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Abstract
Many mammalian species use chemosignals to coordinate reproduction by altering the physiology
and behavior of both sexes. Chemosignals prime reproductive physiology so that individuals
become sexually mature and active at times when mating is most probable and suppress it when it
is not. Once in reproductive condition, odors produced and deposited by both males and females
are used to find and select individuals for mating. The production, dissemination and appropriate
responses to these cues are modulated heavily by organizational and activational effects of
gonadal sex steroids and thereby intrinsically link chemical communication to the broader
reproductive context. Many compounds have been identified as “pheromones” but very few have
met the expectations of that term: a unitary, species-typical substance that is both necessary and
sufficient for an experience-independent behavioral or physiological response. In contrast, most
responses to chemosignals are dependent or heavily modulated by experience, either in adulthood
or during development. Mechanistically, chemosignals are perceived by both main and accessory
(vomeronasal) olfactory systems with the importance of each system tied strongly to the nature of
the stimulus rather than to the response. In the central nervous system, the vast majority of
responses to chemosignals are mediated by cortical and medial amygdala connections with
hypothalamic and other forebrain structures. Despite the importance of chemosignals in mammals,
many details of chemical communication differ even among closely related species and defy clear
categorization. Although generating much research and public interest, strong evidence for the
existence of a robust chemical communication among humans is lacking.
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Chemical signals or chemosignals, often termed “pheromones”, are an important and often
critical means of communication for most mammalian species. Most mammals make,
distribute and respond to chemosignals in many contexts, including those surrounding
reproduction, parent-offspring interactions and territorial/dominance relationships (Brown
and Macdonald, 1985). This review focuses on the direct links between social odors and
reproduction, that is, the effects of chemosignals on reproductive physiology and behavior in
male and female mammals. The voluminous literature on chemosignals and reproduction
precludes discussion of chemosignal-influenced behaviors or physiological processes that
are further removed from copulation. So, while territorial acquisition and defense (Gosling
et al., 2001; Hurst and Beynon, 2004) and maternal behavior (Kendrick et al., 1997) are
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critical for reproductive success and involve chemosignals, research in these areas will not
be covered. Also, a comprehensive review that covers each mammalian order is not possible
here and so this review will focus on species for which there is the most information.
Unfortunately, this will generally limit discussion to farm and laboratory species; the
interested reader is directed to several sources that provide a more comprehensive treatment
of odor-communication in mammals ((Brown and Macdonald, 1985) and relevant sections
in (Hurst et al., 2008; Mason et al., 2005; Wyatt, 2003)).

Chemosignals and Pheromones
Before asking what role chemosignals play in mammalian reproduction, one must explain
why the term “pheromone” is not used throughout this review. “Pheromone” was used
initially to describe the conspecific chemosignals that elicit behavioral and physiological
responses of insects and was defined as “substances which are secreted to the outside by an
individual and received by a second individual of the same species, in which they release a
specific reaction, for example, a definite behavior or a developmental process” (Karlson and
Luscher, 1959; Wyatt, 2009). This idea, roughly analogous to an external hormone, was a
logical extension of the classic ethological idea of a species-specific “sign stimulus” that
released a biologically important, unlearned (or “innate”) and stereotyped behaviors
described as “fixed action patterns” (Tinbergen, 1951). The early observations that one or, at
most, a handful of chemical compounds were necessary and sufficient for eliciting various
behaviors in insects suggested to researchers that similar effects would be observed in
mammals (Wyatt, 2003), and that these pheromones could be divided into “releaser
pheromones” that affected behavior, and “primer pheromones” that affected developmental/
physiological processes.

The problems with extending the term “pheromone” to mammalian biology were recognized
early by researchers who noted that mammalian reproductive behavior and physiology is not
rigid but is, instead, flexible, context-dependent and modifiable by experience (Doty, 2010;
Doty, 1986; McClintock, 2002), characteristics quite different from the typical conception of
“pheromone”. Despite some successes in isolating specific and behaviorally active
compounds (primarily in rodents), these individual substances have rarely been as effective
as the full odor and, in several cases, are not species-specific (Gelez and Fabre-Nys, 2004;
Ingersoll and Launay, 1986; Rasmussen et al., 1996; Zhang et al., 2008b). Indeed, many
identified compounds in social odors have multiple behavioral and physiological functions
(Novotny, 2003), suggesting that the releaser vs. primer pheromone distinction is not
meaningful at the stimulus level. Moreover, fine distinctions made by animals on the basis
of social odors (such as individuality, familiarity, kin) are unlikely to be mediated by the
presence or absence of one or a very small number of unique compounds and may, instead,
require processing of an odor mosaic or blend (Johnston, 2008). Consequently, in this
review, the use of the term “pheromone” will be mostly avoided and the more neutral terms
“chemosignal“ or “scent” or “odor” will be used in its place.

Chemosensory Systems
The basic anatomy and physiology of chemosignal-processing circuits is well defined and
consists primarily of the main olfactory system (MOS) and the accessory olfactory system
(AOS) and is reviewed in detail elsewhere (Chamero et al., 2012; Halpern and Martinez-
Marcos, 2003; Zufall and Leinders-Zufall, 2007). These two systems are largely separate,
having both separate sensory neuron populations in the nasal cavity (MOS: main olfactory
epithelium (MOE); AOS: vomeronasal organ (VNO)), segregated representations in the
nervous system (Figure 1) and responsiveness to different types of chemosignals: primarily
volatile chemicals for the MOS and primarily non-volatiles molecules for the AOS.
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Nevertheless, complex interactions can occur between these two systems as evidenced by
increased accessory olfactory bulb (AOB) activity to volatile chemosignals, an effect
dependent on the integrity of the MOS and not on the VNO, (Martel and Baum, 2007) and is
likely due to the main olfactory bulb (MOB)-recipient zone in MA projecting back to the
AOB (Martel and Baum, 2009b).

The separation of the central AOS/MOS components is not complete as the anterior medial
amygdala (MA) receives both direct AOB and MOB information (Fan and Luo, 2009; Kang
et al., 2009; Mohedano-Moriano et al., 2012). Interconnections between the two systems
also occur within the cortical and MA (Maras and Petrulis, 2010a; Martinez-Marcos, 2009)
as well as within downstream structures (Newman, 1999). The MA and connected areas also
contain many neurons that are responsive to gonadal steroids (Wood, 1997). Detailed
connectional analysis of the MA, bed nucleus of the stria terminalis (posterior) (BNST),
medial preoptic area (MPOA) and ventromedial hypothalamus (VMH) has revealed that
within each structure, the region that receives the majority of chemosensory information is
separate from the area that contains the greatest concentration of androgen (AR) and
estrogen (ER) receptors, thus suggesting that steroid and chemosensory information are
represented by separate and parallel systems (Newman, 1999; Wood, 1997). For example,
the MA can be divided into the chemoreceptive zone that includes the anterior medial
amygdala (MAa) and the hormone-sensitive posterodorsal medial amygdala (MApd).
Indeed, neural activity in responses to odors in MAa and MApd appear to be different, with
greater selectivity for social odors evident in MApd than in MAa (Meredith and Westberry,
2004; Samuelsen and Meredith, 2009) and that the chemosensory-induced immediate-early
gene (IEG) response in MApd, BNST and MPOA requires an intact MAa, but not MApd
(Maras and Petrulis, 2010b). Likewise, the BNST can be divided into a chemosensory
region, the posterior intermediate BNST that receives heavy input from MAa and the
hormonal region, the posteromedial BNST, which contains a large population of steroid-
sensitive cells (de Vries and Sodersten, 2009; Wood and Swann, 2005). A similar separation
continues within the MPOA and VMH (Wood, 1997). Each of these systems is heavily
interconnected with itself but, within each anatomical element (MA, BNST, diencephalic
areas), the steroid-sensitive and chemosensory sub-regions are also interconnected with one
another (Coolen and Wood, 1998; Gomez and Newman, 1992) thereby providing a substrate
whereby steroid hormones and chemosensory systems can interact (Been and Petrulis, 2011;
Maras and Petrulis, 2010a). This distinction between hormonal and chemosensory aspects of
MA, BNST and diencephalic areas is not absolute, as MAa does contain sex-steroid
receptors (Wood, 1998; Wood et al., 1992) and MApd does receive indirect main olfactory
input from ACo as well as limited direct and indirect (via posteromedial cortical amygdala:
PMCo) AOB input (Kevetter and Winans, 1981a, b).

In general, perception of social chemosignals elicits increased IEG expression, an indirect
measure of neural activity (Morgan and Curran, 1989), in neurons within most parts of the
AOS and MOS of both sexes including the olfactory bulbs; the greatest sex-differences are
often observed in the MPOA and ventral hypothalamic regions (Baum and Kelliher, 2008).
The MOB/AOB of males and female show similar levels of IEG response to same- or
opposite-sex chemosignals in mice (Halem et al., 1999), hamsters (Fiber and Swann, 1996),
ferrets (Kelliher et al., 1998) and rats (Bressler and Baum, 1996) whereas IEG responses to
chemosignals in MPOA are sexually-dimorphic yet quite variable across species and
stimulus. For example, IEG response of MPOA to female chemosignals is only seen in male
hamsters (Fiber and Swann, 1996) and female ferrets (Kelliher et al., 1998) but are similar in
male and female mice (Brock et al., 2012; Pierman et al., 2008). Conversely, MPOA
responses to male odors are strongly sexually-differentiated in mice: females show much
higher IEG expression than males (Halem et al., 1999; Pierman et al., 2008).
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The response of different brain areas to chemosignals is altered by gonadal steroid action,
but whether these responses are organized developmentally or are due to activational effects
of steroids varies between brain regions. In mice, the chemosensory-IEG response in males
(primarily in diencephalic structures and BNST) appears due to organizational effects of
androgens and not estrogens (Bodo and Rissman, 2007, 2008; Pierman et al., 2008;
Wersinger and Rissman, 2000) whereas IEG responses in females may develop due to early
estrogen action (Brock et al., 2012). This is in contrast to male rats that do require estrogenic
activity during early development for sex-differentiated IEG response to male odors but,
interestingly, not for responses to female odors (Bakker et al., 1996a). Sex differences in
responses of MA to female odors and, in some species the BNST, may be primarily due to
adult circulating levels of testosterone as these sex differences are eliminated by testosterone
(T) treatment in gonadectomized hamsters (Fiber and Swann, 1996) and rats (Bressler and
Baum, 1996; Paredes et al., 1998) and are unaffected by early aromatase knockdown
(Pierman et al., 2008) or AR disruption (Bodo and Rissman, 2007) in mice. Indeed, the
known sex difference in MA size and morphology is due primarily to circulating effects of
steroids (Cooke, 2006).

AOS and MOS responses to chemosignals depend on a functioning VNO or main olfactory
epithelium (MOE) but this sensitivity interacts with the socio-sexual experience of the
animal. VNO removal in sexually-naïve male mice and hamsters eliminated or greatly
reduced IEG expression in MA/BNST/VMH/MPOA in response to female chemosignals
(Fernandez-Fewell and Meredith, 1994, 1998; Pankevich et al., 2006; Samuelsen and
Meredith, 2009). In contrast, the IEG response to female chemosignals in MA/BNST/
MPOA of sexually-experienced male hamsters is dependent on the MOE and less so on the
VNO (Fewell and Meredith, 2002; Swann et al., 2001) or both systems in sexually-
experienced male rats (Dhungel et al., 2011a). For example, although VNO removal
eliminates AOB IEG responses and reduces MApd responses to female chemosignals, IEG
expression in MAa/BNST/MPOA is not reduced post-surgery (Fewell and Meredith, 2002).
This suggests that conditioning between volatile chemosignals and non-volatile cues (via
VNO activity) and other sexual stimuli during copulation is sufficient to allow the MOS to
drive chemosignal-based neural activity. Indeed, male rats exposed to non-social odors that
have been conditioned during copulation show IEG responses different from those that they
show toward chemosignals from estrous females and primarily activate MOS and reward-
related structures, such as the nucleus accumbens (Kippin et al., 2003). Similarly, IEG
responses in the MPOA or nucleus accumbens to sexual chemosignals only occur in
sexually experienced male and female rats (Hosokawa and Chiba, 2005, 2007).

Chemosignals and Physiology: Females
Reproductive Facilitation

Puberty Acceleration (Vandenbergh Effect)—The presence of male chemosignals
prior to reproductive maturity accelerates the onset of puberty (first day of estrus) in juvenile
female house mice (Vandenbergh, 1969), meadow voles (Baddaloo and Clulow, 1981),
Siberian hamsters (Reasner and Johnston, 1988), prairie voles (Carter et al., 1980), pine
voles (Lepri and Vandenbergh, 1986) and sheep (Knight et al., 1975). It is, however, the
tactile interactions between male and female in addition to male urinary cues that lead to the
greatest acceleration of puberty (Bronson and Maruniak, 1975). In mice, this pubertal
acceleration occurs in response to soiled bedding or urine produced by reproductively active,
dominant male mice (Vandenbergh, 1969) and this chemosignal would appear to be
androgen-dependent as T injections restore activity to a castrated male’s or even to a
diestrous female’s urine. However, urine from singly housed pregnant, lactating or estrous
adult female mice also accelerates puberty in juvenile female mice (Drickamer and Hoover,
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1979) as will exposure to male rat urine (Colby and Vandenberg, 1974) indicating that scent
from any reproductively-active individual may be effective in accelerating puberty.

The puberty-accelerating chemosignals in male mouse urine were initially thought to be the
protein fraction (Vandenbergh et al., 1975) but it now apparent that these major urinary
proteins (MUPs) bind to several low molecular weight compounds that accelerate puberty
(Novotny et al., 1999b). These MUPs may normally protect these molecules from oxidation
and act as a reservoir for the gradual release of volatile chemosignals and possibly aid in the
transport and interaction of volatiles to chemosensory structures rather than acting directly
as chemosignals (Hurst and Beynon, 2004; Novotny et al., 1999b; Utsumi et al., 1999) but
see (Mucignat-Caretta et al., 1995). These volatile compounds have been identified as 2-sec-
butyl dihydrothiazole (SBT), 3, 4-dehydro-exo-brevicomin (DHB), 6-hydroxy-6-methyl-3-
heptanone (HMH) and two farnesenes (Novotny et al., 1999a; Novotny et al., 1999b). Other
urinary compounds such as isobutylamine and isoamylamine may also accelerate puberty
(Nishimura et al., 1989). The occurrence of these volatile chemosignals matches the
conditions under which urine will accelerate puberty; they are only found in the urine of
dominant adult male mice and are T-dependent (Novotny et al., 1999a). Similarly, MUPs are
more abundant in male urine and show some dependence on circulating androgen levels
(Armstrong et al., 2005). The puberty-acceleration substances found in the urine of estrous,
pregnant or lactating females partially overlap with those found in male urine (Jemiolo et al.,
1989).

Puberty-accelerating chemosignals increase the release of luteinizing hormone (LH) from
the pituitary in juvenile female mice within thirty minutes of exposure (Bronson and
Desjardins, 1974), which, through increases in gonadal estrogen secretion, induces puberty
(Sisk and Foster, 2004). This effect is eliminated by removing the olfactory bulbs (OBX)
(Zarrow et al., 1970) or damaging the AOS (Kaneko et al., 1980; Lomas and Keverne,
1982). Indeed, puberty-accelerating chemosignals alter activity in VNO receptor neurons
with both high specificity and high sensitivity (Leinders-Zufall et al., 2000) with different
chemosignals activating different VNO receptor populations (Boschat et al., 2002; Brennan
et al., 1999). Although the MOE can detect HMH (Trinh and Storm, 2003), females with
MOE damage still accelerate their puberty in response to male urine but, curiously, not to
urine from pregnant or lactating females (Drickamer, 1986). Both the MOS and AOS, via
MA, provide input to the hypothalamic gonadotropin-releasing hormone (GnRH) cells that
control release of luteinizing hormone (LH). MA neurons pre-synaptic to GnRH cells show
increased IEG activity in response to male urine and α-farnesene suggesting that these
amygdala efferents mediate the effects of male chemosignals on puberty acceleration
(Boehm et al., 2005; Yoon et al., 2005).

Based on the short life-span of wild mice, any acceleration of reproductive physiology in the
presence of breeding opportunity, such as indicated by cues from opposite-sex individuals,
would seem to be an adaptive response. This is not necessarily the case, however, as early
pubertal onset induced by males or male urine reduces survivorship and leads to fewer litters
with fewer offspring per litter in wild female mice (Drickamer, 1988). Although puberty-
accelerating chemosignals are present in wild male mice (Massey and Vandenbergh, 1981)
and do increase population density (Drickamer and Mikesic, 1990), it appears that female
reproductive success increases by avoiding pubertal acceleration under natural conditions.

Ovulation Induction (Whitten Effect; (Whitten et al., 1968))
Similar to the puberty acceleration by male cues, the presence of chemosignals from adult
males can also promote ovulation in anovulatory group-housed mice (Marsden and Bronson,
1964) or rats (Johns et al., 1978) through increases in LH and decreases in prolactin (PRL)
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secretion (Keverne and de la Riva, 1982). This pro-ovulatory “male effect” of chemosignals
also occurs in induced-ovulator species such as prairie voles (Carter et al., 1980) and gray
short-tailed opossum (Fadem, 1987) as well as in anestrous domestic sheep and goats (Gelez
and Fabre-Nys, 2004). Although not directly comparable to species in which ovulation is
triggered by male chemosignals, there is evidence in humans of a modest advancement of
LH surges in women following prolonged exposure to male axillary scent (Preti et al.,
2003). Normally only reproductively active males generate the chemosignals that induce
ovulation and this ability depends on T in mice (Bronson and Whitten, 1968), Siberian
hamsters (Dodge et al., 2002), prairie voles (Carter et al., 1980) and goats (Iwata et al.,
2000). However, it should be noted, that in other species, such as pine voles, exposure to
males themselves, rather than their chemosignals, is required for reproductive activation
(Solomon et al., 1996) indicating substantial species-differences in the requirement of
chemosignals for ovulation induction.

In mice, volatile estrous-accelerating chemosignals overlap with those that promote early
puberty (Bronson and Whitten, 1968; Jemiolo et al., 1986). Similarly, volatile chemosignals
also drive LH/ovulation in goats and sheep (Gelez and Fabre-Nys, 2004) and appears to be a
blend of 1, 2-hexanedecanediol, 1, 2-octanedecanediol and fatty acids in sheep (Cohen-
Tannoudji et al., 1994) and substances derived from 4-ethyl octanoic acid in goats (Murata
et al., 2009). However, not all estrous-accelerating chemosignals are volatile; direct contact
is required for reproductive activation in female prairie voles (Carter et al., 1980).
Experience with the male may modulate the response in ewe’s response to rams: the number
of females experiencing LH responses to male odors was greater in sexually experienced
ewes than in virgin ewes. Moreover, the LH responses can become conditioned to neutral
odorants following pairing with a male (Gelez et al, 2004a).

Species differences are present in the sensory systems that mediate estrous-acceleration or
induction. In female rats (Johns et al., 1978), opossums (Jackson and Harder, 1996), and
prairie voles (Lepri and Wysocki, 1987) AOS damage prevents or reduces induction of
estrus. In contrast, VNO removal does not block onset of mating in meadow voles (Meek et
al., 1994) or male-chemosignal induction of LH release in sheep (Cohen-Tannoudji et al.,
1989). In ewes, damaging the MOE impairs LH secretion in response to male odors
implicating the MOS in this response (Gelez and Fabre-Nys, 2004). Indeed, inactivation of
anterior cortical amygdala, but not the MA, eliminates the endocrine response to male odors
in ewes (Gelez et al., 2004). In female rats, the connections from MA and BNST to
hypothalamus, via the ventral premammilary hypothalamus (VPH) is the critical pathway
for stimulatory effects of male odors on female ovarian cyclicity. Stimulation of either MA
or BNST advances LH surge in proestrous females and increases LH in estrogen-treated
OVX female rats (Beltramino and Taleisnik, 1978, 1980) and lesions of VPH block these
effects (Beltramino and Taleisnik, 1985). In ruminants, electrophysiological evidence has
demonstrated that male chemosignals directly increase GnRH cell activity in the ventral
forebrain of females (Okamura et al., 2010).

Even though chemosignals are sufficient to trigger LH release, they are not necessary in
sheep as OBX has no effect on LH released by exposure to the male itself (Cohen-Tannoudji
et al., 1986) showing that non-chemosensory cues can elicit LH release (Bakker and Baum,
2000) as they do in ferrets (Bakker et al., 2001). Indeed, non-chemosensory cues, such as
genital stimulation, synergize with chemosensory ones for a maximal LH response in
ruminants and are required to maintain elevated LH long enough for ovulation to occur
(Delgadillo et al., 2009).
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Ovarian Synchrony
In addition to the well-studied phenomenon of male-induced ovarian synchrony, several
reports suggest that mammals show chemosignal-induced synchronization of their ovulatory
cycles. An early study presented evidence that cohabitating female humans synchronize
their menstrual cycles over time and postulated that this was mediated by chemosignals
(McClintock, 1971). Similarly, housing female rats together or sharing airborne cues
reportedly increased the number of animals showing estrous cycle synchrony (McClintock,
1984; McClintock and Adler, 1978). Computational modeling suggested that synchrony
could be brought about by two chemosignals: a phase-advancing signal produced by
follicular stage females and a phase-delay signal produced by ovulatory females (Schank
and McClintock, 1992). Such an effect was reported for humans (Stern and McClintock,
1998) and has been inferred in earlier studies reporting synchrony in humans (Weller and
Weller, 1993). However, other studies or re-analysis of previous studies, have found no
evidence of cycle synchrony in humans (Schank, 2001b; Strassmann, 1999; Whitten, 1999;
Wilson, 1987, 1992), non-human primates (chimpanzee: (Matsumoto-Oda et al., 2007);
Mandrill: (Setchell et al., 2011); macaque (Furtbauer et al., 2011)), rats (Schank, 2001a) or
hamsters (Schank, 2000). It might be that cycle synchrony occurs only in very restricted and
contextually-specific circumstances (McClintock, 2002) but, on balance, the evidence
suggests that ovarian synchrony does not exist as a biologically meaningful phenomenon
(Schank, 2001b, 2006).

Reproductive Suppression
Puberty Delay—The onset of puberty can be delayed by several days in single-sex, group-
housed female mice (Colby and Vandenberg, 1974) and pine voles (Lepri and Vandenbergh,
1986; Rissman and Johnston, 1985) exposed to urine from group-housed females. Unlike
puberty-acceleration, this delay of sexual maturation is the same as that produced by group-
housing itself (Drickamer, 1977) indicating that social odors are the critical social factor
retarding puberty in mice. Of note, bladder urine from single-housed females delayed sexual
maturation in juvenile female mice (McIntosh and Drickamer, 1977) unless treated with
urethral tissue homogenates from singly-housed female mice, indicating that single-housed
females normally produce peri-genital substances that suppress puberty-delay chemosignals.
These chemosignals are produced by reproductively-active, juvenile and ovariectomized
(OVX) group-housed females (Drickamer, 1977; Drickamer et al., 1978) suggesting little
involvement of the female reproductive system in production of the chemosignal. In
contrast, adrenalectomy eliminated production of the puberty-delay chemosignal (Drickamer
and McIntosh, 1980); this adrenal-dependent chemosignal was identified as 2,5-
dimethylpyrazine (DMP) (Jemiolo and Novotny, 1994) and appears to be as potent as the
urine itself (Novotny et al., 1986).

Damage to the MOE did not impair puberty-delay in response to group-housed female urine
(Drickamer, 1986). Although not directly tested, the VNO is likely required for response to
the puberty-delay chemosignal, as DMP increased cellular activity in VNO receptor neurons
(Sam et al., 2001). Although the central mechanisms underlying the puberty-delay
phenomenon have not been identified, they may work through central and basolateral
amygdala (BLA) connections with the anterior BNST and lateral hypothalamus: stimulation
of BLA and anterior BNST inhibited LH surges and ovulation in female rats (Beltramino
and Taleisnik, 1978, 1980).

The fact that puberty-inhibition is caused by group-housing in laboratory settings suggests
that delay of reproduction might exist under natural conditions of high population density
and increases in resource competition. Indeed, urine from females in dense wild populations
delayed puberty in juvenile female laboratory mice whereas urine from stable, less dense
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populations did not (Massey and Vandenbergh, 1980). Similarly, application of urine from
group-housed females to mice living in large outdoor enclosures resulted in reduced
population densities (Drickamer and Mikesic, 1990). Taken together, chemosignal-induced
delay of reproductive maturity is likely to occur under natural conditions.

Inhibition of Ovarian Cyclicity (Lee-Boot Effect: (Van Der Lee and Boot,
1955, 1956)

Exposure to group-housed female odors can also suppress estrous cyclicity in mice
(Champlin, 1971) via adrenal gland activity (Ma et al., 1998) similar to their ability to delay
puberty. Indeed, DMP, the same adrenal-sensitive chemosignal that delays puberty, also
suppresses estrus in female mice (Ma et al., 1998). Estrous suppression by odors from
grouped-housed female mice depends on a VNO-mediated increase in PRL secretion
(Reynolds and Keverne, 1979).

Pregnancy Blockade (Bruce Effect: (Bruce, 1959))
Recently inseminated female mice exposed to novel males show a high rate of pregnancy
failure and early resumption of estrous cycles, but not if the male is the one that mated with
the female (Bruce, 1969). This selective pregnancy block is mediated by chemosensory cues
as urine from novel males alone can disrupt pregnancy (Dominic, 1966). The ability of male
urine to induce pregnancy disruption depends on T; urine from gonadectomized or juvenile
male mice does not block pregnancy whereas T-replacement, even in females, restores the
ability of urine to disrupt pregnancy (Dominic, 1965). Male urine is as effective as the
presence of a male in disrupting pregnancy in mice (Dominic, 1966), pine voles (Schadler,
1981) and prairie voles (Smale, 1988), but not for field or meadow voles (Milligan, 1976).
Even in mice, the genetic strain of subjects and those of the chemosignal donors as well as
the specifics of experimental testing conditions determine the strength of chemosignal-
specific effects (de Catanzaro et al., 1999; deCatanzaro et al., 1995).

The constituents of male mouse urine that induce pregnancy disruption are currently
unknown but do appear to require contact (deCatanzaro et al., 1995). More recently the low
molecular weight (LMW), but not the high molecular weight (HMW), fraction of unfamiliar
male’s urine was found to block pregnancy in some females suggesting that the individually-
specific information is carried by volatile components of urine (Peele et al., 2003).
Nevertheless, the LMW fraction of unfamiliar male urine was not as effective as un-
fractionated urine in blocking pregnancy unless recombined with the HMW component.
This may indicate that volatile signals may bind to MUPs for transport to, and interaction
with, chemosensory receptors. Similarly, volatiles might also bind to major
histocompatibility complex (MHC) gene peptides that are known to contribute to odor
individuality (Spehr et al., 2006; Yamazaki et al., 1983) and activate the VNO (Leinders-
Zufall et al., 2004). However, MHC peptides are not normally present in mouse urine
casting doubt on whether these components normally assist or mediate pregnancy block (He
et al., 2008). The volatile components of an individual’s odor profile that allow a female to
recognize familiar or unfamiliar males are unknown but do not involve the volatile male
mouse chemosignals SBT, DHB or farnesenes (Brennan et al., 1999; Zacharias et al., 2000).

In addition to the hypotheses that MHC and/or MUP-related chemosignals mediate the
selective male-induced pregnancy blockade, there is evidence that unconjugated estrogens
secreted in male urine may function as pregnancy disruptors (as well as puberty accelerants)
in mice (deCatanzaro, 2011). Small increases in estrogens, via systemic injections or by
topical/intranasal contact, prevent embryo implantation in mice (deCatanzaro et al., 2001).
Reducing estrogen levels in males, via aromatase inhibition and low phytoestrogen diet,

Petrulis Page 8

Horm Behav. Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



reduces the ability of these novel males to disrupt pregnancy (Beaton and deCatanzaro,
2005) whereas increasing estrogen levels in castrated males reinstates their ability to prevent
implantation (Thorpe and deCatanzaro, 2012). Nasal exposure to urine from males treated
with radioactive estrogens results in substantial distribution of labeled estrogens in brain and
uterus of treated females (Guzzo et al., 2010); similar effects are observed in females
interacting with male or female conspecifics treated with radioactive estrogens (Guzzo et al.,
2013). Novel males exposed to females modestly increase estrogen levels (close to levels
needed to disrupt pregnancy) in their urine, an effect not seen in sires (familiar mates)
housed near their female mates (deCatanzaro et al., 2006). As in most of these experiments,
pregnant females are exposed to more than just chemosignals from the hormone-injected
males and so hormone-induced behavioral interactions or other, non-chemosensory cues
may determine if pregnancy is terminated or preserved in these cases. In fact, sires housed
next to females are reported to be less vigorous in interacting with their mates compared to
novel males that actively interact and scent mark near pregnant females (deCatanzaro,
2011). Moreover, behavioral interactions between the sire and inseminated female may
mitigate her normal interest in novel male’s odor and thereby offer a behavioral mechanism
for the ability of sires to protect their mates pregnancy from novel-male pregnancy
disruption (deCatanzaro and Murji, 2004). Unfortunately, this line of work does not readily
explain why just urine from sires and novel males can have such different effects on
pregnancy maintenance in other experiments (Brennan, 2009).

Pregnancy disruption via urine from unfamiliar males results from of a VNO-mediated
neuroendocrine response (Brennan, 2009; Brennan and Keverne, 1997). Removal of the
VNO, but not MOE, prevents the urine of unfamiliar males from disrupting early pregnancy
(Lloyd-Thomas and Keverne, 1982). However, new evidence suggests that inhibition of
MOS processing, via dopamine action in the MOB, may prevent chemosignal-induced
disruption of late pregnancy (Serguera et al., 2008). Normally, perception of male urinary
chemosignals by the VNO, and subsequently MA, increases LH secretion as well as
decreasing PRL secretion by the anterior pituitary (Li et al., 1990; Marchlewska-Koj and
Jemiolo, 1978). Decreasing PRL in unmated females, along with increased LH secretion,
accelerates puberty and induces estrus. In a mated females, however, this chemosignal-
induced drop in PRL eliminates support for the corpora lutea, depresseing progesterone and
thereby preventing embryo implantation (Bellringer et al., 1980). Indeed, urine from
unfamiliar males only disrupts pregnancy if given during the twice daily, post-mating,
elevations of PRL (Rosser et al., 1989). To prevent the mating male’s urine from disrupting
his own mate’s pregnancy, the female forms a memory of the stud male that effectively
disrupts AOB output to MA in response to his urinary cues (Brennan et al., 1990). The AOB
itself is the site of this suppressive memory of the stud odor and may require release of
norepinephrine, induced by mating, that ultimately restructures reciprocal interactions
between projection and interneurons in AOB (Brennan, 2009; Brennan and Keverne, 1997).
Increased dopaminergic activity in the MOB also impairs olfactory sensitivity during late
pregnancy and may serve to limit behavioral investigation and processing of strange males’
odors (Serguera et al., 2008). Indeed, recently-mated female mice often avoid contact with
male odors and thereby prevent pregnancy disruption (Becker and Hurst, 2009).

Prevention of pregnancy blockade by the sire would seem to benefit both the stud male and
the dam. Nevertheless, attempts at demonstrating male-induced pregnancy termination in the
field have produced equivocal results. An initial study using outside enclosures reported that
prairie voles do show evidence of pregnancy block in more natural conditions (Heske and
Nelson, 1984). However, in larger enclosures that resemble the actual size of vole home
ranges, rapid turnover of males by trapping and introducing new males does not lead to
population-level changes in pregnancy in grey-tailed voles (de la Maza et al., 1999) and only
minor effects in prairie voles (Mahady and Wolff, 2002). More recently, pregnancy
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blockade in response to novel males has been documented in a wild population of gelada
monkeys (Roberts et al., 2012a) indicating that this phenomenon may be more widespread
among mammals than previously thought. Unfortunately, the relative contribution of
chemosignals to pregnancy termination in the wild is unknown.

Chemosignals and Physiology: Males
Reproductive Development

Unlike the body of knowledge concerning chemosignal effects on female reproductive
physiology, there is substantially less information about similar effects in males (Koyama,
2004). What is known suggests that development and function of male reproductive
physiology is also sensitive to chemosignal exposure. For example, the development of
puberty in male mice is delayed by exposure to male urine, grouped-female urine and DMP,
a puberty-delay chemosignal derived from urine of grouped females (Jemiolo and Novotny,
1994). In California voles, chemosignals from mothers suppress their son’s pubertal onset
more strongly than odors from their father (Rissman and Johnston, 1985). However,
exposure to unrelated, non-grouped females does not advance puberty in male mice
(Maruniak et al., 1978).

Sperm Allocation
Chemosignals can alter male gonadal physiology in adulthood. For example, dominant, but
not subordinate, male mice show increased sperm density when housed with female bedding
suggesting that exposure to female chemosignals increases spermatogenesis (Koyama and
Kamimura, 2000). Sperm allocation is also adaptively regulated in scent contexts that signal
increased sperm competition: more sperm is ejaculated by meadow voles during copulation
in the presence of another male’s scent (Delbarco-Trillo and Ferkin, 2004). This effect is
due to chemosignal-induced increase in movement of sperm to the vas deferens prior to
copulation (Delbarco-Trillo and Ferkin, 2007) and is context-specific as it does not occur in
response to low-quality (underfed) males (Vaughn et al., 2008).

Hormone Release
Post-pubertal ((Schulz et al., 2009)) male mice (Macrides et al., 1975), Syrian hamsters
(Macrides et al., 1974; Richardson et al., 2004), Siberian hamsters (Anand et al., 2004), rats
(Bonilla-Jaime et al., 2006), common marmosets (Ziegler et al., 2005) and macaques
(Cerda-Molina et al., 2006) release LH within 15-30 minutes, followed by a dramatic peak
in circulating androgens, in response to conspecific female odors,. A similar effect occurs in
humans: exposure to chemosignals from peri-ovulatory women modestly reduces a decrease
in testosterone in male humans normally observed during laboratory testing (Miller and
Maner, 2010). This surge is subject to contextual cues in experimental animals. For
example, this response rapidly habituates to repeated presentations of the same female’s
chemosignals and is increased by presentation of cues from novel females (Coquelin and
Bronson, 1979), indicating that female novelty strongly modulates this response. In addition,
the LH/androgen increase in marmosets is modulated by parental status, as the effects are
not observed in paternal males (Ziegler et al., 2005).

This hormone surge to female chemosignals can be elicited by both sexually naïve and
sexually-experienced male Syrian hamsters (Pfeiffer and Johnston, 1994) and mice
(Maruniak and Bronson, 1976) but not by sexually naïve rats (Bonilla-Jaime et al., 2006)
indicating significant species differences in their unconditioned physiological responses.
Nevertheless, LH/androgen increases to the presentation of the entire female survive
combined AOS and MOS lesions in sexually-experienced male Syrian hamsters (Pfeiffer
and Johnston, 1992, 1994) indicating that, even in species with seemingly unconditioned
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initial responses to odors, hormonal surges can become conditioned to non-chemosignal
copulatory cues. Indeed, pairing of neutral odor stimuli with mating causes male rats to
produce LH/androgen surges in response to the previously neutral odor (Graham and
Desjardins, 1980).

Surprisingly, the reproductive state of the female has minimal impact on her ability to
produce chemosignals that induce LH/androgen surges (Johnston and Bronson, 1982). The
identity of the female chemosignals eliciting LH/androgen surges are not known but, in
mice, appear to be LMW molecules that may be bound to MUPs (Singer et al., 1988).

VNO removal eliminates or reduces LH/androgen surges in both sexually experienced and
naïve males in response to female chemosignals, but not to the female herself; damage to
MOE is without effect (Coquelin et al., 1984; Pfeiffer and Johnston, 1994; Wysocki et al.,
1983). Combined lesions of VNO and MOE do eliminate surges in response to females
themselves in sexually-naïve Syrian hamsters, but not sexually-experienced males,
indicating that chemosensory function is required for LH/androgen response prior to the
animal’s initial copulatory experience (Pfeiffer and Johnston, 1994). The neural mechanisms
underlying this response to female chemosignals has not been delineated but it does not
appear to require a functional estrogen receptor alpha (Wersinger and Rissman, 2000).

The function of the reflexive LH/androgen surge has remained elusive but evidence suggests
that it may facilitate male copulatory behavior by reducing anxiety or by altering penile
reflexes (Nyby, 2008).

Chemosignals and Behavior: Females
Attraction and Investigation

Post-pubertal female Syrian hamsters (Johnston, 1979), rats (Carr et al., 1965), mice (Hurst,
1990), meadow voles (Ferkin and Zucker, 1991) and ferrets (Kelliher and Baum, 2002) are
preferentially attracted to the chemosignals of reproductive male conspecifics, independent
of sexual experience. This should not imply that learning plays no role in female sexual
attraction. Indeed, initial female attraction to male odors in mice, but not Syrian hamsters
(Maras and Petrulis, 2008a), may develop through a conditioning process that requires
direct, post-natal, contact with male odors (Martinez-Garcia et al., 2009). That is, female
mice without exposure to adult male chemosignals since weaning do not prefer male
volatiles until they have contacted non-volatiles in male urine; although this effect interacts
with degree of sexual receptivity: chemically-naïve females in full estrus do show a
preference for male volatile cues (DiBenedictis et al., 2012; Martel and Baum, 2009a). This
conditioned response to volatile chemosignals can be very specific: females contacting one
male’s urine will develop a preference for volatiles from that individual male only (Ramm et
al., 2008). Importantly, this unconditioned, contact-based chemosignal has been identified: a
male-specific and invariant MUP protein dubbed “Darcin” (Roberts et al., 2010). Darcin is
both necessary and sufficient for driving the initial, experience-independent, preference for
approaching a male-scented area and thereby conditions future approach to urinary volatiles
that co-occur with it. Indeed, Darcin provides the chemical substrate for the ability of female
mice to remember and prefer areas previously associated with males, but that no longer
contain scent marks (Roberts et al., 2012b). Learning about mate scents also occurs in
adulthood as female rats do form a conditioned preference for chemosignals associated with
prior copulation (Coria-Avila et al., 2005).

Given that female copulatory behavior is usually tightly linked to changes in ovarian
steroids (Pfaff et al., 2008), it is reasonable to suspect that female interest and attraction to
male cues is also similarly linked to hormone condition. However, significant species
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differences exist in the hormone sensitivity of female attraction to male chemosignals.
Female Syrian hamsters are attracted to male chemosignals across their entire estrous cycle
(not just during estrus) and during lactation but not during pregnancy (Eidson et al., 2007;
Johnston, 1979). Female meadow voles are attracted to male scents across pregnancy and
also during lactation (Ferkin and Johnston, 1995). Indeed, female mice and Syrian hamsters
continue to display preferences for male odors following gonadectomy (Eidson et al., 2007;
Moncho-Bogani et al., 2004). In contrast, preference for male chemosignals in rats (Xiao et
al., 2004), ferrets (Woodley and Baum, 2003) and meadow voles (Ferkin et al., 1991)
decreased following ovariectomy are reinstated by estradiol (E) or T injections.
Development of female preference for male chemosignals may require early action of
estrogens: eliminating aromatase action pre/post-natally in female mice impairs female
preference for male scents and this deficit can be rescued by pre-pubertal E injections
(Brock et al., 2011).

Female preference for investigating male conspecifics is strongly modulated by
chemosensory indicators of male quality such as high androgen levels (Kempenaers et al.,
2008) that can be mediated by both production of androgen-sensitive chemosignals and by
androgen-sensitive scent marking behavior (Thiessen and Rice, 1976). For example,
gonadectomy decreased attractiveness of male scents in meadow voles and was reversed by
gonadal steroid treatment (Ferkin and Johnston, 1993). Attractiveness of male scents is also
modulated by other cues of reproductive fitness such as social status, diet, and pathogen
load. For example, female house mice prefer scents of dominant males to those of
subordinates (Mossman and Drickamer, 1996), and meadow voles prefer chemosignals of
males fed on high protein diets, a normally scarce and valuable resource (Ferkin et al.,
1997). Female mice also decrease their preference for chemosignals from males that are sub-
clinically infected with parasites (Kavaliers and Colwell, 1995).

Breeding in several species may also biased by choosing mates that differ from oneself at
the MHC locus, a cluster of genes critical for self/non-self immune recognition, as a means
of avoiding inbreeding and/or increasing genetic diversity (Penn et al., 2002). Although
female mice discriminate between the volatile chemosignals of males differing only at the
MHC locus (Singer et al., 1997), they do not prefer chemosignals from dissimilar MHC
males (Ehman and Scott, 2001). Moreover, MUP variation, rather than that of MHC, in
wild-type male mice appears to regulate female preference in this species (Cheetham et al.,
2007; Thom et al., 2008).

In addition to factors altering the intrinsic attractiveness of male chemosignals, female
interest is also modulated by the spatial pattern of scent-deposition indicative of a territory
owner (Gosling et al., 2001). Female mice and Syrian hamsters prefer scents from males
they have previously encountered and those that have counter-marked a competitor’s scent
(Hurst and Beynon, 2004; Johnston, 2008).

Treating urine of castrated males with the mouse chemosignals SBT and DHB (that also
accelerate puberty and ovarian function), hexadecanol and hexadecyl acetate and
(methylthio)methanethiol increase the attractiveness of this stimulus to females (Jemiolo et
al., 1985; Lin et al., 2005; Zhang et al., 2008a). However, these volatile molecules are
ineffective or less effective in water implying that other constituents of urine, such as MUPs,
are important for maximal attraction. In addition, α- and β-farnesene, compounds that also
accelerate puberty and ovarian function, are attractive to females at physiologically relevant
levels but only in sexually-experienced females (Jemiolo et al., 1991).

Female preference for male chemosignals requires both the AOS and MOS although the
relative contribution of these two systems varies with the nature of the stimulus. VNO
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removal or prevention of access of stimuli to the VNO in female Syrian hamsters (Petrulis et
al., 1999), mice (Keller et al., 2006c), pigs (Dorries et al., 1997) and ferrets (Woodley et al.,
2004) did not impair their preference for volatile male chemosignals. Attraction to distant
male chemosignals is, instead, dependent on the MOS; impairing MOE eliminated
preference for volatile male scents in female mice (Keller et al., 2006c) and ferrets (Kelliher
and Baum, 2001). In contrast, female attraction to non-volatile components of male scents
was reduced by AOS damage in mice (Keller et al., 2006c), Syrian hamsters (Petrulis et al.,
1999), ferrets (Woodley et al., 2004), opossums (Zuri and Halpern, 2005) and rats
(Beltramino and Taleisnik, 1983). It appears that the AOS is not critical for attraction of
females to distal male chemosignals but is required for close and persistent investigation of
male scents and for the development of conditioned preference for male volatiles in mice
(Martinez-Ricos et al., 2008).

More centrally, female preference for male chemosignals were eliminated by MA damage in
female Syrian hamsters (Petrulis and Johnston, 1999), mice (DiBenedictis et al., 2012) and
rats (Kondo and Sakuma, 2005) but does not appear to require processing by the BNST
(Martinez and Petrulis, 2011), as it does in males (see below; (Been and Petrulis, 2010a)).
The nature of further diencephalic processing is dependent on the species investigated.
Specifically, lesions of the VMH, but not the MPOA, reduced the preference of female
ferrets for investigating anesthetized males (Robarts and Baum, 2007) whereas MPOA
lesions eliminated preference for male volatile scents in female rats (Xiao et al., 2005) and
hamsters (Martinez and Petrulis, 2013). Other forebrain structures receiving chemosensory
information, such as entorhinal cortex (ENT) and orbitofrontal cortex (OFC) are not
required for female attraction to male chemosignals (Petrulis et al., 1998; Petrulis et al.,
2000).

The neurochemical systems underlying female chemoinvestigatory interest in males also
show significant species-differences. Attraction to male scents (vs. clean bedding) by female
mice is either independent of, or suppressed by, dopaminergic and opiate neural systems
(Lanuza et al., 2008). For example, dopaminergic lesions of either the ventral tegmental area
(Martinez-Hernandez et al., 2006) or the medial shell of the nucleus accumbens and
olfactory tubercle (Martinez-Hernandez et al., 2012) did not impair investigation of male
scents nor did systemic treatment with dopamine and opiate antagonists (Agustin-Pavon et
al., 2007, 2008). In contrast, sexual conditioning of artificial odors in female rats requires
opiate and dopaminergic activity (Coria-Avila et al., 2008a; Coria-Avila et al., 2008b).
Although oxytocin and vasopression have been implicated in social odor learning (Wacker
and Ludwig, 2012), blocking oxytocin receptors in BNST or MPOA did not alter female
preference for male scents (Martinez et al., 2010b).

In humans, women are reported to be able to discriminate sex-specific body odors (Russell,
1976) but this effect may be due to known intensity differences between male and female
odors. For example, strong body odors from women are labeled as “male” and both sexes
rated male odors as less pleasant and more intense than female odors (Doty et al., 1978).
Nevertheless, several studies have suggested that androgens (androstenol, androstenone,
androstadienone: ANDs) act as putative human male “pheromones” in that they may
increase ratings of attractiveness of people’s photographs (Cowley et al., 1977), prevent a
decrease in positive mood in laboratory settings for both men and women (Jacob and
McClintock, 2000) and influence measures of physiological arousal in women (Jacob et al.,
2001). However, the lack of a sex difference in behavioral response to ANDs (Jacob and
McClintock, 2000; Pause, 2004), difficulties in replicating effects in more naturalistic
settings (Black and Biron, 1982; Saxton et al., 2008), the highly variable concentrations of
ANDs on the human body (Nixon et al., 1988) as well as the fact that significant number of
people are selectively anosmic to these odors (Whissell-Buechy and Amoore, 1973)
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militates against assigning ANDs a unique status as sex-attractant chemosignals. Indeed,
human mood, cognition and physiology can be altered by non-social odors (Graham et al.,
2000; Kiecolt-Glaser et al., 2008; Moss et al., 2003). Similarly, initial reports (using PET
scanning) of ANDs inducing sex-specific activity in the hypothalamus of women (Savic et
al., 2001) have not been replicated using fMRI and physiologically relevant levels of ANDs
(Burke et al., 2012).

Proceptive or Solicitation Behavior (Beach, 1976)
Scent Marking

Female mice (Rich and Hurst, 1999), Syrian hamsters (Johnston, 1977), rabbits (Gonzalez-
Mariscal et al., 1990), ferrets (Chang et al., 2000) and rats (Birke, 1984) scent-mark in
response to male scents and change their marking across reproductive states to advertise
impending sexual receptivity. The best-studied case of female reproductive marking is
vaginal marking by Syrian hamsters, a stereotyped behavior that deposits a sexually-
attractive vaginal secretion on the substrate (Been and Petrulis, 2008; Been et al., 2012).
Vaginal marking peaks on the night prior to behavioral receptivity but disappears during
sexual receptivity, consistent with its role in attracting widely-dispersed males for mating
(Gattermann et al., 2001; Johnston, 1977). This substantial rise in vaginal marking during
behavioral proestrus appears is mediated by rising E levels, and the rapid switch between
vaginal marking and receptive behavior is most likely due to the subsequent rise in
progesterone (Lisk and Nachtigall, 1988). The striking hormonally-mediated changes in
vaginal marking across the estrous cycle appear to be regulated by the MPOA and VMH: E
implants in these areas reinstated vaginal marking in OVX females (Takahashi et al., 1985).
However, the VMH may not be critical for vaginal marking as lesions of this structure did
not eliminate the behavior (Floody, 2002). The role of the MPOA is more complex as large,
fiber-damaging lesions of the MPOA do disrupt vaginal marking (Malsbury et al., 1977) but
smaller, excitotoxic lesions limited to the MPOA do not (Martinez and Petrulis, 2013). This
suggests that additional areas damaged in the earlier study, such as the posterior BNST, are
more important for regulating vaginal marking than the MPOA proper. Indeed, lesions
confined to the posterior BNST impair vaginal marking (Martinez and Petrulis, 2011).

Vaginal marking by female Syrian hamsters is increased by exposure to male conspecific
scents, specifically those from sexually-dimorphic flank glands (Petrulis and Johnston,
1997), and inhibited by female chemosignals (Johnston, 1977; Johnston and Brenner, 1982)
with most marking directed toward scents of unrelated males (Heth et al., 1998). Preferential
marking toward male odors requires early experience with scents from male siblings (Maras
and Petrulis, 2008a) similar to the development of odor preference in female mice (Moncho-
Bogani et al., 2002). Not surprisingly, OBX greatly reduces vaginal marking toward males
(Kairys et al., 1980). The MOS is the primary chemoreceptive system driving vaginal
marking as VNO removal has minimal effect on vaginal marking whereas MOE destruction
reduces the behavior (Johnston, 1992; Petrulis et al., 1999). MOS connections with the MA
appear to control vaginal marking responses to odors as MA lesions dramatically reduced
vaginal marking to both male and female odors (Petrulis and Johnston, 1999). However,
MA-lesioned females still marked more in response to male odors than to female odors and
continued to show cyclic variation in their vaginal marking, indicating that MA is not
critical for hormonal control of marking or differential marking responses. In contrast, the
BNST, via non-MA connections, is critical for differential marking to male odors (Martinez
and Petrulis, 2011). This effect appears due to oxytocin action in the BNST as oxytocin
antagonist injections into BNST also prevented preferential marking toward male odors
(Martinez et al., 2010a). Other MOS structures such as ENT and OFC do not mediate
vaginal marking (Petrulis et al., 1998; Petrulis et al., 2000).
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Vocalizations
Female rats (White et al., 1991) and hamsters (Floody et al., 1977) in behavioral estrus
(Floody et al., 1979; Matochik et al., 1992) often produce ultrasonic vocalizations (USV) in
response to males or their odors and this response likely facilitates short-range localization
of mates (Pfaff et al., 2008). The USV response to male scents requires chemosensory input
as OBX in females greatly reduced USVs toward males (Kairys et al., 1980) and removal of
either VNO or MOE also substantially reduced USVs toward male odors (Johnston, 1992).
The neural pathway controlling this response involves the MA (Kirn and Floody, 1985) and
its connections to MPOA (Floody, 1989) with an inhibitory system originating in the lateral
septum (Floody, 1993; Imondi and Floody, 1998; Kirn and Floody, 1985).

Copulatory Behavior
Historically, chemosensory cues have been thought to have only minor effects on female
sexual receptivity (Pfaff, 1980). This perspective was, in large part, due to minimal (or even
facilitatory; (Williams et al., 1992)) effects of OBX on lordosis, the female receptive posture
in rats (Kelche and Aron, 1984) and hamsters (Carter, 1973). This perspective requires
revision as male chemosignals do facilitate lordosis in pigs (Melrose et al., 1971; Reed et al.,
1974), rats (Rajendren and Moss, 1994), musk shrews (Rissman, 1989) and prairie voles
(Curtis et al., 2001). Moreover, chemosignals play a critical role in female receptivity in
mice (Keller et al., 2006a; Keller et al., 2006c). In contrast, chemosignals do not play an
obligatory role in human reproduction as congenitally anosmic humans showed no direct
impairments in reproductive parameters (e.g. number of children)(Croy et al., 2012).

The identity of the relevant chemosignals that facilitate or control receptivity has been
identified for mice and for pigs. An identified peptide, ESP1, found in male mouse tear-
ducts specifically increases receptivity, but not precopulatory behavior, in females (Haga et
al., 2010). In swine, application of ANDs from boar saliva and other fluids increased a sow’s
receptive response to back pressure (Melrose et al., 1971; Reed et al., 1974).

The precise neural mechanisms underlying odor effects on receptivity are species-specific.
The chemosignal-facilitated standing response in sows survived surgery that prevents
chemosignal access to the VNO and therefore suggests that the MOS is likely to be the
responsible system (Dorries et al., 1997). In mice, however, removal of either the VNO or
MOE strongly impaired female copulatory behavior (Keller et al., 2006a; Keller et al.,
2006c) and the identified male-derived peptide, ESP1, works through a VNO-dependent
mechanism (Haga et al., 2010). Similarly, VNO removal reduced pair bond formation in
female prairie voles, independent of its effects on ovarian activation (Curtis et al., 2001),
and eliminated the increase in sexual receptivity observed with repeated matings in female
rats (Rajendren and Moss, 1994). This latter effect in female rats depends on an intact AOB
(Dudley and Moss, 1994) and appears to result from interactions of the MA (Rajendren and
Moss, 1993) with the VMH (Rajendren et al., 1991).

Chemosignals and Behavior: Males
Attraction and Investigation

Adult males of numerous mammalian species approach female scent and engage in
prolonged investigation of these odors as part of their precopulatory behavior (Beauchamp
and Beruter, 1973; Brown, 1978; Johnston, 1974). Males use the arrangement, spatial
patterning and freshness of female scent marks to guide their search toward nearby mating
partners (Johnston, 2008) and toward areas associated with female odors (Pankevich et al.,
2006) or where the presence of estrous females are anticipated (Ferkin et al., 2008) even in
the face of predator cues (Kavaliers et al., 2001). There is species variation in the optimal
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stimulus that elicits male investigation. In species like the Syrian hamster, in which females
are dispersed and scent mark to signal impending receptivity, males are equally attracted to
vaginal secretion from females across reproductive conditions (Johnston, 1974; Kwan and
Johnston, 1980; Macrides et al., 1984b) and independent of sexual experience (Ballard and
Wood, 2007). In other species, such as rats, where interactions with females are more
common, males are more attracted to odors from estrous females than from diestrous
females (Lydell and Doty, 1972). This attraction to estrous odors is dependent on sexual
experience in male rats, mice and dogs (Doty and Dunbar, 1974; Hayashi and Kimura, 1974;
Stern, 1970), but see (Agmo, 2003); which suggests that aspects of odor preference are
learned during adulthood. In support of this idea, male mice and Syrian hamsters can be
conditioned to reduce investigation of female odors by pairing the scents with
gastrointestinal distress; however, this conditioning is rapidly extinguished by social
experience (Johnston and Zahorik, 1975; Kay and Nyby, 1992).

Although many compounds have been identified from females of several species (Zhang et
al., 2007; Zhang et al., 2005; Zhang et al., 2008b) there are very few cases in which actual
attractant chemosignals have been isolated. One prominent case is the identification of
(Z)-7-dodecenyl acetate as the major attractant compound found in urine of estrous female
Asian elephants (Rasmussen et al., 1996). Another well-known example is dimethyl
disulfide (DMDS) that was hypothesized to be the key attractant chemosignal within
hamster vaginal secretion. DMDS is more attractive than several other volatile components
within the secretion and is half as attractive as the entire secretion when tested in an
animal’s home cage (O’Connell et al., 1978; Singer et al., 1976). However, when presented
in a neutral arena, DMDS is much less effective than volatiles from vaginal secretion in
attracting male hamsters (Petrulis and Johnston, 1995). Moreover, unlike vaginal secretion,
no sex-difference in investigation was evident toward DMDS and attraction to it does not
depend on gonadal hormones. Thus, in a context more similar to how male hamsters might
find vaginal secretion, DMDS by itself does not meet the definition of a sex-attractant
chemosignal.

The extent to which gonadal steroids are involved in the development of attraction to female
odors is species-specific and complex. In mice, conflicting data exist as to whether
masculinization of odor preference is due to action of AR or ER-alpha. On one hand, post-
natal injections of DHT (a non-aromatizable androgen), but not E, masculinized female
investigation of female odors (Bodo and Rissman, 2008). Moreover, male mice lacking a
functional AR did not show a male-typical preference for female odors (Bodo and Rissman,
2007) whereas males lacking aromatase still displayed increased investigation of female
odor over male odor (Aste et al., 2003). In contrast, others have reported that both ER alpha
and aromatase knock-out mice showed elimination of male-typical odor preferences (Bakker
et al., 2002; Wersinger and Rissman, 2000). Unlike mice, the masculinization of odor
preference in rats appears entirely due to the greater levels of circulating T in males.
Testosterone treatment of both male and female rats increased interest in female scents and
was unaffected by pre/post-natal disruption of androgen and estrogen action (Bakker et al.,
1996b; Dominguez-Salazar et al., 2002). Golden hamsters occupy an intermediate position
between mice and rats in the degree of hormone-mediated organization of male-typical odor
preference. Pre-pubertal male hamsters (normally showing low preference for female scents)
display adult levels of attraction to female odors when treated with T (Johnston and Coplin,
1979; Meek et al., 1997). However, testosterone treatment of OVX females in adulthood
increases their attraction to female odors to only half that of T-treated adult males (Fiber and
Swann, 1996), indicating some role for organizational effects of hormones in hamster
chemoinvestigation.
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In adulthood, increased circulating levels of testosterone activate attraction to female
chemosignals as castration eliminated this attraction and was reversed by T-treatment
(Ballard and Wood, 2007; Gregory et al., 1975; Stern, 1970) or by the combination of its
estrogenic and androgenic metabolites (Powers et al., 1985; Steel and Hutchison, 1986).
Treatment with estrogens or non-aromatizable androgens alone is sufficient to increase
attraction to female scents in ferrets (Woodley and Baum, 2003) but are either insufficient or
sub-optimal for restoring normal odor preference in male rats (Xiao et al., 2004), hamsters
(Powers et al., 1985; Steel and Hutchison, 1986), meadow voles (Ferkin and Gorman, 1992)
and mice (Bean et al., 1986).

Preference for female odors is eliminated by OBX in male Syrian hamsters (Murphy and
Schneider, 1970) and rats (Edwards et al., 1990) but the relative contribution of the AOS
and MOS to odor preference depends on the type of access animals have to the scent. If only
volatile chemosignals are available, removal of access to MOE, but not to the VNO, impairs
opposite-sex odor attraction in male Syrian hamsters (O’Connell and Meredith, 1984;
Powers and Winans, 1973), mice (Pankevich et al., 2004) rats (Dhungel et al., 2011a) and
ferrets (Kelliher and Baum, 2001). If direct contact is allowed, damage to either system can
decrease attraction to vaginal secretion in sexually inexperienced male Syrian hamsters
(Pfeiffer and Johnston, 1994; Powers et al., 1979) and mice (Pankevich et al., 2004) but not
in sexually experienced Syrian hamsters (O’Connell and Meredith, 1984). Similarly, VNO
removal in sexually inexperienced guinea pigs leads to rapid extinction of urine
investigative behavior (Beauchamp et al., 1982).

More centrally, lesions of either the MAa or MApd, but not PMCo (Maras and Petrulis,
2008b) eliminated preferential investigation of female odors in sexually-naïve male Syrian
hamsters, albeit in different ways (Maras and Petrulis, 2006). MAa damage dramatically
increased investigation of both male and female odors whereas males with MApd lesions
show reduced investigation only toward female odors. This suggests that the chemosensitive
MAa functions to evaluate the significance of social stimuli whereas the hormone-sensitive
MApd normally generates undifferentiated attraction to social odors. Similar reductions in
preference for female scents occur after MApd lesions (Dhungel et al., 2011b) or after AR
blockade of MApd (but not MAa) in sexually-experienced male rats (Hosokawa and Chiba,
2010).

Outputs from the MA to the BNST are critical for driving odor attraction to volatile
chemosignals in hamsters as BNST lesions eliminated preference for volatile female odors
(Been and Petrulis, 2010a) and functional disconnection of MA and BNST (but not MPOA)
also eliminated odor preference (Been and Petrulis, 2012). High levels of investigation of
non-volatile (contacted) chemosignals are also dependent on the integrity of the MA
(Lehman et al., 1980) and the BNST in hamsters and rats (Been and Petrulis, 2010a;
Edwards et al., 1996; Powers et al., 1987) but, surprisingly, this is not due to interactions
between MA and BNST: functional disconnections of these two structures did not impair
odor preference if contact was allowed (Been and Petrulis, 2012). This suggests that the
direct AOB projections to BNST may drive contact-based preference in the absence of the
MA.

Chemosensory inputs to the MPOA may also be important for attraction to female
chemosignals. Lesions that include MPOA reverse the normal preference for volatile female
odors in sexually-naïve ferrets (Alekseyenko et al., 2007; Hurtazo and Paredes, 2005) and
similar lesions eliminate contact-based preference for estrous female chemosignals (vs.
anestrous female) or volatile female odors (vs. male odors) in sexually-experienced rats
(Dhungel et al., 2011b; Hurtazo and Paredes, 2005; Hurtazo et al., 2008). In all of these
cases, however, the ventral or caudal-most part of the BNST was also ablated and
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consequently the deficits in preference may be due primarily to ventral/caudal BNST
damage and not to MPOA damage per se. Indeed, small lesions limited to the MPOA
eliminated preference for volatile female odors only in sexually-naïve hamsters unless
damage extended into ventral BNST; contact-based preference was intact in both MPOA
and MPOA+ ventral BNST lesioned males (Been and Petrulis, 2010b). Clearly, more
research is required that examines the role of the caudal/ventral BNST in attraction and
preference for opposite-sex odors as this structure is known to be critical for copulatory
behavior in rats (Finn and Yahr, 2005) and gerbils (Yahr and Gregory, 1993). Other
structures may also be involved in male attraction toward female odors. For example, in
Syrian hamsters OFC lesions eliminated preference for volatile female odor over male odors
(Sapolsky and Eichenbaum, 1980) and lesions to the ENT impaired the Coolidge effect in
hamsters; that is they no longer preferred to investigate novel females over familiar mates
(Petrulis and Eichenbaum, 2003).

In humans, males showed a very modest ability to discriminate chemosignals from ovulatory
and non-ovulatory women but did not judge these odors as either attractive or unattractive
(Gildersleeve et al., 2012). Human males also appear to have a modest reduction in self-
reports of sexual arousal, testosterone levels and brain responses to visual erotica when
exposed to odors from human female tears (Gelstein et al., 2011) indicating a possible role
for chemosignals in human sexual responding. Based on its presence on the skin surface
(Wysocki and Preti, 2004) and its purported ability to alter activity in the putative human
male VNO (Monti-Bloch and Grosser, 1991), EST (estratetraenol) has been considered as a
candidate human pheromone produced by women. Exposure to EST decreased positive
mood in men (Jacob and McClintock, 2000) as well as increasing their sympathetic tone
(Jacob et al., 2001) but neither of these effects have been replicated (Bensafi et al., 2003).
EST has also been reported to increase activity in the hypothalamus of men, but not women,
using PET scans (Savic et al., 2001), but no sex difference in hypothalamic response was
found using fMRI and with physiological concentrations of EST (Burke et al., 2012).

Vocalizations
Male rats (Geyer and Barfield, 1978), mice (Nyby et al., 1977b) hamsters (Johnston and
Kwan, 1984) and guinea pigs (Eisthen et al., 1987) produce USVs in response to female, but
not male, odors. Production of USVs in mice are eliminated by gonadectomy and restored,
and even induced in females, by T or its metabolites (Bean et al., 1986; Matochik and
Barfield, 1991; Nyby et al., 1977a). A rapidly oxidizing component of female urine is
necessary to induce USV in sexually-naïve male mice (without rapid habituation of the
response) and supports conditioned USV response to previously neutral stimuli (Sipos et al.,
1992). Inhibition of USVs to chemosignals also can be conditioned by pairing urine
exposure with gastric distress although this effect is easily extinguished (Kay and Nyby,
1992).

Removal of olfactory bulbs in males eliminates USVs to female odors and similar effects are
also observed after VNO removal, especially in sexually-naïve animals (Bean, 1982; Eisthen
et al., 1987; Wysocki et al., 1982) as well as after MOE damage (Sipos et al., 1995). Both
VNO and MOE signals may ultimately work through steroid-sensitive regions in MPOA to
trigger USVs, as T or E implants in MPOA restore USVs in castrated male mice (Nyby et
al., 1992). However, MPOA lesions in male mice did not eliminate USVs to females (Bean
et al., 1981) and so the precise nature of this circuitry remains to be explored.

Copulatory behavior
Male investigation of the female ano-genital area is a common feature of mammalian sexual
behavior and usually precedes the actual copulatory sequence (Dewsbury, 1975).
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Consequently, manipulations that eliminate chemosensory processing primarily impair the
initiation of copulatory behavior rather than the copulatory sequence itself (Devor and
Murphy, 1973). The absolute requirement for chemosignal input differs between species and
also with sexual experience. For example, OBX eliminates copulatory behavior in Syrian
hamsters (Murphy and Schneider, 1970) and mice (Rowe and Edwards, 1972) independent
of their sexual experience whereas in rats and guinea pigs OBX produces more variable or
contextually-specific deficits of copulation and these can be mitigated by prior sexual
experience (Beauchamp et al., 1977; Edwards et al., 1990; Edwards et al., 1996). In sexually
experienced Syrian hamsters, female vaginal secretions are sufficient for eliciting mounting
in about half of the behavioral tests when applied to the ano-genital area of anesthetized
males (Johnston, 1975; Murphy, 1973). Although volatiles from vaginal secretions can
induce low levels of mounting, the mounting stimulus is primarily in the non-volatile, HMW
fraction (O’Connell and Meredith, 1984; Singer et al., 1984). The major active component
of this fraction was identified as a protein (“Aphrodisin”) that is produced within the vaginal
tract (Briand et al., 2004). Like MUPs, Aphrodisin normally binds a number of water-
insoluble volatile ligands and may act as carrier molecule; the pure protein does not promote
mounting (Singer and Macrides, 1990). Although sufficient for mounting of surrogate
females, vaginal secretion is not necessary for copulatory behavior in sexually-experienced
male hamsters (Johnston, 1986) and aversive conditioning of it does not greatly impair
copulation (Johnston et al., 1978).

In addition to chemoinvestigation of the female, male rats can also experience penile
erections in response to volatile chemosignals from urine/feces from females (Kondo et al.,
1999; Sachs et al., 1994) or even to fecal samples from estrous female horses and foxes
(Rampin et al., 2006). This non-contact erection (NCE) response does not require sexual
experience (Sachs, 1997) but does requires systemic androgens, but not estrogens (Manzo et
al., 1999).

Sexual responses to non-social odors can be conditioned in rats such that males will
ejaculate first, and copulate more frequently with, females scented with neutral odors
previously paired with estrous females (Kippin and Pfaus, 2001; Kippin et al., 2001). It is
not clear if this capacity is widespread within rodents, as attempts to condition hamster
copulatory behavior to artificial odors have failed (Macrides et al., 1984a).

Both the AOS and MOS are important for regulating the initiation of copulatory behavior of
male rodents but the relative importance of each system varies across species. Although
damage to the MOE does not impair copulatory behavior in Syrian hamsters (Powers and
Winans, 1973), it eliminates copulation in mice, independent of experience (Keller et al.,
2006b; Mandiyan et al., 2005) and greatly reduces NCEs by rats in response to volatile
odors from conspecific females (Kondo et al., 1999). In contrast, VNO damage eliminates
copulation in 20-30% of male hamsters (Powers and Winans, 1975) but has less pronounced
effects (or even no effect: sexually-naïve mice (Pankevich et al., 2004)) in male rats and
mice (Clancy et al., 1984; Saito and Moltz, 1986) and no effect in guinea pigs (Beauchamp
et al., 1982). The absence of copulation in a sub-population of VNO-lesioned male hamsters
is not observed if animals have prior sexual experience (Meredith, 1986) or if they have had
contact with vaginal secretions (Westberry and Meredith, 2003). In sexually-naïve hamsters,
central injections of GnRH rescued copulatory deficits induced by VNO removal,
suggesting that activation of neural GnRH pathways is part of the mechanism underling the
initial, VNO-based, control of copulation in this species (Meredith and Fernandez-Fewell,
1994). In mice, functional disorganization of the VNO induces high levels of mounting
toward male conspecifics (Leypold et al., 2002; Stowers et al., 2002) but this effect was not
observed following VNO removal, suggesting that impairment of VNO function throughout
early life may be more disruptive than adult VNO removal (Pankevich et al., 2004). These
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species differences may be due, in part, to the nature of the chemosensory stimuli that
facilitate copulation in different species. For example, in Syrian hamsters, the pro-
copulatory aspects of vaginal secretion are largely non-volatile and may therefore depend
more on the VNO (Halpern and Martinez-Marcos, 2003; Zufall and Leinders-Zufall, 2007),
whereas in mice the vaginal chemosignals that promote mating may be primarily volatile
(Hayashi and Kimura, 1974).

More centrally, lesions of MA, especially the MAa, eliminate copulatory behavior and
greatly reduce ano-genital investigation by male hamsters (Lehman et al., 1980). In rats,
damage to MApd, and to a lesser extent MAa, impairs copulation (McGregor and Herbert,
1992) and non-contact erections to volatile odors from females (Kondo and Sachs, 2002;
Kondo et al., 1998). The BNST may be a key structure for processing female cues during
copulation as large lesions of BNST (Powers et al., 1987) impaired ano-genital investigation
in hamsters and reduced NCEs in male rats in response to female odors (Liu et al., 1997).
However, lesions restricted to the BNST (Been and Petrulis, 2010a) and functional
disconnection of MA and BNST (Been and Petrulis, 2012) had minimal effects on
copulation itself. In contrast, functional disconnections between MA and MPOA eliminated
copulation in hamsters (Been and Petrulis, 2012), rats (Kondo and Arai, 1995) and gerbils
(Heeb and Yahr, 2000), demonstrating the existence of overlapping, yet separate, neural
systems mediating the initial approach toward females (MA-BNST) and initiation of
copulation (MA-MPOA). Steroidal effects on chemoinvestigatory behavior during mating
are also mediated by MA and MPOA/BNST, as T or E implants in either of these areas
reinstated ano-genital investigation and copulation in sexually experienced, castrated Syrian
hamsters (Wood, 1996; Wood and Newman, 1995). Similarly, implants of androgens and, to
a lesser degree, estrogens in MApd maintained NCEs in rats (Bialy & Sachs, 2002).

Conclusions
It is clear that social odors play a substantial and oftentimes obligatory role in mammalian
reproduction. These chemosignals coordinate reproductive physiology and behavior and to
adapt these responses to current environmental conditions. For example, chemosensory
signals accelerate or decelerate maturation and adult function of the hypothalamic-pituitary-
gonadal (HPG) axis of recipients such that increased HPG functioning occurs to the
appearance of mating partners, and decreases in HPG function occur in reproductively sub-
optimal conditions. Similarly, perception of scents from opposite-sex conspecifics leads
reproductively active adults to initiate behaviors that increase the likelihood of contacting
mates, such as chemosensory investigation, scent marking and vocalizations. Even after
contact occurs, the initiation of copulatory behavior in both sexes may still depend on
chemosensory cues, perhaps because these cues allow a more detailed evaluation of the
mating partner. The coordination of reproductive physiology and behavior by social odors is
most evident by the observation that gonadal steroids not only regulate odor-guided
reproductive behavior but also regulate the production (in some cases acting as precursors),
release and deposition of the social odors themselves.

It is also clear that the simple formulation of “VNO = pheromone detector” is inaccurate as
has been pointed out previously (Baxi et al., 2006; Stowers and Marton, 2005). The role of
the AOS and MOS in behavioral or physiological processes primarily depends on whether
the relevant chemosignals are volatile or non-volatile, and this may vary from species to
species. However, even this conclusion must be tempered with the knowledge that complex
anatomical interactions exist between MOS and AOS in rodents (Martel and Baum, 2007,
2009b) and findings that VNO receptor proteins are found in the MOE of ungulates (Ohara
et al., 2009). Despite these differences and complexities at the receptor and olfactory bulb
level, the central neural systems involved in transforming chemosignal perception into
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physiological or behavioral action appear to be fundamentally similar across species. In
almost all cases where it has been investigated, the cortico-medial amygdala (MA, ACo,
PLCo, PMCo) is indispensible for chemosensory-driven behavioral and physiological
responses and is a key site of hormone-chemosignal interaction. Through its connections
with the BNST, MPOA and hypothalamus, the MA implements a biased behavioral (BNST:
attraction; MPOA: copulation) and physiological response (hypothalamus: prolactin and LH
release) to opposite-sex conspecifics. However, important functional sex differences exist
within this framework (e.g. the role of BNST and VMH in sexual attraction) and require
further investigation.

The role of learning and memory in the behavioral and physiological responses to opposite-
sex conspecifics is generally under-appreciated by the non-specialist. Many of the
reproductive effects reviewed above are clearly subject to learning in adulthood as
evidenced by their dependency on sexual experience or prior contact with chemosignals as
well as by their ability to be conditioned to previously neutral odors. Although beyond the
scope of this review, the appropriate guidance of chemosensory-guided social behaviors are
also profoundly dependent on learning about chemosignals during early post-natal
development or even pre-natally (Nowak et al., 2000). For example, cross-fostering young
animals to heterospecific parents reverses their preferences for conspecifics (Huck and
Banks, 1980; Quadagno and Banks, 1970) and removing social odors from parents during
development alters the future behavior of offspring (Blum et al., 1975). Even the most basic
orientation responses to odors develop during nursing (Alberts and Brunjes, 1978) and
prenatal life (Robinson and Smotherman, 1992).

This dependence on learning and context undercuts the most fundamental idea of a
pheromone; that is, that responses to it are “instinctual” and therefore not learned. Similarly,
the fact that most chemosignals altering mammalian behavior and/or physiology are
complex mixtures often lacking species-specificity, rather than being potent and essential
singular compounds, further erodes the utility of the term “pheromone”. Because of these
concerns, it is perhaps wise to restrict the term to molecules that have met each and every
criterion of a pheromone, as used in the classical ethological sense. With this in mind, the
protein chemosignal Darcin, that guides initial approach of female mice to male scent marks
and drives learning of volatile constituents of male urine (Roberts et al., 2012b; Roberts et
al., 2010) as well as ESP1, the peptide in male mouse tear-ducts that stimulates female
receptivity, are perhaps the only reproduction-related mammalian pheromones identified
thus far.

Lastly, it should be clear that chemosignals are neither necessary nor sufficient for human
reproduction nor do they have a privileged place in directing human social behavior.
Positive findings of human chemical communication, when not based on flawed analysis
(see (Winman, 2004) examination of putative pheromone effects on human sexual behavior
(Cutler et al., 1998; McCoy and Pitino, 2002)), are often inconsistent, and at best,
demonstrate modest effects on human behavior and physiology. This should not be
surprising given our heavy reliance on visual and auditory cues for social behavior and on
the massive expansion of the visual and auditory cortex compared to the olfactory system.
Indeed, adult humans do not appear to have a functioning AOS and the human MA may be
more responsive to auditory and visual social cues (Ball et al., 2009; Bzdok et al., 2012;
Davis et al., 2010; Fruhholz and Grandjean, 2012; Goossens et al., 2009). The putative
human VNO is not an elaborated structure as it is in many mammals and does not appear to
contain receptor neurons, nor is there evidence that a VNO nerve or AOB exist in humans;
(Bhatnagar et al., 2002; Meredith, 2001; Smith et al., 2002; Trotier et al., 2000). Moreover,
congenitally anosmic humans have no apparent difficulty in reproducing successfully (Croy
et al., 2012). So, although adult humans do produce odors and can discriminate between
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different categories of individuals, such as males and females or kin and non-kin, there is no
evidence that adult social behavior is altered by any of these odors (Wysocki and Preti,
2004). The existing evidence suggests that, unlike many other mammals, social odors play
only a minor role in human reproductive physiology and behavior.
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Highlights

• All aspects of chemical communication are influenced by sex and hormone
status

• Very few chemosignals qualify as “pheromones”

• Most responses to chemosignals are dependent on context and learning

• Chemosignal processing is mediated by the medial amygdala and its
connections

• Species-differences in all aspects of chemical communication are evident
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Figure 1.
Abbreviated schematic of main olfactory (MOS; grey) and accessory olfactory or
vomeronasal (AOS; white) systems along with integrative areas (black). For clarity, only
unidirectional olfactory bulb connections are presented and several areas without known
relevance to social odor processing are omitted. AOB, accessory olfactory bulb; ACo,
anterior cortical amygdala; BNST, bed nucleus of stria terminalis; END, endopiriform
nucleus; ENT, entorhinal cortex; HIPP, hippocampus; MA, medial amygdala; MDth,
mediodorsal thalamus; MOB, main olfactory bulb; MOE, main olfactory epithelium;
MPOA, medial preoptic area; OFC, orbitofrontal cortex; PIR, piriform cortex; PMCo,
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posteromedial cortical amygdala; VMH, ventromedial hypothalamus; VNO, vomeronasal
organ; VPH, ventral premammilary hypothalamus.
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