv in female mice significantly reduced lordosis
(Ross et al., 2018). Interestingly, MPOA is found consistently to suppress
instead of promoting female receptivity. MPOA lesion or site-specific
Esrl knockdown increased lordosis quotient while electric stimulation
of MPOA had the opposite effect (Hoshina et al., 1994; Malsbury et al.,
1980; Powers and Valenstein, 1972; Spiteri et al., 2012b; Xiao et al.,
2005). MPOA cells expressing p-opioid receptor (MOR) could be
particularly relevant for suppressing lordosis as MOR activation and
internalization in the MPOA closely tracks the female receptivity level
during the estrus cycle (Micevych and Sinchak, 2013). MPOA cells

provide strong GABAergic inputs to the VMHv], which could be an
important pathway for suppressing female receptivity (Karigo et al.,
2021). Whether the sexual motivation-promoting and lordosis-
suppressing cells in the MPOA are distinct, as suggested by P.E. Mice-
vych and R.L. Meisel, or identical, remains to be addressed in future
studies (Micevych and Meisel, 2017).

The periaqueductal gray (PAG) has been proposed as an important
downstream region of the VMHvl that controls hindbrain premotor
neurons to drive lordosis (Shelley et al., 2006). Lesioning PAG reduced
lordosis, while its electric stimulation increased the output of premotor
neurons relevant to lordosis and facilitated the behavior in rats (Cot-
tingham et al., 1987; Sakuma and Pfaff, 1979a, 1979b). Anterograde
tracing revealed moderate projection from VMHvI®®®" to ventrolateral
PAG in female mice (Yin et al., 2022), whereas polysynaptic retrograde
tracing revealed indirect projection from PAG to lumbar epaxial muscles
controlling lordosis (Daniels et al., 1999). Furthermore, electrophysio-
logical recording from PAG cells in female rats revealed that approxi-
mately 40 % of PAG cells were excited by cutaneous stimuli similar to
those experienced in male mounting, and one-third of PAG cells were
excited by VMH inputs after estrogen supplement (Sakuma and Pfaff,
1980). Thus, the somatosensory and VMHvI inputs appear to converge
onto PAG cells that control the lordosis-producing muscles. Consistent
with this idea, Vaughn et al. recently characterized the molecular pro-
files of PAG cells relevant for various instinctive behaviors in mice,
including female sexual behaviors, using single nucleus RNA sequencing
(snRNA-seq) and Multiplexed Error-Robust Fluorescence in Situ Hy-
bridization (MERFISH) (Vaughn et al., 2022). They found that female
sexual behaviors mainly activate lateral and ventral part of the caudal
PAG, which interestingly is the part preferentially targeted by VMHv1ZT!
and VMHvI®¥" cells (Falkner et al., 2020; Hashikawa et al., 2017; Yin
et al., 2022). Notably, many of the female mating-activated PAG cells
express Esrl, suggesting that they are likely modulated by sex hormones
(Vaughn et al., 2022). The lordosis-activated cells in the PAG appears to
be largely glutamatergic and project to medullary reticular formation
(MRF), a brainstem region required for lordosis in female rats (Yamada
and Kawata, 2014).

Taken together, we propose a simple circuit driving lordosis reflex
(Fig. 5). During male mounting, the somatosensory inputs activate PAG
cells which then indirectly activate lumbar epaxial muscles. VMHvI in-
puts to the PAG act as a permissive gate. It does not control the moment-
to-moment activation of PAG cells but determines whether PAG is close
enough to the activation threshold to release the motor response upon
receiving the somatosensory inputs. VMHvI output level is determined
mainly by the sex hormone environment that varies across the estrous
cycle. During male-female interactions, male pheromones may enhance
the ongoing VMHUVI activity not only by increasing synaptic inputs to the
cells but also by boosting the HPG axis and other neuromodulatory
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Fig. 5. A model of the lordosis reflex circuit. During diestrus, VMHvl is in a low
activity state and consequently PAG is far from its activation threshold. When
the somatosensory input related to male mounting reaches PAG, it fails to push
the PAG pass its activation threshold to drive lordosis. In contrast, during
estrus, VMHvI®K®" cells are in a high activity state, moving PAG closer to its
activation threshold. Therefore, the same male mounting-associated somato-
sensory input now can drive the PAG pass the threshold to induce lordosis. PAG
cells relevant for female sexual behaviors could be Esrl+. Dark gray: male; light
gray: female.

systems through the accessory olfactory pathway involving VNO, AOB,
and MeA.

6. Neural mechanisms underlying behavior and neuroendocrine
changes during the post-ejaculation refractory phase

After the male ejaculates, once or several times depending on the
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Fig. 6. Schematic illustration of the hormonal, neural, and behavioral changes
during pregnancy and lactation in rodents. In rodents, after the female receives
ejaculation, serum progesterone (black) increases with the progress of preg-
nancy, reaches its peak value at gestation day 16, and rapidly decreases before
parturition. Serum estradiol (purple) increases from mid-pregnancy to term and
declines rapidly before parturition. Prolactin (orange) transiently increases
right after ejaculation and then surges twice daily for the first half of pregnancy.
Prolactin surges again the night before parturition and maintains a high level
during lactation. The activity of VMHvI®*®" cells is highly correlated with fe-
male sexual receptivity: both are high during estrus and low during pregnancy
and lactation. During postpartum day 1, female sexual receptivity is high, a
phenomenon known as postpartum heat, and VMHvI®*® cell activity is
possibly also high, although no recording data is currently available. Light gray
bar: daytime; dark gray bar: nighttime.
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species, the intense interest of the male and female towards each other
vanishes (Fig. 6). Each animal grooms and licks itself repeatedly and
occasionally investigates the other. In the hours to days afterward, the
animals remain sexually unmotivated towards the same or a new mate, a
phenomenon known as post-ejaculation refraction (Bermant, 1961;
McGill, 1963; Seizert, 2018; Yang and Clemens, 1996; Yin et al., 2022;
Zhang et al., 2021). Our recent study found that while estrous female
mice strongly preferred males over females, they overwhelmingly
preferred females over males after being ejaculated (Yin et al., 2022). In
mice, females have approximately 75 % probability of becoming preg-
nant after male ejaculation (see https://www.criver.com/products-ser
vices/research-models-services/animal-models/timed-pregnant-mic
e-and-rats?region=3616). Thus, the sharp decrease in females’ interest
in males is likely an energy-saving strategy to prevent females from
engaging in unnecessary copulation.

What are the neural mechanisms that cause sexual interest to
plummet during the post-ejaculation period? Answers to this question
remain poorly understood. The sharp reduction in sexual interest is
likely caused by reduced activity of brain regions essential for sexual
interest, such as MeA, MPOA, VMHvI, PMv, VTA, and NAc. Consistent
with this hypothesis, we observed sustained suppression of VMHv]Cekar
activity immediately after ejaculation and throughout pregnancy in fe-
male mice (Yin et al., 2022) (Fig. 6). Whether a similar suppression
occurs in other brain regions in the mating circuit remains to be inves-
tigated. The suppression of the female reproduction circuit could be due
to centrally acting mechanisms or through circulating hormones that are
triggered centrally. In both humans and rodents, prolactin, a hormone
secreted from the anterior pituitary gland, increases rapidly and tran-
siently after ejaculation/orgasm and thus has been considered a prime
suspect in causing sexual refraction (Exton et al., 1999; Exton et al.,
2000; Kruger et al., 2002; Voogt et al., 2001). Consistent with this hy-
pothesis, transient or chronic prolactin elevation decreased sexual
receptivity in rats and humans (Dudley et al., 1982). However, a recent
study found that blocking post-ejaculation prolactin surge or inducing
its occurrence did not alter the post-ejaculation refractory period in male
mice, shedding doubts on prolactin’s role in sexual refraction in males
(Valente et al., 2021). In addition to prolactin, some other neurochem-
ical events associated with ejaculation, e.g. serotonin increase in the
lateral hypothalamus and dopamine decrease in NAc and MPOA, have
been suggested to mediate male sexual refraction in mice and rats
(Lorrain et al., 1997; Lorrain et al., 1999; Zhang et al., 2021). However,
whether changes in prolactin, serotonin or dopamine contribute to fe-
male sexual refraction remains to be investigated.

Regardless of which neurochemical mediating the post-ejaculation
sexual refraction, brain regions activated during male ejaculation are
likely essential in triggering the post-ejaculation behavior switch.
Several brain regions, including MPOA, VMHvl, BNSTpr, MeA, and
arcuate nucleus (ARC), have been found to express a higher level of c-
Fos in female rats that were ejaculated than those that were only
mounted (Polston and Erskine, 1995; Voogt et al., 2001). The
ejaculation-induced c-Fos increase in BNSTpr is particularly intriguing
as BNSTpr has been found to play no role in the appetitive and action
phases of female sexual behaviors so far despite its strong connection
with other sexual behavior-related regions and its strong activation after
mating (Bayless et al., 2019; Ishii et al., 2017; Martinez and Petrulis,
2011). BNSTpr provides dense GABAergic projection to both VMHvl and
PMyv, and thus is well positioned to suppress these key mating-related
regions after ejaculation (Dong and Swanson, 2004; Ortiz-Juza et al.,
2021) (Fig. 3). Consistent with this hypothesis, Zhou et al. recently
found that estrogen receptor 2 (Esr2)-expressing cells in the BNSTpr are
highly activated during male mouse ejaculation and become hyperex-
cited for days afterwards (Zhou et al., 2023). Inhibiting BNSTpr Esr2
cells led to fast recovery from the sexual refraction in both males and
females. Additionally, exocrine gland-secreting peptide 22 (ESP22), a
female receptivity-suppressing lacrimal protein from juvenile mice,
increased c-Fos expression in the BNST (Osakada et al., 2018). When
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BNST GABAergic cells or their projections to the VMHv] were pharma-
cogenetically inhibited, ESP22-induced increase in sexual rejection was
blocked, suggesting that ESP22 promotes sexual rejection via activation
of BNSTpr cells (Osakada et al., 2018). Thus, BNSTpr is a key region in
suppressing female receptivity under various contexts.

In addition to the behavior change, a series of well-coordinated
hormone events occur during pregnancy, starting from repeated twice-
daily surges of prolactin (Exton et al., 1999; Grattan et al., 2008;
Voogt et al., 2001) (Fig. 6). In rodents, prolactin surges rescue the short-
lived corpus luteum after ovulation to sustain its progesterone secretion,
which is necessary for uterine endometrial development and implanta-
tion of the blastocyst (Gunnet and Freeman, 1983). The exact mecha-
nism that triggers the twice-daily prolactin surges during early
pregnancy remains elusive, but several lines of evidence suggest that the
surges are likely triggered in the brain rather than from reproductive
organs. First, fertilization is not required to initiate the prolactin surge.
Mating with sterile males could similarly trigger prolactin and subse-
quent progesterone increase (Yang et al., 2009). Second, sex hormones
released from ovary is not required for the initiation of prolactin surge.
In OVX rats, prolactin surge can be induced by brief cervical stimulation,
although sex hormone supplement enhances the magnitude of the surge
(Freeman and Sterman, 1978; Gorospe and Freeman, 1981). Third, early
studies suggest that MPOA and VMH are critical for the prolactin surge.
In rats, lesions in the VMH and surrounding areas blocked the surges,
whereas MPOA lesions caused repetitive nocturnal prolactin surges
without mating (Freeman and Banks, 1980; Gunnet and Freeman, 1985;
Gunnet et al., 1981). Conversely, electric stimulation of the VMH region
induced prolactin release (Beach et al., 1978; Quinn and Everett, 1967).
These results suggest that MPOA normally suppresses while VMH pro-
motes prolactin surge. A recent tracing study in mice revealed that both
MPOA and VMH, as well as their downstream regions, such as the
anteroventral periventricular nucleus (AVPV) and tuberal nucleus (TU),
project heavily to ARC dopaminergic (ARCP?) neurons (Esteves et al.,
2019). The ARCP* neurons hold a prominent role in controlling pro-
lactin secretion. These cells exert tonic inhibition on the anterior pitui-
tary lactotroph cells through dopamine D2 receptors, and prolactin
release occurs when ARCPA-D2 inhibition reduces (Fitzgerald and
Dinan, 2008). Thus, we speculate that activity changes in the MPOA and
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VMHvI during and after ejaculation alter the activity of ARCP* cells,
which ultimately leads to prolactin surges (Fig. 3). Future in vivo
recording and functional manipulation studies will help test this
hypothesis.

7. Interaction between the female sexual behavior circuit and
the HPG axis

In mice and rats, the expression of female sexual behavior is highly
coordinated with ovarian activity, which is cyclic and lasts approxi-
mately 4-5 days per cycle (McLean et al., 2012). Each cycle contains
four stages: proestrus, estrus, metestrus, and diestrus (Fig. 7). In rodents,
proestrus corresponds to the follicular phase of the menstrual cycle in
humans (Hawkins and Matzuk, 2008). During this phase, several folli-
cles (average 8) grow and mature and eventually release oocytes into the
oviduct, i.e. ovulation, marking the beginning of estrus (Nakamura and
Husbandry, 1957). Metestrus corresponds to the early luteal phase in
humans when the leftover follicles develop into corpus luteum and
release progesterone to prepare the uterus for egg implantation. If
conception does not occur, the animals enter diestrus, corresponding to
the late luteal phase in humans, when corpus luteum degrades and
progesterone level declines (McLean et al., 2012).

The ovarian cycle is under the control of a cascade of hormone
events, namely the HPG axis, and GnRH lies at the head of this cascade
(Fig. 7). GnRH is released in pulses by GnRH cells in the medial preoptic
nucleus approximately once per hour during metestrus, diestrus, and
early proestrus. During estrus, GnRH pulse frequency decreases to
approximately 0.2 pulse/h (Herbison, 2018, 2020). In addition to the
pulsed release, during late proestrus, a surge of GnRH occurs, which
leads to the bulk release of luteinizing hormone (LH) and follicle-
stimulating hormone (FSH) from the anterior pituitary gland. LH and
FSH facilitate the maturation of follicles, ovulation, and formation of
corpus luteum, whereas follicles and corpus luteum, in turn, release sex
hormones, including estrogen and progesterone, to modulate GnRH
release (Herbison, 2018, 2020). Across the estrus cycle, the estrogen
level is the lowest during estrus, begins to rise by late metestrus and
throughout diestrus, reaches peak concentration during mid-proestrus,
and then drops rapidly, reaching basal value during early estrus
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Fig. 7. Neural control of the HPG axis. (A) A model showing the hypothalamic regions/populations controlling the cascade of hormone release along the HPG axis.
Specifically, ARCX'® controls the pulsatile release of GnRH and AVPVX™ controls GnRH surge. VMHvI and PMv facilitate GnRH surge through their inputs to ARCX',
AVPVXSS and GnRH cells. GnRH stimulates the biosynthesis and the release of LH and FSH from the anterior pituitary gland, which promotes the release of sex
hormones (estradiol and progesterone) from ovaries. (B) Schematics showing the putative activity patterns of AVPVXS and ARCKS cells (Herbison, 2020) and the
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(Levine, 2015) (Fig. 7). Progesterone shows two peaks during the estrous
cycle: the first peak occurs during late-proestrus and the second peak
occurs during metestrus due to activation of the newly formed corpus
luteum (Levine, 2015) (Fig. 7).

Importantly, due to a lack of Esrl, which is necessary for estrogen to
exert feedback on GnRH secretion, GnRH cells are believed to be not
directly controlled by sex hormones (Herbison, 1998). Instead, sex
hormones modulate GnRH cell activity by influencing the inputs to
GnRH cells from brain regions sensitive to sex hormones. Kisspeptin
inputs to the GnRH cells represent a vital driving force for GnRH release.
Kisspeptin is expressed mainly in two clusters of cells, one in the ARC
and the other in the AVPV. ARC kisspeptin (ARCX'®®) cells are considered
the GnRH pulse generator as they show intermittent bursts that correlate
perfectly with pulsatile LH secretion (Clarkson et al., 2017; McQuillan
et al., 2019).

In contrast, AVPV kisspeptin (AVPVKiSS) cells are considered the
GnRH surge generator (Clarkson et al., 2008; Herbison, 2020; Smith
et al., 2006) (Fig. 7). AVPVXS® cells are enriched of Esrl and thus are
well positioned to directly sense estrogen rise during proestrus, a crucial
trigger for GnRH surge, and transmit the information to GnRH cells
(Christian and Moenter, 2010; Clarkson et al., 2008; Plant, 2012; Smith
et al., 2006). Those two GnRH generators also receive inputs from other
hypothalamic structures. The VMHvVI represents one of the estrogen-
sensitive inputs to the AVPV (Fig. 3). During estrus in female mice,
VMHvI*" cells increased excitability (Yin et al., 2022) and the density
of axon terminals from VMHVI™® cells to the AVPV increased drastically
(Inoue et al., 2019). In OVX female mice, estrogen supplement nearly
tripled the post-synaptic response of AVPV cells to VMHvI'® input,
although, in this study, kisspeptin cells were not explicitly labeled
(Inoue et al., 2019). PMv is another region in the mating circuit that
could relay estrogen information to AVPVNSS cells (Fig. 3).
Channelrhodopsin-assisted circuit mapping showed that PMv ACAP cells
make monosynaptic connections onto both AVPVX!® and ARCK®S cells in
female mice (Ross et al., 2018). Deleting PACAP in PMv cells severely
disrupted the estrus cycle (Ross et al., 2018). In female rats, lesions of
the PMv decreased LH increase and reduced AVPV and GnRH neuron
activation during preovulatory GnRH surge (Donato Jr. et al., 2009). It is
worth noting that AVPVXSS neurons not only receive but also send in-
formation to regions in the mating circuit. Hellier et al. recently showed
a projection from AVPVXS cells to the VMHv] in female mice, which can
modulate lordosis bi-directionally, highlighting the complex crosstalk
between the HPG axis and the mating circuit (Hellier et al., 2018). In
addition to modulating the HPG axis through AVPVX' cells, tracing
studies in mice also revealed direct projections from the VMHvl and PMv
to GnRH cells (Boehm et al., 2005; Yoon et al., 2005). Thus, the mating
circuit could serve as “estrogen sensors” and facilitate preovulatory
GnRH surge by enhancing excitatory inputs to GnRH cells, directly or
indirectly, to ensure the synchronization between sexual interest/
receptivity and ovulation.

8. Pheromones modulate the HPG axis through regions in the
female sexual behavior circuit

The HPG axis is also influenced by external cues. The presence of a
male can hasten HPG activation to get the females physically ready for
reproduction. In sheep and goats, non-cycling females can enter estrus
and ovulate by the sudden introduction of a new ram, a phenomenon
known as the “Ram effect” or “Male effect” (Shelton, 1960). In mice,
exposure to males can synchronize the estrous cycle of a group of fe-
males, known as the “Whitten effect” (Whitten, 1956) or promote the
onset of the estrus cycle in prepubertal females, known as the “Van-
denbergh effect” (Vandenbergh, 1967). Exposing recently mated female
mice to unfamiliar males during a three- to four-day critical period for
embryo implantation causes a high rate of pregnancy failure, known as
the “Bruce effect” (Bruce, 1959). All phenomena mentioned above are
mediated by male chemosensory cues, as exposing the females to male
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urine or fleece has similar impacts on the estrus cycle and ovulation
(Dominic, 1965; Gelez and Fabre-Nys, 2004; Marsden and Bronson,
1964; Vandenbergh, 1969). Non-volatiles detected by VNO are essential
for the Bruce effect, whereas volatiles are mainly responsible for the
Whitten effect and Ram effect (Gangrade and Dominic, 1984; Gelez and
Fabre-Nys, 2004; Hattori et al., 2017; Kelliher et al., 2006; Ma et al.,
2002; Oboti et al., 2014).

How do the male chemosensory cues influence the HPG axis? Limited
studies suggest that kisspeptin cells are involved. Kisspeptin cells
showed increased c-Fos expression after male pheromone exposure
(Bakker et al., 2010; Fabre-Nys et al., 2015). When the kisspeptin re-
ceptor was blocked, male cues could no longer induce GnRH surge in
anestrous ewes (De Bond et al., 2013). We speculate that male phero-
mone signals are relayed through AOB and MeA to reach VMHv], PMv,
and then kisspeptin cells (Fig. 3). PMv could be a particularly important
region given that it is highly responsive to male pheromones in females
and projects directly to kisspeptin as well as GnRH cells (Leshan et al.,
2009; Ross et al., 2018). Consistent with this model, unilateral VNO
lesions combined with contralateral PMv lesions blocked male cue-
induced LH surge in female rats (Beltramino and Taleisnik, 1985).

Altogether, current results support an intimate relationship between
the female mating circuit and the HPG axis (Fig. 3). On the one hand, the
HPG axis determines the sex hormone level and, consequently, the
active window for the female mating circuit. On the other hand, the
mating circuit is an integral part of the sex hormone feedback loop that
modulates the HPG axis. They are highly interdependent: the mating
circuit cannot be activated without an appropriate sex hormone envi-
ronment; conversely, the HPG axis cannot cycle properly without inputs
from the sexual behavior circuit. Mate-specific chemosensory cues can
travel through critical regions in the sexual behavior circuit to activate
the HPG axis, which in turn mobilizes the sexual behavior circuit
through sex hormone release. Ultimately, this process allows the females
to get ready to reproduce when the opportunity arises.

9. Concluding remarks

Here, we summarized our current understanding regarding the
neural circuits controlling the three phases of female sexual behaviors:
appetitive, action, and refractory phases. The medial hypothalamus,
including MPOA, VMHvV], and PMyv, is at the core of the neural circuit for
each phase (Fig. 3). During the appetitive phase, the main olfactory
pathway first detects distal male volatiles. Upon reaching the target,
non-volatile pheromones channel through the accessory olfactory
pathway to activate the MPOA, evoking dopamine release from the VTA
in the NAc to maintain social interest towards the male. During the
action phase, when the VMHVI is sufficiently activated by sex hormones
and male pheromones, it permits the PAG to drive the lordosis reflex in
response to appropriate somatosensory inputs. During the refractory
phase, VMHVI activity shuts down, possibly due to strong activation of
BNSTpr and/or actions of specific neuropeptides. While much progress
has been made on the neural circuits of female sexual behaviors, many
questions remain. For example, what are the molecular identities of
MPOA cells promoting sexual interest vs. inhibiting lordosis? Are they
the same cells? What is the molecular identity of PAG cells downstream
of VMHVI®*®" cells? Are the same PAG cells receiving somatosensory
inputs during mounting, driving lordosis, and integrating inputs from
VMHUvI? Or are there additional microcircuit components? The neural
circuit controlling the sudden loss of sexual interest after male ejacula-
tion just starts to emerge. Does BNSTpr exert its function in sexual
refraction through the VMHvI? How does ejaculation trigger the action
of neuroendocrine systems (prolactin, 5-HT, et al.) during early preg-
nancy? Is the VMHvl or MPOA projection to ARCP? cells a relevant
pathway? Future studies combining in vivo recording and pathway-
specific manipulations will help answer these questions.

The sexual behavior circuit is tightly linked to the HPG axis owing to
the high dependence of female sexual behaviors and their associated



L. Yin and D. Lin

outcomes, e.g. pregnancy, on sex hormones. The sexual behavior circuit
can influence the HPG axis through direct synaptic inputs, whereas the
HPG axis controls the release of sex hormones to determine the state (e.
g. activatable or not) of the sexual behavior circuit. Despite their close
relationship, most studies have examined the sexual behavior circuit and
HPG axis separately. A better understanding of their interaction will be
essential to gain a complete view of female reproduction control. Many
fundamental questions remain to be addressed. For example, what are
the major relays in the sexual behavior circuit that modulate the HPG
axis? How are the external pheromone cues and internal ovarian cues
integrated? What are the key regions that pass pheromone information
to the HPG axis? Is there any plasticity in the system? Does mating
experience change the type of cues that activate the HPG axis? In the era
of cross-field research, the investigation of neural and endocrine control
of female reproduction shall converge.
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