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ScienceDirect
Molecular and neural control of sexually dimorphic
social behaviors
Taehong Yang1 and Nirao M Shah1,2
Sexually reproducing animals exhibit sex differences in
behavior. Sexual dimorphisms in mating, aggression, and
parental care directly contribute to reproductive success of the
individual and survival of progeny. In this review, we discuss
recent advances in our understanding of the molecular and
neural network mechanisms underlying these behaviors in
mice. Notable advances include novel insights into the sensory
control of social interactions and the identification of
molecularly-specified neuronal populations in the brain that
control mating, aggression, and parental behaviors. In the case
of the latter, these advances mark a watershed because
scientists can now focus on discrete neural pathways in an
effort to understand how the brain encodes these fundamental
social behaviors.
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emanating from conspecifics. In the case of mice, as in
many other animals, these sensory cues are largely pheromonal in nature. Pheromones are chemosensory cues
that signal social or reproductive status to other individuals within the species [1]. They are detected by sensory
neurons in the nose that reside in the vomeronasal organ
(VNO) or the main olfactory epithelium (MOE). In
males, genetic studies show that both the VNO and
MOE are required for the display of male territorial
aggression and mating [2–6]. In females by contrast, both
the MOE and VNO are required for female receptivity
and maternal aggression, and maternal retrieval of pups
requires the MOE, and redundantly, the VNO [7,8]. The
identity of the pheromones that elicit these behaviors, the
specific chemoreceptors that detect them in the nose, and
the neural circuits downstream of MOE or VNO are the
subject of ongoing research.

Sexually dimorphic behaviors such as mating and aggression are instinctual in the sense that they can be displayed
without prior training, and they are stereotyped and
elicited by ethologically relevant stimuli in a laboratory
setting. The fact that these behaviors do not require
training is consistent with the notion that they are under
selection and developmentally hard-wired, and therefore
accessible to unbiased molecular genetic approaches to
characterize the underlying neural circuits. Together,
these features make them attractive candidates for understanding how the brain encodes complex social interactions.

In addition to external, sensory cues such as pheromones,
the display of sexually dimorphic behaviors is also regulated by internal, physiological signals. In the case of mice
and many other vertebrates, the development and activation of neural circuits underlying these behaviors is
controlled by sex hormones such as estrogens, progesterone, and testosterone [9–12]. These hormones bind to
cognate nuclear hormone receptors that are also essential
for sex-specific social interactions. The sex of the brain is
determined during a critical developmental window that
varies in different vertebrates, but in mice occurs in the
perinatal period. At this time, the ovaries are quiescent
and there is a male-specific surge in circulating testosterone that masculinizes the brain. Subsequent to this early
event, both ovarian as well as testicular sex hormones play
essential roles in the maturation of the brain in the two
sexes. In males, testosterone is also converted into estrogens by the enzyme aromatase which is expressed in
discrete neuronal populations [13,14]. Both aromatase
as well as estrogen receptors are also essential for malepattern displays of mating and territorial aggression [12].
The relative contributions of testosterone and estrogen
signaling in masculine behaviors has been resolved by
recent genetic studies [14–16]. Findings from these studies show that the developmental or organizational effects
of testosterone on masculinizing the brain during the
critical perinatal period are mediated by estrogens; both
estrogens and testosterone are subsequently required for
the male-typical expression of social behaviors.

Despite the instinctual nature of these behaviors, they are
only displayed in the presence of specific sensory stimuli

In summary, sex hormone signaling is necessary and
sufficient to set up sexual differentiation of the brain
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and behavior. Although other pathways have also been
implicated in the control of sexually dimorphic behaviors
[17], sex hormone-regulated pathways are the predominant internal physiological signals that control these social
behaviors. Similarly, pheromones provide the predominant sensory cues in eliciting these behaviors in the
appropriate social context. Accordingly, our review covers
recent progress in understanding how these internal and
external cues regulate sex-specific displays of social behaviors. As we will illustrate throughout this review, a
dominant theme to emerge from these studies is the
exquisite genetic specification of different neural pathways to regulate distinct aspects of social interactions.

Sensory control of sexually dimorphic social
behaviors
A comprehensive survey of progress in uncovering specific classes and sources of pheromones and chemoreceptors that regulate sexually dimorphic social behaviors is
beyond the scope of this article, and it has also been the
subject of numerous excellent reviews [1,18–20], including one in this issue by Stowers and Liberles. Suffice it to
say that not only are we beginning to understand the
diversity of pheromones that mice can detect due to large,
unbiased screens [21,22,23], but various groups are
beginning to link specific pheromones to particular chemoreceptors and behavioral output. It seems clear that
males and females use a diversity of pheromones to
engage in social investigation, sexual behavior, and territorial behaviors, including intermale aggression
[22,23,24,25,26,27,28,29,30,31]. An emerging theme
from recent studies of pheromone-elicited responses is
that these responses can be modulated by physiological
status or prior experience [28,31,32].
In addition to acting as positive signals that trigger
instinctual behavioral responses, pheromones may also
inhibit such behaviors. Indeed, a recent study by Liberles
and colleagues identified a peptide pheromone ESP22
secreted by lacrimal glands in juvenile mice that inhibits
adult males from mating with them [33]. ESP22 is
sufficient to inhibit sexual displays from adult males,
and it acts by activating sensory neurons in the VNO.
Indeed, adult male mice mutant for Trpc2, a cation
channel required for sensory signal transduction in the
VNO, display sexual behavior toward juvenile mice. This
inhibitory signaling system has evolved presumably to
inhibit male sexual behavior toward reproductively futile
targets such as juvenile conspecifics. This study also
informs our understanding of the behavior of male mice
null for Trpc2. Previous work shows that Trpc2 null males
attempt to mate with both adult males and females [2,3].
These findings are compatible with a model wherein the
VNO simply provides a tonic inhibitory signal that inhibits all male sexual behavior in wildtype males. However,
the findings by Liberles’ group provide direct evidence
that in fact pheromones such as ESP22 function to inhibit
Current Opinion in Neurobiology 2016, 38:89–95

male sexual displays. This notion is in accord with other
studies that show that the VNO is also required for the
normal display of male sexual behavior toward wildtype
females [4]. Thus, detection of distinct pheromone ligands by the VNO, presumably via distinct chemoreceptors expressed in non-overlapping sensory neurons, may
either activate or inhibit male sexual behavior. It is
therefore possible that adult males also produce pheromones that inhibit mating attempts by other males, and
impaired VNO function in Trpc2 null males enables
sexual displays toward other males. In summary, there
has been enormous progress in understanding the sensory
mechanisms that guide pheromone-mediated control of
sexually dimorphic social behaviors. The specific neural
pathways that transmit recognition of identified pheromones to the central circuits discussed below to regulate
these behaviors remain to be characterized.

Central control of sexually dimorphic social
behaviors
Two distinct but related approaches underlie recent
advances in the identification and functional characterization of central molecular and neural pathways that
control sexually dimorphic social behaviors. The first
approach utilizes current understanding of hormonal or
molecular control of these behaviors to identify genes and
neurons expressing these genes as an entry-point into the
underlying neural circuits. The second approach utilizes
markers of neural activity such as Fos as an entry-point
into the neural circuits underlying a given behavior. Both
approaches have naturally also been guided by classical
lesion studies that have identified broad domains within
heterogeneous brain regions such as the amygdala or
hypothalamus as being relevant for mating, aggression,
or parental care. In the sections that follow, we have
provided a synthetic overview of recent advances in
the field, combining where possible studies that utilized
one or the other approach.
Molecular control of sexually dimorphic social behaviors

As discussed in the Introduction, sex hormones govern
the entire repertoire of sexually dimorphic behaviors.
What are the molecular mechanisms whereby sex hormones regulate these diverse social behaviors? The titers
of sex hormones in the circulation are sexually dimorphic
and these hormones can regulate gene expression by
binding to their cognate nuclear hormone receptors.
Accordingly, a recent study used unbiased gene expression profiling and identified numerous sex hormone-regulated sex differences in gene expression in various
hypothalamic and amygdalar nuclei in the adult mouse
brain [34]. Moreover, analysis of mice mutant for individual genes expressed in a sexually dimorphic manner
revealed restricted deficits in one or a few components of
sex-specific social behaviors such that other interactions
as well as general sensorimotor coordination and motivated behaviors were unaffected. We discuss one of these
www.sciencedirect.com
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dimorphically-expressed genes, Cckar, that is required for
female sexual behavior in detail below. Together these
findings suggest a model wherein sex hormones control
the repertoire of sexually dimorphic social behaviors in a
modular manner such that sex hormone-dependent, genetically separable signaling networks regulate the display of distinct aspects of sex-specific social interactions
[12,34]. Such modularity in the control of complex social
behaviors also seems to operate at the level of molecularly-specified neuronal populations as described below.
More recently, studies of unrelated behaviors such as
tunneling in Peromyscus have also suggested a modular
genetic architecture underlying different components of
the behavior under consideration [35,36]. Thus, modular
control of behavior may be a general principle whereby
the brain controls diverse behaviors.
How sex hormones control gene expression during the
critical perinatal period and subsequently to drive sexual
differentiation of the brain and behavior is largely unknown. However, a recent study in rats and mice shows
that the early masculinizing surge of sex hormones during
the critical period may inhibit DNA methylation by
modulating the activity of DNA methyltransferases
(DNMT) in the preoptic hypothalamus (POA) [37], a
sexually dimorphic brain region previously implicated in
parental care (see below) and male mating. Indeed,
pharmacological inhibition of DNMT activity or neonatal
deletion of the de novo DNA methyltransferase DNMT3a
in the POA masculinized sexual behavior subsequently in
females. It will be important in future studies to link
changes in DNA methylation of specific DNA sequences
directly with sexually dimorphic expression of particular
genes in identified neurons in the POA, and ultimately tie
in such changes with behavioral output. Previous studies
have demonstrated that in fact adult female mice treated
with testosterone display male sexual behavior [38]. This
suggests that the early DNA methylation events can be
reversed by adult exposure to testosterone; alternatively,
testosterone can also activate male sexual displays in
females via other mechanisms.
Both oxytocin and serotonin have been implicated in the
control of social interactions and reward [39,40], and
several groups have recently studied the role of these
neuromodulatory signaling systems in mating, aggression,
or parental behaviors. For example, oxytocin signaling in
prefrontal and auditory cortical inhibitory neurons is
critical in female mice for social investigation of males
and pup retrieval, respectively [41,42]. By contrast,
serotonin signaling regulates mating partner preference
in both males and females [43,44]. Intriguingly, targeted
deletion of the oxytocin receptor in serotonergic neurons
essentially abrogates male aggression [45], thereby demonstrating control of distinct sexually dimorphic social
behaviors by serotonergic neurons. How such oxytocin,
serotonin, and other neuromodulatory signaling pathways
www.sciencedirect.com

intersect with the hypothalamic or amygdalar neuronal
populations (see below) that regulate these behaviors is
poorly understood.
Molecularly identified neurons that control female
sexual receptivity

As mentioned above, Cckar was identified in a screen for
genes expressed in a sexually dimorphic manner in adult
mice [34]. Cckar is a G-protein coupled receptor for the
neuropeptide cholecystokinin (CCK), and it is expressed
in a sexually dimorphic manner in several brain regions,
including the ventrolateral compartment of the ventromedial hypothalamus (VMHvl). Male mice constitutively
mutant for Cckar do not have overt deficits in social
interactions whereas mutant females show a specific
diminution in sexual receptivity. Administration of Cckar
antagonists to wildtype females in estrus also reduces
sexual receptivity, suggesting that this receptor normally
functions in the adult animal to promote this behavior.
Cckar expression in the VMHvl is largely restricted to
females, where its expression peaks at estrus. Previous
studies have provided strong evidence for a critical role
of the VMH in regulating female sexual behavior [12], and
in fact >95% of Cckar neurons in the VMHvl express
progesterone receptor (PR) [46], which is also required
for this behavior [12]. Genetically targeted ablation of PRexpressing neurons in the VMHvl of adult females led to a
profound diminution of female sexual receptivity [46].
Importantly, neither Cckar mutants nor females lacking PR
(and Cckar) expressing neurons in the VMHvl show deficits
in the estrous cycle or in other behavioral tests, suggesting a
restricted deficit in female mating behavior. Given that the
majority of PR-expressing neurons also express Cckar,
these findings are consistent with the interpretation that
Cckar functions in VMHvl neurons to regulate female
sexual behavior. Previous work has also implicated CCK
in regulating sexual receptivity in female rodents [47], and it
will be important in future studies to identify the source of
CCK to Cckar-expressing VMHvl neurons.
Molecularly identified neurons that control aggression
and male sexual behavior

Decades of lesion as well as stimulation studies had identified a center in the caudal and ventral hypothalamus in cats
as well as rodents that was critical for attack behavior
[12,48]. These studies did not distinguish whether such
manipulations affected fibers of passage or resident neurons
in this area. A recent study localized aggression-eliciting
neurons in male mice within or close to the VMHvl and
further showed that neurons in this region were also activated during male aggression [49]. Strikingly, genetically
targeted ablation of PR-expressing neurons in the male
VMHvl led to significant reduction in male aggression as
well as specific deficits in male sexual behavior [46].
However, males lacking these neurons could distinguish
between the sexes and also marked their territory, indicating that behavioral deficits in mating and aggression did not
Current Opinion in Neurobiology 2016, 38:89–95
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represent pervasive deficits in related social behaviors. A
related study used optogenetics to show that activity of an
overlapping population of VMHvl neurons that expresses
estrogen receptor alpha (Esr1 or ERa) is necessary and
sufficient for male aggression [50]. Remarkably, stimulation of these neurons at lower intensity elicited male sexual
displays toward both male and female mice whereas stronger stimulation elicited attacks toward both sexes. Together with other findings, these studies have identified longsought neurons in the hypothalamus that control aggression, and unexpectedly they have also revealed a previously
unknown function of this region in male sexual behaviors
[46,50]. The control of both mating and aggression by
PR and Esr1 expressing neurons may reflect further molecular and functional heterogeneity within this population.
Alternatively, it may reflect differential neural network
dynamics or recruitment that drive mating or aggression
depending on context or other variables.
These studies in the VMHvl have a surprising parallel with
studies that reveal dual control of male mating and aggression by GABAergic medial amygdalar (MeA) neurons in a
stimulation intensity-dependent manner [51]. The MeA
processes pheromonal cues in urine in a sexually dimorphic
manner, is active during social interactions, and has been
implicated in sexual and aggressive behaviors by previous
studies [52–54]. Male aggression elicits Fos induction preferentially in GABAergic but not glutamatergic neurons
within the MeA [51]. Low intensity optogenetic stimulation of GABAergic neurons in males elicited social grooming or sexual displays toward males or females whereas high
intensity stimulation elicited aggression toward both sexes.
There is a surprising antagonistic relation between glutamatergic and GABAergic MeA neurons such that stimulation of the former elicits self-grooming and inhibition of
social behaviors whereas stimulation of the latter drives
social behaviors and inhibits self-grooming. At least in the
MeA, the dual control of male mating and aggression is
regulated by molecularly distinct groups of neurons. Aromatase expressing neurons are restricted to a subset of
GABAergic neurons exclusively within the posterodorsal
MeA, and targeted ablation or silencing of these aromataseexpressing neurons reduces male aggression without altering mating, sex discrimination, or territorial marking behaviors [55]. MeA neurons that specifically regulate male
sexual but not aggressive behaviors remain to be molecularly identified.
In related studies, aromatase-expressing GABAergic neurons in the posterodorsal MeA are also required for
maternal aggression [55], a behavior exhibited by nursing dams toward unfamiliar intruders in their cage. Importantly, mice exhibit distinct patterns of fighting during
male territorial and maternal aggression, and these two
forms of aggression are regulated by distinct sensory,
hormonal, and molecular pathways. Together, these findings therefore demonstrate that aromatase-expressing
Current Opinion in Neurobiology 2016, 38:89–95

neurons within the posterodorsal MeA regulate different
behaviors in the two sexes [55].
Both PR-expressing neurons in the VMHvl and aromataseexpressing neurons in the posterodorsal MeA control distinct behaviors in the two sexes. Such sexual dimorphism in
neuronal function reflects underlying sex differences in the
neurons themselves, and indeed previous work has identified differences in gene expression or neuronal projections
in these neurons [14,34,46]. Although the MeA and
VMH are inter-connected, it is unlikely that MeA neurons
that are required for aggression synapse directly on to PR
(and Esr1) expressing VMHvl neurons. This is because the
latter population is glutamatergic and is also required for
aggression whereas MeA neurons are GABAergic. This
suggests that if these two neuronal populations are part of
the same circuit then there is likely to be an intermediary
group of neurons that is also GABAergic. In fact, a recent
study has described a GABAergic set of neurons in the
lateral septum that projects to the VMH and inhibits male
aggression [56]. However, these neurons project widely
within the hypothalamus, and it is presently unclear whether they synapse directly on to PR (or Esr1) expressing
VMHvl neurons. Similarly, whether these neurons are
synaptically linked with MeA neurons that regulate aggression is also unknown. Nevertheless, this study provides a
candidate set of GABAergic neurons that may link MeA
and VMHvl neurons that regulate male aggression.
Molecularly identified neurons that control parental
behaviors

Female mice exhibit maternal behavior toward pups even
as virgins whereas male mice are infanticidal toward pups.
This aggressive behavior is transiently inhibited in males
that have ejaculated and sired pups such that they exhibit
parental behaviors during a time window that is programmed to begin at the time of parturition [57]. Dulac
and colleagues recently showed that pup-directed aggression by males is dependent on VNO signaling, and Trpc2
null males show parental behaviors even as virgins [58].
This group found Fos induction upon parenting behaviors in the POA, a region previously implicated in
maternal behaviors. There is significant overlap between
Fos and galanin-expressing neurons in the POA, suggesting a functional role for these neurons during parenting in
males and females. Indeed targeted ablation of galaninexpressing POA neurons reduced parenting in females
and mated males, and it also elicited pup-directed aggression in virgin females but not in mothers or mated
males. By contrast, optogenetic stimulation of these neurons reduced pup-directed aggression in virgin males and
induced parenting behaviors. It is likely that these galaninexpressing POA neurons are heterogeneous because Dulac
and colleagues observed subtle changes in other social and
locomotor behaviors [58]. Nevertheless, this important
study has identified long-sought neurons that regulate maternal care as well as pup-directed aggression in virgin males.
www.sciencedirect.com
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Using a complementary approach, Kimchi and colleagues
focused on neurons that express tyrosine hydroxylase
(TH) in a sexually dimorphic manner in the anteroventral
periventricular nucleus (AVPV) of the hypothalamus
[59]. Targeted ablation of TH-expressing neurons,
which are more numerous in females, reduced maternal
behaviors whereas their activation increased the display
of these behaviors. By contrast, ablation of these neurons
in males increased aggression whereas their activation
decreased this behavior. The functional or anatomical
connectivity between these TH-expressing AVPV neurons and the adjacent galanin-expression POA neurons is
unknown. However these TH-expressing neurons do
project directly to oxytocinergic neurons in the paraventricular hypothalamus, and optogenetic stimulation of
TH-expressing neurons in the AVPV increases oxytocin
in the circulation. Thus, these studies outline a neural
pathway that regulates levels of oxytocin, a neuropeptide
hormone long associated with maternal behaviors.
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There have been remarkable advances in our understanding of the control of complex, sexually dimorphic social
behaviors by genetically-identified neuronal populations.
It seems reasonable to assume that these behaviors are
regulated by separable genetic and neuronal populations.
How these neuronal populations communicate with each
other as well as the outline of the overall neural circuits
within which these neurons function is poorly understood. Similarly, we do not yet have a reasonably complete description of sex hormone-regulated genetic
networks that control distinct social behaviors. How
sex hormone-regulated genetic networks interact with
other molecular pathways that regulate dimorphic behaviors is also poorly understood [17]. We anticipate that
future comparative studies of these sex hormone-regulated genetic networks will yield novel insights into evolutionary processes that have led to changes in the
repertoire of social behaviors in different species.

Conflict of interest statement
Nothing declared.

Acknowledgements
The authors are grateful to Shah lab members for comments on the
manuscript. This work was supported by the Ellison Medical Foundation
(NMS), Brain and Behavior Research Foundation (TY), and the NIH
(R01NS049488, R01NS083872, R01MH108319, U01MH109119) (NMS).

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:
 of special interest
 of outstanding interest
1.

Liberles SD: Mammalian pheromones. Annu Rev Physiol 2014,
76:151-175.

www.sciencedirect.com

11. McCarthy MM: Estradiol and the developing brain. Physiol Rev
2008, 88:91-124.
12. Yang CF, Shah NM: Representing sex in the brain, one module
at a time. Neuron 2014, 82:261-278.
13. Naftolin F, Ryan KJ, Petro Z: Aromatization of androstenedione
by limbic system tissue from human foetuses. J Endocrinol
1971, 51:795-796.
14. Wu MV, Manoli DS, Fraser EJ, Coats JK, Tollkuhn J, Honda S-I,
Harada N, Shah NM: Estrogen masculinizes neural pathways
and sex-specific behaviors. Cell 2009, 139:61-72.
15. Juntti SA, Tollkuhn J, Wu MV, Fraser EJ, Soderborg T, Tan S,
Honda S-I, Harada N, Shah NM: The androgen receptor governs
the execution, but not programming, of male sexual and
territorial behaviors. Neuron 2010, 66:260-272.
16. Raskin K, de Gendt K, Duittoz A, Liere P, Verhoeven G, Tronche F,
Mhaouty-Kodja S: Conditional inactivation of androgen
receptor gene in the nervous system: effects on male
behavioral and neuroendocrine responses. J Neurosci Off J Soc
Neurosci 2009, 29:4461-4470.
17. Arnold AP: Mouse models for evaluating sex chromosome
effects that cause sex differences in non-gonadal tissues.
J Neuroendocrinol 2009, 21:377-386.
18. Stowers L, Kuo T-H: Mammalian pheromones: emerging
properties and mechanisms of detection. Curr Opin Neurobiol
2015, 34:103-109.
19. Touhara K, Vosshall LB: Sensing odorants and pheromones
with chemosensory receptors. Annu Rev Physiol 2009, 71:307332.
20. Dulac C, Torello AT: Molecular detection of pheromone signals
in mammals: from genes to behaviour. Nat Rev Neurosci 2003,
4:551-562.
21. Isogai Y, Si S, Pont-Lezica L, Tan T, Kapoor V, Murthy VN, Dulac C:
Molecular organization of vomeronasal chemoreception.
Nature 2011, 478:241-245.
22. Fu X, Yan Y, Xu PS, Geerlof-Vidavsky I, Chong W, Gross ML,

Holy TE: A molecular code for identity in the vomeronasal
system. Cell 2015, 163:313-323.
Using a screen that matched VNO neuron responses to different components in female urine to the endogenous concentrations of individual
components, the authors identified a new class of pheromones, steroid
Current Opinion in Neurobiology 2016, 38:89–95

94 Neurobiology of sex

carboxylic acids. Two of these pheromones, corticogynic acid and
corticosteronic acid, are found in adult female but not male urine and
elicit social investigation and mounting behavior by males.
23. Haga-Yamanaka S, Ma L, He J, Qiu Q, Lavis LD, Looger LL, Yu CR:
Integrated action of pheromone signals in promoting

courtship behavior in male mice. eLife 2014, 3:e03025.
The authors identified two components in female urine, specific sulfated
estrogens and a biochemical fraction, that correspond to cues present in
estrus urine and in urine from females independent of the estrous cycle
stage. The sulfated estrogens activate VNO receptors of the V1rj class
whereas the female gender-specific cues activate the V1re class of
receptors. A combination of these two sets of cues elicits mounting
behavior by males.
24. Lin DY, Zhang S-Z, Block E, Katz LC: Encoding social signals in
the mouse main olfactory bulb. Nature 2005, 434:470-477.
25. Kimoto H, Haga S, Sato K, Touhara K: Sex-specific peptides
from exocrine glands stimulate mouse vomeronasal sensory
neurons. Nature 2005, 437:898-901.
26. Haga S, Hattori T, Sato T, Sato K, Matsuda S, Kobayakawa R,
Sakano H, Yoshihara Y, Kikusui T, Touhara K: The male mouse
pheromone ESP1 enhances female sexual receptive
behaviour through a specific vomeronasal receptor. Nature
2010, 466:118-122.
27. Roberts SA, Simpson DM, Armstrong SD, Davidson AJ,
Robertson DH, McLean L, Beynon RJ, Hurst JL: Darcin: a male
pheromone that stimulates female memory and sexual
attraction to an individual male’s odour. BMC Biol 2010, 8:75.
28. Dey S, Chamero P, Pru JK, Chien M-S, Ibarra-Soria X, Spencer KR,
 Logan DW, Matsunami H, Peluso JJ, Stowers L: Cyclic regulation
of sensory perception by a female hormone alters behavior.
Cell 2015, 161:1334-1344.
The authors show that females are attracted to MUPs (major urinary
proteins) in male urine only when they are in estrus and that MUPs
activate VNO neurons from females in estrus but not at other stages in
the estrous cycle. The inhibition of VNO neuronal response to MUPs is
mediated by progesterone signaling via PGRMC1, and the authors further
elucidate a signal transduction mechanism for this effect of progesterone.
29. Li Q, Korzan WJ, Ferrero DM, Chang RB, Roy DS, Buchi M,
Lemon JK, Kaur AW, Stowers L, Fendt M et al.: Synchronous
evolution of an odor biosynthesis pathway and behavioral
response. Curr Biol 2012 http://dx.doi.org/10.1016/
j.cub.2012.10.047.
30. Chamero P, Marton TF, Logan DW, Flanagan K, Cruz JR,
Saghatelian A, Cravatt BF, Stowers L: Identification of protein
pheromones that promote aggressive behaviour. Nature 2007,
450:899-902.
31. Kaur AW, Ackels T, Kuo T-H, Cichy A, Dey S, Hays C, Kateri M,

Logan DW, Marton TF, Spehr M et al.: Murine pheromone
proteins constitute a context-dependent combinatorial code
governing multiple social behaviors. Cell 2014, 157:676-688.
Male mice from different inbred strains display a strain-specific blend of
MUPs that elicits countermarking with urine from other strains. Although
the aggressive response elicited by MUPs found on other males is not
learned, the countermarking behavior can be conditioned by prior exposure to a MUP blend.
32. Roberts SA, Davidson AJ, McLean L, Beynon RJ, Hurst JL:
Pheromonal induction of spatial learning in mice. Science
2012, 338:1462-1465.
33. Ferrero DM, Moeller LM, Osakada T, Horio N, Li Q, Roy DS,
 Cichy A, Spehr M, Touhara K, Liberles SD: A juvenile mouse
pheromone inhibits sexual behaviour through the
vomeronasal system. Nature 2013, 502:368-371.
Adult male mice attempt to mate with adult females but not with conspecific juveniles. The authors identify a peptide pheromone ESP22
secreted by the juvenile lacrimal gland that inhibits mating attempts by
wildtype males. This pheromone is recognized by VNO sensory neurons
and accordingly Trpc2 null males that have impaired VNO function
attempt to mount juvenile mice. This study provides direct evidence that
male sexual behavior can be inhibited by pheromones detected by VNO
neurons.
34. Xu X, Coats JK, Yang CF, Wang A, Ahmed OM, Alvarado M,
Izumi T, Shah NM: Modular genetic control of sexually

dimorphic behaviors. Cell 2012, 148:596-607.
Current Opinion in Neurobiology 2016, 38:89–95

The authors identify many novel sex hormone-regulated sex differences
in gene expression in the adult hypothalamus and medial amygdala. Mice
individually mutant for such genes exhibit restricted deficits in one or a
few components of sexually dimorphic social behaviors in males or
females without alterations in other social or unrelated behaviors. These
findings suggest a model wherein sex hormones regulate the entire
repertoire of sexually dimorphic social behaviors via modular, separable
genetic pathways.
35. Weber JN, Peterson BK, Hoekstra HE: Discrete genetic modules
are responsible for complex burrow evolution in Peromyscus
mice. Nature 2013, 493:402-405.
36. Greenwood AK, Wark AR, Yoshida K, Peichel CL: Genetic and
neural modularity underlie the evolution of schooling behavior
in threespine sticklebacks. Curr Biol 2013, 23:1884-1888.
37. Nugent BM, Wright CL, Shetty AC, Hodes GE, Lenz KM,
Mahurkar A, Russo SJ, Devine SE, McCarthy MM: Brain
feminization requires active repression of masculinization via
DNA methylation. Nat Neurosci 2015, 18:690-697.
38. Edwards DA, Burge KG: Early androgen treatment and male and
female sexual behavior in mice. Horm Behav 1971, 2:49-58.
39. Choe HK, Reed MD, Benavidez N, Montgomery D, Soares N,
Yim YS, Choi GB: Oxytocin mediates entrainment of sensory
stimuli to social cues of opposing valence. Neuron 2015,
87:152-163.
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