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Abstract

In many species, chemical compounds emitted by conspe-
cifics exert profound effects on reproductive physiology
and sexual behavior. This is particularly true in the mouse,
where such cues advance and delay puberty, suppress and
facilitate estrous cycles, and cause the early termination of
pregnancy. They also facilitate sexual behavior and inform
mate selection. The mouse has a rich and complex reper-
toire of social behaviors. The technologies of molecular
genetics are well developed in the mouse. Gene expression
can be experimentally manipulated in the mouse relatively
easily and in a time- and tissue-specific manner. Thus, the
mouse is an excellent model in which to investigate the ge-
netic, neural, and hormonal bases by which chemical com-
pounds released by other mice affect physiology and
behavior. These chemical cues are detected and processed
by the olfactory system and other specialized but less well
characterized sensory organs. The sensory information
reaches brain regions that regulate hormone levels as well
as those that are involved in behavior and alters the func-
tion of these brain regions. The effects of these chemical
compounds have important implications for the laboratory
animal facility as well as for researchers. We begin with an
overview of the basic structure and function of the olfac-
tory system and of the connections among brain regions
that receive olfactory stimuli. We discuss the effects of
chemosensory cues on the behavior and physiology of the
organism along with what is known about the neural and
hormonal mechanisms underlying these effects. We also
describe some of the implications for the laboratory animal
facility.
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Introduction

exual behavior and reproductive physiology are regu-

lated by a number of factors. In many species, both

wild and domestic, chemical cues released by conspe-
cifics exert a profound influence on these processes. For ex-
ample, the female silkmoth (Bombyx mori) releases a lipid
molecule called bombykol that attracts male silkmoths
(Matsumoto et al. 2007; Regnier and Law 1968). Female
roughskin newts (Taricha granulosa) release a chemical that
facilitates copulatory behavior in male newts (Thompson
and Moore 2000). Male sheep, cattle, and goats detect chem-
icals present in the anogenital region of females that allow
them to assess the females’ estrous state (Rekwot et al. 2001).
Domestic boar (Sus scrofa) saliva contains a chemical, an-
drostenone, that not only attracts sows but also facilitates the
display of a characteristic mating posture (Dorries et al.
1997; Signoret 1970). A comprehensive description of all
species in which chemical cues affect reproduction is well
beyond the scope of this article; these examples should il-
lustrate the point that chemical cues released by members of
the same species have significant effects on reproductive be-
havior and physiology in very diverse species.

We focus on the mouse (Mus musculus) for several rea-
sons. First, mice are macrosmotic animals, meaning they
have a highly developed sense of olfaction. Second, the re-
production and behavior of the mouse are profoundly influ-
enced by chemicals released by conspecifics. In addition,
these effects are robust and reliably elicited, making them
easier to study. Thus, the mouse is an exceptional model or-
ganism to study the chemosensory regulation of reproductive
physiology and behavior. A third reason is that the molecular
techniques that allow manipulation of the genome are still
optimal in the mouse, enabling manipulations that are far
more difficult, if not impossible, in other species. Finally,
nearly all laboratory animal facilities house mice, and the ef-
fects we review in this paper have important implications for
animal husbandry.

When considering the effects of chemical cues, it is use-
ful to take an evolutionary approach because, as with all
phenotypes, these effects are the result of evolutionary pro-
cesses. This approach considers how and why these effects
evolved. Many researchers and facility staff may prefer a
strictly pragmatic perspective. How do these phenomena
affect husbandry? How can they be circumvented (or
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exploited) to maximize reproductive output? How can they
be used to control pest populations? Indeed, there has been
great interest in using sex pheromones to control gypsy moth
populations, and some hunters claim that pheromones can be
used to attract their quarry.

No matter which of these questions is of interest, the an-
swer relies on an understanding of the mechanism by which
the chemical cues exert their effects. After reading this re-
view, we hope the reader will have a basic understanding of
the sensory systems that detect chemical compounds in the
environment (which we interchangeably call chemosensory
cues) and the part of the brain involved in the processing of
these cues. We review the major effects of chemosensory
cues on the behavior and reproduction of the mouse to con-
vey the extent of their impact on the mouse, in particular, but
by generalization, all species. As the reader becomes famil-
iar with all the effects of chemosensory cues, we are certain
that it will be clear that these cues must be considered by all
researchers and other personnel involved in the use and hus-
bandry of animals in the laboratory animal facility.

Overview of the Olfactory System

Some chemical compounds in the environment, working in-
dependently or in concert with other cues (not necessarily
chemical in nature), exert profound effects on physiology
and behavior. Many of these behaviors or physiological re-
sponses to chemical cues have been either correctly or in-
correctly associated with pheromonal responses. The term
pheromone was first introduced in the literature 50 years
ago by Karlson and Luscher (1959), who defined phero-
mones 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.”
Thus, some, but not all, chemical compounds in the environ-
ment are correctly labeled pheromones (nonpheromonal
chemical cues do not elicit a specific reaction in a conspe-
cific). The definition of a pheromone in relation to mamma-
lian chemical cues has changed and often taken new
meaning. Kelliher has suggested that the term be used as a
concept, not a discrete entity, and defines the concept as “a
chemical cue that is secreted by an individual with the sole
or primary function of communicating with a member of the
same species” (Kelliher 2007; emphasis added). Based on
this definition, many of the effects we review here are medi-
ated by pheromones.

To understand the mechanism by which chemosensory
cues, including pheromones, affect the receiver, the reader
must understand the basic organization and function of the
olfactory system. The olfactory system, the sensory system
that detects chemicals in the environment, comprises multi-
ple subdivisions that presumably serve different functions
(although these functions have not been fully elucidated).
For example, the septal organ and the Gruenberg ganglion
are two anatomically distinct organs with sensory receptor
cells that send axons to the olfactory bulb (Breer et al. 2006).

Volume 50, Number 1 2009

Most of what is known about chemical cues and reproduc-
tive physiology has come from studies of the two largest
subdivisions, the main olfactory system and the vomeronasal
system (until recently called the accessory olfactory system).
Since the vast majority of mammals, reptiles, and many am-
phibians studied to date possess both of these systems, it is
reasonable to conclude that the common ancestors of these
classes of species possessed functional main and vomerona-
sal systems. (Species such as the Old World primates, in-
cluding humans, and aquatic mammals lost the functional
vomeronasal system during evolution.)

Figure 1 is a general illustration of the brain regions that
receive sensory information from the main and vomeronasal
systems. Although the information converges in the medial
amygdala, many aspects of the anatomy and function of the
two systems are distinct and we therefore discuss them
separately.

The Main Olfactory System
Detection

The main olfactory epithelium detects the vast majority of
chemosensory cues and discriminates between thousands of
different odorants. These enter the nasal cavity and come in
contact with the ciliated dendrites of highly specialized bi-
polar olfactory receptor neurons (ORNs), which, along with
sustentacular supporting cells and protogenic basal cells,
make up the pseudostratified sensory epithelium in the nose.
While the amount of sensory epithelium compared to respi-
ratory epithelium may differ depending on the species, the
sensory epithelium is generally located in the dorsal caudal
nasal cavity. Classical ORNs use a canonical cyclic adenos-
ine monophosphate (cCAMP) signaling pathway and are the
most common olfactory receptor type in the main olfactory
epithelium. ORNS project their axons to the olfactory bulbs
where they arborize in only two individual glomeruli in the
main olfactory bulb (MOB) (Ressler et al. 1994; Vassar et al.
1994), maintaining a functional topography between the epi-
thelium and the MOB (Mori et al. 1999). Figure 2 depicts the
general structure of the main olfactory system from the ol-
factory epithelium to the MOB. Transmission of any infor-
mation to the central nervous system requires a fully intact
circuit among these components.

Perception

Perception is generally defined as awareness of a sensory
stimulus. Perception of odor and the identification of stimuli
begin in the olfactory bulb. As illustrated in Figure 2, mitral
cells in the olfactory bulb arborize in a single glomerulus
and therefore receive information from only a single type of
OR. The main olfactory bulb is more than just a relay be-
tween receptor neurons and the primary olfactory cortex.
The laminar structure of the MOB is thought to be important
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Figure 1 The mouse chemosensory response circuit. The vomeronasal system (dashed line) begins with the sensory epithelium in the vome-
ronasal organ (VNO). The VNO projects to the accessory olfactory bulb (AOB), which in turn projects directly to the medial amygdala (ME).
The medial amygdala has broad projections to regions including the bed nucleus of the stria terminalis (BNST), the medial preoptic area
(MPOA), and the ventromedial nucleus of the hypothalamus (VMH). The main olfactory system (dotted line) begins with the main olfactory
epithelium (MOE), which projects to the main olfactory bulb (MOB). The MOB sends projections to the accessory olfactory nucleus (AON),
the piriform cortex (Pir), and the corticomedial nucleus of the amygdala (ACO). The ACO projects to the Pir, the ME, and the hippocampus
(Hip). Thus, sensory stimuli carried by the main and vomeronasal systems converge in the ME. The Pir projects to the lateral hypothalamus
(LH) and the orbitofrontal cortex (ORB). Solid lines represent pathways after possible convergence of the main olfactory and vomeronasal

systems.

for the initial processing of olfactory signals and involved in
the formation of memories (Leise 1990; Shepherd 1992). In
fact, the lateral inhibition between mitral cells, which en-
hances the specificity of responses between two closely re-
lated compounds, performs a similar function to lateral
inhibition in the visual system (Haberly 2001; Yokoi et al.
1995).

The mitral cells project via the lateral olfactory tract to
multiple higher olfactory structures—the anterior olfactory
nucleus, anterior cortical amygdala, olfactory tubercle, tenia
tectum, piriform cortex, and entorhinal cortex (Shipley and
Ennis 1996). These regions in turn project to other cortical,
subcortical, and limbic regions and provide feedback to the
olfactory bulb itself (Haberly 2001; Shipley and Ennis 1996).
Individual mitral cells project to multiple regions in the piri-
form cortex in addition to many other higher olfactory areas
(Ojima et al. 1984; Scott 1981).
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Although the piriform cortex had long been thought of as
the primary olfactory cortex, the main olfactory bulb may in
fact take on more of this role and the piriform cortex may
instead function more as an associative cortex. Cells in the
piriform cortex fire in response not only to odors but also to
reward components present during an olfactory discrimina-
tion task. These firing rates increase in response to an in-
creased incentive and will even precede the odor response,
predicting the onset of the task (Schoenbaum and Eichenbaum
1995). Using c-Fos as a marker for neuronal activation
Kippin and Pfaus (Kippin et al. 2003) found that the piriform
cortex responded to a nonsocial odor (almond extract) de-
tected by the main olfactory system only after it had been
previously paired with copulation. These findings suggest
that one role of the piriform cortex is to respond to odors that
have been learned or associated with reward and that it is
thus a likely site for odor perception (Haberly 2001).
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Figure 2 A schematic representation of the anatomy and projec-
tions of the main olfactory system. Cilia from olfactory receptor
neurons (ORNs) extend into the nasal cavity where they interact
with chemical compounds. Each ORN contains one type of olfac-
tory receptor. Although olfactory receptor neurons with the same
olfactory receptor are distributed throughout the sensory epithe-
lium, their axons pass through the cribriform plate of the skull and
project to the same glomerulus in the main olfactory bulb (thus the
black ORNS in the drawing all project to the same glomerulus). In
the glomerulus, the terminals of the ORNs synapse onto dendrites
of the mitral cells, and the mitral cell axons converge to form the
lateral olfactory tract, which projects to the brain regions summa-
rized in Figure 1.

Assignment of Meaning

An animal that detects a stimulus must identify familiar
stimuli and recall a meaning associated with them. For novel
stimuli, the animal will assign meaning based on the circum-
stances of detection and memory formation. Areas of the
amygdala, hypothalamus, and cortex are all important for as-
signing and recalling meaning. The basolateral amygdala
(BLA) and the orbital frontal cortex both receive input from
the piriform cortex and are important for associative learning
(Everitt et al. 1999; Fanselow and LeDoux 1999; Schoen-
baum et al. 2002). Cells in both of these regions encode neu-
ral responses to odors presented during operant training
tasks (Schoenbaum et al. 1999). The ventral striatum, which
encompasses the nucleus accumbens, receives projections
from both the basolateral amygdala and the orbital frontal
cortex. It has also been implicated as a major integration site
for associative learning and reward. The BLA and the ventral
striatum work together to encode and respond to motivation-
ally significant cues (both rewarding and aversive), which
ultimately guide the behavior of the animal (Cardinal 2002;
Schoenbaum et al. 2003; Setlow et al. 2002). Activation of
this pathway is evident in male rats trained to associate a
neutral odor (almond extract) with copulation: they show
significant increases in c-Fos expression in the piriform cor-
tex, basolateral amygdala, nucleus accumbens (NAcc), and
lateral hypothalamus after exposure to almond odor, com-
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pared to rats exposed to the same odor but without training
(Kippin et al. 2003). In summary, it is the interconnections
between the piriform cortex, basolateral amygdala, orbito-
frontal cortex, and the nucleus accumbens that appear to en-
code odor perception and the motivational significance or
meaning to odors.

The Vomeronasal System

The vomeronasal (or accessory olfactory) system is a distinct
subsystem present in most vertebrate animals with the excep-
tion of avian species, aquatic mammals, and Old World pri-
mates, including humans (Wysocki 1979). Chemosensory
cues are first detected by vomeronasal receptor neurons
(VRNGs) located in a bilaterally paired set of organs at the base
of the nasal septum. These cues bind to vomeronasal receptors
located on microvilli that project into the vomeronasal lumen.
In mammals such as rodents and marsupials, in which the sys-
tem is particularly well defined, the vomeronasal organ is
separated into two subsystems, an apical layer and a basal
layer, distinguished by differences in the signal transduction
cascades. Apical neurons have a vomeronasal receptor from
the VIR family of receptors, which are coupled to a specific
second messenger system (the Gai protein) and require the
use of a transient receptor potential channel with a TRPC2
subunit (Dulac and Torello 2003; Herrada and Dulac 1997,
Tirindelli et al. 1998). In contrast, basal neurons have a vome-
ronasal receptor from the V2R family of receptors that is G
protein—coupled and have a TRPC2 subunit but can also
process chemosensory cues in a TRPC2-independent manner
(Kelliher et al. 2006). While the functional significance of
these two subsystems is still unclear, some chemical cues are
clearly detected only by the apical VRNs and some by the
basal VRNSs (Leinders-Zufall et al. 2000, 2004).

As shown in Figure 2, vomeronasal receptor neurons
send their axons directly to the glomeruli of the accessory
olfactory bulb (AOB!), which is located caudally on the dor-
somedial portion of the olfactory bulb and which maintains
the zonal segregation of the VRNs. Axons from apically lo-
cated VRNSs arborize in glomeruli situated in the rostral AOB
whereas axons from basally located VRNs arborize in the
caudal AOB (Halpern et al. 1998). Axons from the VRNs
enter the AOB glomeruli and make synaptic contact with mi-
tral cell dendrites.

Miitral cells project their axons to forebrain structures—the
anterior olfactory nucleus, bed nucleus of the accessory olfac-
tory tract (BAOT), medial amygdala (ME), posteromedial cor-
tical amygdala, and bed nucleus of the stria terminalis
(BNST)—via the lateral olfactory tract (Scalia and Winans
1975). There appear to be some species differences as to
whether the zonal segregation observed in the vomeronasal

I Abbreviations used in this article: AOB, accessory olfactory bulb; Fos-ir,
Fos-like immunoreactivity; HPG, hypothalamic-pituitary-gonadal axis; LH,
luteinizing hormone; MUPs, major urinary proteins; VNO, vomeronasal
organ
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epithelium and AOB is maintained in the posteromedial corti-
cal amygdala. In the opossum, axons from posterior mitral
cells (those receiving input from the basal layer of the vomero-
nasal epithelium) terminate more deeply than mitral cells from
the anterior zone of the AOB (Martinez-Marcos and Halpern
1999), whereas no such segregation has been observed in the
medial amygdala of the mouse (Salazar and Brennan 2001).

Connection with Limbic and
Hypothalamic Regions

Further projections to the medial preoptic area (MPOA),
ventrolateral portion of the ventromedial hypothalamic nu-
cleus (VLH), and premammillary nucleus originate from
both the medial amygdala and the BNST (Canteras et al.
1992a,b, 1995; Scalia and Winans 1975; Winans and Scalia
1970). The vomeronasal pathway is distinct and separate
from the main olfactory pathway, although there is a likely
convergence at the medial amygdala. Mitral cells from the
main olfactory bulb project to the endopiriform nucleus and
the corticomedial amygdala, both of which then project to
the medial and posteromedial cortical amygdala (Coolen
and Wood 1998; Krettek and Price 1978a,b). Licht and Mer-
edith (1987) demonstrated these projections in hamsters
when they recorded activity in the ME after electrical stimu-
lation of either the vomeronasal epithelium (VNE) or the
main olfactory epithelium (MOE).

Researchers have generally believed that the conver-
gence of the main and vomeronasal pathways is “one-way”:
olfactory information can flow to the vomeronasal pathway
but vomeronasal information does not appear to gain access
to cortical olfactory areas (Kevetter and Winans 1981a,b).
Intra-amygdala connections, however, are highly complex.
Whereas the vast majority of the connections flow from the
cortical amygdala and the basolateral amygdala to the ME,
there are also reciprocal connections between these brain re-
gions (Coolen and Wood 1998). It is therefore possible that
the vomeronasal system communicates with cortical olfac-
tory areas, but this has yet to be demonstrated.

Effects of Olfaction on Physiology and
Social Behavior

Chemosensory cues—a wide variety of compounds pro-
duced by conspecifics—are produced and released (actively
or passively) by a “sender” animal and detected by the re-
ceiving animal, where they act on neural systems to affect
behavior and physiology.

It is important to consider the chemical nature of the
compounds because it affects their spread and detection.
Compounds that stimulate the olfactory system take many
forms with a broad range of characteristics: some are large
proteins while others are small lipophilic molecules, some
are airborne and highly volatile while others are not. The
volatility likely plays a role in whether a chemical compound
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is detected at a distance or via direct physical contact. The
traditional view was that volatile cues stimulate the main ol-
factory system and nonvolatile cues stimulate the vomerona-
sal system. Although reasonable based on the evidence
available at the time, it is now clear that both the main and
vomeronasal systems are capable of detecting both volatile
and nonvolatile cues (Dulac and Torello 2003; Leinders-Zu-
fall et al. 2000; Spehr et al. 2006b).

Some chemical cues alter hormone levels, which in turn
affect behavior. Others may influence social behavior by
conveying information (such as stage of the estrous cycle
and therefore likelihood of behavioral receptivity) about in-
dividual animals. The processing and effect of these com-
pounds may also vary with the experience of the receiver.

Although many of the chemical cues discussed in this
paper fit the definition of pheromones, it is very important to
note that chemical cues that are not pheromones affect be-
havior. For example, red fox urine suppresses locomotor ac-
tivity of male (but not female) voles in the open field
(Perrot-Sinal et al. 1996).

Pregnancy Block in the Mouse

Chemosensory cues can have very dramatic effects on preg-
nancy in the mouse—in fact, they are capable of terminating
pregnancy (Bruce 1959; this effect has not been consistently
reported in any other species). The termination of pregnancy
by chemosensory cues, called the Bruce effect or pregnancy
block, occurs when a recently impregnated mouse aborts her
litter in response to chemosensory cues from an unfamiliar
male.

In Bruce’s initial experiment (Bruce 1959), female al-
bino mice were allowed to copulate with a male albino stud.
After insemination was confirmed (by the observation of a
vaginal sperm plug), the males were removed from the fe-
males’ cages. The females were then housed for 24 hours
with either an unfamiliar albino male, an unfamiliar wild-
type male, a castrated albino male, another albino female, or
the original stud male. All the females housed with an albino
female or the original stud male remained pregnant. Of fe-
males housed with an unfamiliar albino male, 28% lost their
litter; of those housed with a castrated unfamiliar albino
male, 26% lost their litter; and 71% of those housed with an
unfamiliar wild-type male lost their litter. Furthermore,
Bruce demonstrated that physical contact was unnecessary
as the rate of pregnancy block was similar whether the fe-
male was housed with the male or alone in his cage, suggest-
ing that the Bruce effect results from exposure to a substance
released by the male rather than to the male per se.

Hormonal and Neural Bases of
Pregnancy Block

Chemosensory cues from a strange male appear to activate
neurons in the medial amygdala, which in turn affect activity
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of the tuberoinfundibular dopamine neurons (Brennan 2004;
Brennan and Peele 2003). When activated, these neurons re-
lease dopamine, which acts in the anterior pituitary gland
to inhibit the release of prolactin from lactotrophs. In the
mouse, prolactin is critical for the maintenance of the corpus
luteum; without it, the corpus luteum regresses, progester-
one levels decrease, and implantation fails. Treatment with
prolactin or progesterone immediately (i.e., no more than
48 hours) after mating prevents pregnancy block (Dominic
1966b,c; Rajendren and Dominic 1987, 1988b).

The Bruce effect relies on a complex series of processes
that we divide into two classes: pericopulatory and postcopu-
latory. The first process is the formation of an olfactory mem-
ory. At the time of mating, the female forms a memory of her
mate’s olfactory profile. This requires that the female (1) rec-
ognize that she has mated and (2) generate a signal that in-
duces the formation of an olfactory memory of her mate (i.e.,
it triggers the synaptic events in olfactory areas that underlie
the memory). The signal that might trigger these synaptic
events has not been unequivocally identified; we speculate
that the neuropeptide oxytocin, which is released by vaginal
cervical stimulation during copulation, triggers the mouse’s
formation of the memory of the mate (Wersinger et al. 2008).
Others suggest that it is a mating-induced release of norepi-
nephrine in the accessory olfactory bulb (Brennan et al. 1990,
1995). These are not mutually exclusive hypotheses.

The memory of the mate forms within the first few hours
of mating (3-7h) and can remain intact after 30 days (Keverne
and de la Riva 1982). The formation of the memory requires
a functional accessory olfactory bulb—females that received
an infusion of lidocaine (a local anesthetic) in the AOB at the
time of mating exhibited pregnancy block in response to their
mate, suggesting a disruption of memory formation (Kaba et
al. 1989). The synthesis of new protein is involved in later
stages of memory formation. Pregnancy block was prevented
in females that received a protein-synthesis inhibitor in the
AOB toward the end of memory formation, 3 to 6 hours after
copulation (Kaba et al. 1989), but not when treated immedi-
ately after mating (Kaba and Keverne 1988).

At the synaptic level, Brennan and colleagues (1998)
have suggested that exposure to cues from a male at the time
of mating potentiates glutamate synapses on granule cells.
This potentiation enhances feedback inhibition of these
granule cells on mitral cells that are activated by chemosen-
sory cues from the male, and the effect of this increased in-
hibition is that stimuli activating the mitral cells are not
transmitted to other regions of the brain. Cues from an unfa-
miliar male activate a different set of mitral cells that are free
of inhibition, and without this inhibition the neural activa-
tion passes on to other brain regions, including, ultimately,
the tuberoinfundibular dopamine (TIDA) neurons. As men-
tioned above, activation of the TIDA neurons increases do-
pamine levels, dopamine inhibits the release of prolactin, and
without prolactin, implantation fails.

Irrespective of the mechanism, the empirical data are
consistent with the presence of a filter in the accessory olfac-
tory bulb that prevents olfactory stimuli from the familiar
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male from passing to the brain regions that regulate the TIDA
neurons. Halem and colleagues (2001) demonstrated that the
induction of Fos-like immunoreactivity in limbic and hypo-
thalamic brain regions in female mice exposed to urine from
stimulus males with which they had recently mated was at-
tenuated compared to females exposed to urine from unfa-
miliar stimulus males. In the AOB, urine induced Fos-like
immunoreactivity (Fos-ir!) in all groups. These results
strongly indicate that signals from the familiar male are fil-
tered at the level of the AOB.?

After copulation, a different set of processes occurs. The
female is sensitive to the sex and endocrine status of conspecif-
ics present in the environment. Gonad-intact reproductive
males, but not castrated males, are capable of inducing preg-
nancy block (Rajendren and Dominic 1988a). Castrated males
and females, which do not interfere with implantation, are ca-
pable when treated with androgen of disrupting pregnancy
(Hoppe 1975; Rajendren and Dominic 1988a). Urine from adult
or juvenile females housed eight per cage, or a pool of urine
collected from eight individually housed females, disrupts preg-
nancy, although is it unclear if the mechanism underlying this
effect is similar to that of the Bruce effect (Drickamer 1999).

The female compares olfactory cues from reproductive
males in the environment with the olfactory memory of her
mate. If the cues do not match that memory, the information
passes through the chemosensory responsive circuit, acti-
vates the TIDA neurons, and triggers pregnancy block. Al-
though the mate produces the molecules that induce
pregnancy block, the stimuli do not activate the TIDA neu-
rons of the female with which he has mated, possibly be-
cause the stimulus fails to exit the accessory olfactory bulb.

Characteristics and Identity of Chemosensory
Cues Implicated in Pregnancy Block

As mentioned above, mice treated with androgen elicit preg-
nancy block (Bruce 1959; Drickamer 1999; Rajendren and
Dominic 1988a). Although the vast majority of evidence
suggests that the cue is present in urine (Dominic 1965,
1966a; Marchlewska-Koj 1977, 1981), at least one report
suggests that urine alone is insufficient to reliably induce the
block (de Catanzaro et al. 1995). The preputial gland is un-
necessary for pregnancy block, since males without this
gland (or a vesicular coagulating gland) induce pregnancy
block (de Catanzaro et al. 1996; Zacharias et al. 2000).
Which cues signal individual identity and to which cues
does the female form an olfactory memory? The cues must be
present in the urine. Major histocompatability complex
(MHC) peptides are viable candidates. Female mice recently
mated with C57BL/6 males exhibit pregnancy block when
exposed to the urine of BALB/c males but not when exposed to
that of C57BL/6 males (Kelliher et al. 2006). And pregnancy

2Lesions of the hippocampus disrupt olfactory learning in the context of maze
tests (Alvarez et al. 2002) but have no effect on the induction of the pregnancy
block (Selway and Keverne 1990), suggesting that this structure plays no role
in the type of olfactory memory that underlies pregnancy block.
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block occurs in females mated with C57BL/6 males follow-
ing exposure to urine from these males treated with MHC
peptides from BALB/c males. Removal of the VNO prevents
pregnancy block in response to urine from a strange male
(Bellringer et al. 1980). If MHC peptides play a role in preg-
nancy block, then the VNO must be sensitive to them; it is,
and it must be intact for MHC peptides to have an effect on
pregnancy (Kelliher et al. 2006; Leinders-Zufall et al. 2004).

Like MHC peptide ligands, major urinary proteins
(MUPs') are involved in individual and mate recognition
(Thom et al. 2008), but experimental evidence does not sup-
port their role in the pregnancy block. The fraction of urine
containing high molecular weight molecules, which includes
the MUPs, fails to induce pregnancy block whereas the frac-
tion containing low molecular weight molecules, which in-
cludes volatile compounds, does (Peele et al. 2003). Thus
the AOB is activated by the low, but not high, molecular
weight fraction in urine. Although MUPs may play a role in
other phenotypes regulated by chemosensory cues and are
likely sources of chemosensory cues of individual recogni-
tion and mate preference (Thom et al. 2008), they are un-
likely to play a major role in pregnancy block.

Implications for the Animal Facility

Mice are bred in laboratory animal facilities for many rea-
sons, including the maintenance of transgenic lines, and preg-
nancy block may be a major factor in poor production of
breeding colonies. In fact, it is believed that Bruce began in-
vestigating the social environment of the colony because re-
productive output was low. In small facilities, breeding
females may be routinely exposed to odor cues from unfamil-
iar males. If reproductive output of a line is low, many inves-
tigators conclude the line is subfertile because of the genetic
manipulation. We suggest considering and, if necessary, ad-
dressing the olfactory environment of a breeding colony with
low output, as relatively minor changes may dramatically in-
crease the output of the colony. For example, the presence of
the mate appears to protect the female from pregnancy block,
so leaving the male with the female after copulation may
help. Olfactory isolation of mated females from the remain-
der of the colony by the use of microisolator tops or single-
sex rooms may further ameliorate the condition.

Effects on Puberty

Social cues from conspecifics affect the timing of puberty in
the mouse by advancing or delaying it.3 Both effects appear
to be mediated by the olfactory system. Since the cues ap-
pear to be different, we discuss them separately.

3Puberty is the process by which organisms become reproductively competent.
Because it is a process, it cannot be quantified by a single measure. In humans,
Tanner stages are used to gauge where in the process a child is. In female
rodents the onset of puberty is often defined as the day of vaginal opening, a
distinctive, easily observed phenotype. To confirm puberty, vaginal lavage
can be used to confirm the presence of estrous cycles.
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Puberty Acceleration

Vandenbergh (1973) was the first to report the accelerating
effect of male chemosensory cues on puberty in female mice.
Juvenile females exposed to an adult, reproductively capable
male enter puberty an average of 2 to 3 days earlier than ju-
venile females housed in the absence of males. Even expo-
sure to male urine alone accelerates puberty. Later, Drickamer
(1984) reported that urine from pregnant and lactating fe-
males accelerated sexual maturation in juvenile females
whereas urine from multiparous, nonlactating singly housed
females did not. The phenomenon has been well studied in
laboratory mice and also occurs in feral populations of mice
(Massey and Vandenbergh 1981), suggesting that it is not a
simple artifact of laboratory housing.

Hormonal and Neural Bases

Puberty is characterized by increased activity of the hypo-
thalamic-pituitary-gonadal axis (HPG'; Figure 3). Hypotha-
lamic gonadotropin-releasing hormone (GnRH) neurons
increase their activity, resulting in an increase in the pituitary

Hypothalamus

GnRH Neurons

Hypothalamic Pituitary
Portal Blood Vessels

Peripheral Circulation

Estrogen

Figure 3 The hypothalamic-pituitary-gonadal axis. Neurons con-
taining gonadotropin-releasing hormone (GnRH) are broadly dis-
tributed in the hypothalamus. When excited, these neurons release
GnRH into the hypothalamic-pituitary portal blood vessels, which
connect the hypothalamus with the anterior pituitary. In the anterior
pituitary, GnRH increases the release of luteinizing hormone (LH)
and follicle-stimulating hormone (FSH) into the peripheral circula-
tory system by the gonadotrophs. These two hormones, together
called the gonadotropins, act on the gonad to stimulate the synthesis
of sex steroids (estrogen and testosterone) in the peripheral blood.
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synthesis and release of luteinizing hormone (LH!) and fol-
licle-stimulating hormone (FSH). These hormones then act
at the gonad (the testis or ovary) to increase sex steroid
synthesis.

Bronson and Maruniak (1976) demonstrated that expo-
sure of prepubertal female mice to adult males or their urine
increases LH output within 30 minutes of exposure. These
stimuli had no immediate effect on FSH but over time de-
creased its levels. The effects after exposure to a stimulus
male were greater than after exposure to urine, but the reason
is not clear; it is possible that other cues from the male (e.g.,
tactile cues or chemosensory cues from other parts of the
body) play a role. It is also possible that urine cues are more
efficiently detected by the female when she is paired with
him; for example, she may engage in anogenital investiga-
tion, which may provide a strong, concentrated source of
odor cues. This suggests that male pheromones are capable
of altering activity of the HPG, which provides a putative
mechanism for the acceleration of puberty.

An intact vomeronasal organ (VNQO') is necessary for
urine from males to accelerate puberty (Kaneko et al. 1980;
Lomas and Keverne 1982; Wysocki and Lepri 1991), sug-
gesting that the vomeronasal system mediates the effect.
Drickamer (1986b) provided further support for this finding
by demonstrating that treatment with zinc sulfate, which de-
stroys the main olfactory epithelium without destroying the
VNO, has no effect on male-induced puberty advance in
females.

Characteristics and Identity of the Cues

Urine of adult male mice (Drickamer and Assmann 1981) or
of estrous, pregnant, or lactating females (Drickamer 1983a,
1986a) accelerates puberty of juvenile females whereas urine
from castrated males (Pandey and Pandey 1988), juvenile
males (Drickamer 1992), and other (i.e., nonestrous, non-
pregnant, nonlactating) gonad-intact females does not. Urine
from androgen-treated juvenile (Drickamer 1992) or cas-
trated males (Pandey and Pandey 1988) accelerates puberty,
strongly suggesting that the accelerating cues are androgen-
dependent. The dominance status of the male also affects the
ability of his urine to accelerate puberty: urine from domi-
nant males is more effective than that of subordinate males
(Drickamer 1983b). Production of the cues that advance pu-
berty does not require an intact VNO in either male or fe-
male stimulus animals (Lomas and Keverne 1982), and
rendering the producer of the signal anosmic by disrupting
the main olfactory system similarly has no effect on the abil-
ity of the signal to accelerate puberty (Drickamer 1986b).
(As we discuss below, this is not the case with cues that sup-
press estrous cyclicity in the female.)

The cue itself has not been definitively characterized.
Vandenbergh (Vandenbergh et al. 1975) first suggested that
the puberty-accelerating compound present in the urine of
males was a protein. Although one group reported that two
amines (isobutylamine and isoamylamine) advanced vaginal
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opening in the mouse (Nishimura et al. 1989), a later study
reported that compounds do not increase uterine weight in
prepubertal females (Price and Vandenbergh 1992). There is
a tight correlation between uterine weight and circulating
levels of estrogen, so an exposure-induced increase in uter-
ine weight has been used as a marker for the puberty-
accelerating effects of various compounds. Thus, compounds
that induce puberty via activation of the hypothalamic-pitu-
itary-gonadal axis elevate estrogen levels and, consequently,
uterine weight (Figure 3). A series of papers have reported a
number of compounds that accelerate puberty in uterine
weight assays (Jemiolo et al. 1989; Novotny et al. 1999a,b).
Novotny’s groups report small compounds that bind to the
MUPs present in urine. It is interesting that a natural MUP
isolated from male urine increased uterine weight whereas a
recombinant MUP did not. This, along with other evidence,
suggests that the cue that induced puberty advance is not the
MUP per se but rather a complex of compounds and mole-
cules that includes the MUP and its ligands.

Puberty Delay

The onset of puberty in group-housed female mice is signifi-
cantly longer than in singly housed females or females
housed with a male (Drickamer 1977; Massey and Vanden-
bergh 1980). The signals that delay puberty are present in the
urine of group-housed females, as exposure to urine alone
delays puberty as does exposure to the animals themselves
(Drickamer 1977). The synthesis or release of the signal is
density-dependent in laboratory mice. The urine of females
housed in groups of four delays puberty after 2 weeks of
group housing, while the urine of females housed in groups
of six delays puberty after 1 week of group housing (Coppola
and Vandenbergh 1985). The signal persists for 10 days after
a female is moved from group to single housing. Unlike
some pheromonal effects that have been described only in
laboratory animals, feral mice populations also exhibit this
delay in puberty (Massey and Vandenbergh 1980, 1981).

Several synthetic compounds that are analogues of uri-
nary compounds have also been shown to delay puberty
(Jemiolo et al. 1989; Jemiolo and Novotny 1994). A particu-
larly interesting characteristic of this signal is that group-
housed female mice do not produce it when they are rendered
anosmic by treatment with zinc sulfate (Drickamer 1986b).
Thus not only does the olfactory system mediate the response
to this signal, it plays a key role in its production.

Implications for the Animal Facility

The effect of olfactory cues on the timing of puberty has im-
portant implications for the animal facility. Few researchers
and facility staff understand that housing conditions can di-
rectly affect the timing of puberty. For studies of adult or very
young animals, these effects may not affect the phenotype of
interest, but for developmental or other studies involving
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peripubertal subjects, differences in the timing of puberty
may be a confounding variable if not carefully controlled.

Effects on the Estrous Cycle

Chemosensory cues from conspecifics of both sexes have ef-
fects on the estrous cycle of female mice. In 1955 researchers
reported that group-housed females entered a state of sponta-
neous pseudopregnancy (Van Der Lee and Boot 1955), a state
associated with sterile mating (or extensive vaginal cervical
stimulation). Essentially, the physical stimulus results in the
release of a luteotrophic factor and the female experiences
hormonal changes identical to those of early pregnancy. A
hallmark of pseudopregnancy is that the uterus displays a de-
cidual cell reaction, which is associated with the ability of the
uterus to support implantation of the zygote. The decidual cell
reaction is assessed by experimentally inducing trauma (e.g.,
by injecting sesame oil into the lumen of the uterine horn) and
measuring the proliferation of decidual cells in the uterine lin-
ing near the site of injection (Finn and Keen 1963).

Although the pseudopregnant female does not exhibit cy-
clicity, pseudopregnancy and anestrus are not the same; the
mechanism that induces each state and the hormonal profile of
each are very different. In anestrous animals, the HPG is in-
hibited and hormone levels are low. During pseudopregnancy,
the corpus luteum persists and hormone levels are high. De-
spite the title of the original paper (‘“‘Spontaneous Pseudopreg-
nancy in Mice”), the Lee-Boot effect is currently defined as a
suppression of estrous cyclicity, as opposed to spontaneous
pseudopregnancy, among group-housed females. The mecha-
nism is a lengthening of estrous cycle length by prolonging
the diestrous stage of the cycle. The cycle length of pairs of
females does not differ significantly from singly housed fe-
males (Champlin 1971), but when the group size reaches 3 to
6, there is a significant lengthening of the estrous cycle (Cham-
plin 1971). Whitten (1959) observed that in very large groups
of females individuals become anestrous, and concluded that
this was because of decreased ovarian weight and the absence
of corpora lutea as well as the absence of the vaginal cytology
associated with estrus. One study (Ryan and Schwartz 1977)
reported that estrous cyclicity disappeared in group-housed
female white Swiss mice, although, rather than experiencing a
suppression of estrus, these animals appeared to become pseu-
dopregnant. Thus the effect of group housing, a suppression of
estrus, is similar in Swiss mice and other strains of mouse.
However, the neural and hormonal mechanism appears to be
different for this and other strains of Mus musculus.

Mechanisms of Action and Characteristics of
the Cues

The effect of group housing on cyclicity is at least partially
mediated by the vomeronasal organ, as one study has shown
that disruption of the VNO reduces the number of females
experiencing delayed estrus (Reynolds and Keverne 1979).
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This same study suggests that other olfactory sensory organs
also play a role since disruption of the VNO does not com-
pletely eliminate the response to urine collected from group-
housed females (Reynolds and Keverne 1979). As mentioned,
the brain regions that constitute the chemosensory response
circuit (Figure 1) are functionally connected to the HPG
(Figure 3). Thus, it is easy to imagine that a chemosensory
cue is detected by the olfactory system and that this stimulus
is passed on to alter the function of the gonadotropin-
releasing hormone neurons at the top of the HPG.

The factor that causes this suppression appears to be
chemical in nature and its production mediated by the olfac-
tory system: urine from females in which the VNO has been
lesioned fails to alter the estrous cycle of recipient females.
But the effect of the inhibitory pheromone is not dependent
on the presence of the ovary since ovariectomized group-
housed females suppress cyclicity in gonad-intact females.
The adrenal gland, however, appears critical for the genera-
tion of the cue (Ma et al. 1998), as urine from group-housed,
adrenalectomized females fails to suppress cycles, whereas
urine from similar females treated with corticosterone inhib-
ited cycles, suggesting the involvement of this hormone in
the production of the suppressive factor.

Although cues from females inhibit cyclicity, cues from
males appear to stimulate the HPG and the estrous cycle. This
has been called the Whitten effect, after the researcher who
first reported it (Whitten 1958, 1959; Whitten et al. 1968).
Mice typically exhibit 4- to 5-day estrous cycles and mating
behavior occurs on one day of this cycle. In a large colony of
randomly cycling mice, approximately 20-25% of the females
should be behaviorally receptive on any given day. Whitten,
however, observed that approximately 50% of the females in
his colony mated on the same night, a nonrandom pattern that
suggests a synchronization of estrus in the colony. Females ex-
posed to odor cues from a male for 2 days before testing were
more likely to mate the first night, suggesting that male
chemosensory cues influenced the timing of behavioral estrus
and ovulation. Indeed, suppression of estrus combined with the
Whitten effect has been used in laboratory animal facilities to
help time pregnancy (Scharmann and Wolff 1980). This ap-
proach can also be effective in other paradigms when it is ad-
vantageous to have subjects in the same stage of the estrous
cycle, although it can be difficult to generate sufficient num-
bers of subjects in a particular stage of the cycle. To produce 10
estrous female mice for treatment on a given day, one would
need 40 subjects since, on average, only 25% are in estrus at
any given time. The Whitten effect can, however, be exploited
to reduce the variability in cycle stage; for example, Dalal and
colleagues (2001) used it to generate female subjects in a con-
sistent stage of the estrous cycle for a study delineating the
hormonal dependence of gonorrhea vulnerability.

Implications for the Animal Facility

Chemosensory effects on the estrous cycle have many impli-
cations for the animal facility. As just mentioned, they may
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be exploited to time pregnancies, an important ability for
commercial as well as transgenic facilities. They have also
been used to reduce phenotypic variability in female sub-
jects by synchronizing or suppressing estrous cycles. How-
ever, if unaccounted for, these effects can introduce
unintended biases. For example, failure to house animals in
similarly sized groups or with the same gender can cause
increased variability. And if, as sometimes happens during
the breeding of transgenic mice and controls, subjects of the
genotypes are consistently housed in different conditions,
these effects could introduce a systematic bias. If a genetic
manipulation alters the function of the olfactory system, the
housing condition may produce further bias if one genotype
is capable of responding to pheromonal cues while another
is not. Animal facilities and investigators need to specify
housing conditions that are optimal for the experimental pro-
tocol, given that group-housing females or the presence of
males in a room can greatly affect the reproductive (and
therefore behavioral) state of their subjects.

Effects on Male Hormone Levels

Although the vast majority of pheromonal effects on repro-
ductive physiology have been reported in the female, phero-
mones also affect hormone levels in the male.

The exposure of male mice to female mice or to urine
from female mice induces a luteinizing hormone (LH) surge
(Maruniak and Bronson 1976) in both sexually naive and
sexually experienced males, although the release is larger in
sexually experienced males. Coquelin and colleagues (1984)
tested the role of the VNO in this phenomenon. In sexually
experienced males, surgical removal of the VNO prevented
the release of LH in response to female urine but not in re-
sponse to an ovariectomized female. This finding demon-
strates that the release of LH in response to a female involves
more than one sensory system, and that the vomeronasal sys-
tem in particular is necessary for part of this response. The
main olfactory system or another sensory modality also con-
tributes to the male response to a female stimulus animal.

Johnston and Bronson (1982) investigated the role of the
ovary and the pituitary gland in the production of the phero-
mone that elicits an LH release from the male. The effect
occurs independent of the ovarian state of the stimulus fe-
male (Maruniak and Bronson 1976). Indeed, the ovary is un-
necessary (Johnston and Bronson 1982). The pituitary,
however, is critical: females without a pituitary gland, or
urine from such females, fail to induce the LH surge in males
(Johnston and Bronson 1982). It is interesting that males are
attracted to cues from intact females but not from ovariecto-
mized or hypophysectomized females, suggesting that the
ovary is essential for the attractiveness of the female but not
for the cue that induces the LH surge (Johnston and Bronson
1982).

The neural mechanism of this response has not been well
characterized in the mouse. The protein Fos, present in some
neurons after presentation of a stimulus, is used in animal
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models as a marker of neuronal sensitivity to a stimulus
(Bialy and Kaczmarek 1996; Dragunow and Faull 1989;
Harris 1998; Hoffman et al. 1993) and is usually detected
using immunocytochemical techniques. By comparing the
pattern of Fos-ir in subjects exposed to a stimulus with that
of unexposed subjects, it is possible to identify neurons sen-
sitive to the stimulus. One important limitation of the tech-
nique is that not all neurons that alter their activity in response
to a stimulus will express Fos-ir, so it is difficult to interpret
the meaning of a lack of Fos-ir. However, interpretation of
positive results is easy: the neuron expressing Fos-ir is sensi-
tive to the stimulus. A number of reports have described the
pattern of Fos-ir induced by female chemosensory cues
(Dudley and Moss 1999; Halem et al. 1999, 2001; Pankevich
et al. 2006; Tubbiola and Wysocki 1997). Virtually all of the
brain regions shown in Figure 1 show increased Fos-ir after
exposure to female chemosensory cues, as would be ex-
pected. The connection between the chemosensory respon-
sive circuitry and the hypothalamic-pituitary-gonadal axis is
unclear in the mouse. In the hamster, electrical stimulation
of the vomeronasal organ increases Fos-ir in GnRH neurons
(Meredith and Fewell 2001), demonstrating the existence of
neural connections between the VNO and GnRH neurons.
Future work will need to define the details of the anatomical
connections in mice.

Effects on Social Preferences
Preference for Categories of Social Stimuli

In addition to using odor cues to differentiate among indi-
viduals, mice display strong preferences for odor cues asso-
ciated with certain classes of stimulus animals. For example,
female mice use odor cues to identify and avoid parasite-in-
fected males (Kavaliers and Colwell 1995). Male mice pre-
fer the odors of estrous over nonestrous females (Kavaliers
and Kinsella 1995). Estrous (but not anestrous) female mice
prefer odor cues from dominant males over subordinate
males (Mossman and Drickamer 1996). Together, these few
examples show that a great deal of information can be gath-
ered by the olfactory system and that mice exhibit strong
preferences based on this information.

Pheromonal versus Other Chemosensory Cues

Chemosensory cues exert profound effects on behavior via
pheromonal effects. They also influence behavior in mice
through mechanisms that may not clearly be pheromonal in
nature. Adult male mice typically prefer to investigate es-
trous female stimulus animals as opposed to anestrous fe-
males or males (Bakker et al. 1996, 2002; Pankevich et al.
2006; Pierman et al. 2006; Wersinger et al. 2004), and peri-
estrous female mice prefer to investigate male stimulus ani-
mals rather than female stimulus animals. At other times
during their cycle, mice have no preference. In addition to
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exhibiting preferences for animals, mice display prefer-
ences for chemosensory cues alone (e.g., soiled bedding or
urine). Are these effects pheromonal? Certainly odor cues
from conspecifics alter the behavior or physiology of the
receivers. Is the primary function of these cues to commu-
nicate with conspecifics? This is difficult to test in many
instances. Estrous female bedding has a distinctive chemi-
cal signature. Did the compounds emanating from estrous
females evolve as a signal to males or did males evolve a
mechanism to detect compounds that primarily function to
support reproductive physiology but allow the male to pre-
dict receptivity in the female? At a practical level and a
mechanistic level, this distinction is less important than if
one is attempting to define pheromonal versus nonphero-
monal effects.

Neural Basis of Social Preference

For an animal to exhibit a preference for one animal over
another, several processes must be intact. First, the animal
must be able to discriminate between the sexes. Mice with
lesions of the VNO, but not the main olfactory epithelium,
are able to differentiate male odor cues from female odor
cues (Pankevich et al. 2004). Thus, discrimination appears
to rely heavily on the main olfactory system in the mouse.
However, the preference for odor cues of one sex over the
other requires the VNO (Pankevich et al. 2004). A male
mouse with a functional VNO prefers urine from an estrous
female compared to water or urine from a male. If VNO
function has been disrupted, the mouse still prefers urine
over water, but the preference for estrous female urine over
male urine is abolished. An animal without a functional
vomeronasal organ that is allowed to physically interact with
stimulus animals (anesthetized or awake) prefers to spend
time near an estrous female rather than a castrated male. It
seems that the subject relies on odor cues processed by the
VNO in the absence of the stimulus animal (i.e., when only
urine is present) but not when the stimulus animal with its
other sensory cues (i.e., auditory, tactile, and visual) is avail-
able in close proximity.

What is the mechanism by which odor cues alter odor
preferences? There are several theoretical possibilities. One
hypothesis that has been tested is that odor cues activate the
mesolimbic dopamine system, which has been implicated in
reward. A phenomenon termed conditioned place preference
(well described by Paredes in this issue) is an effective way
to test whether or not animals find a stimulus rewarding.
There are many variations on this paradigm. The basic idea
is to teach the animal to associate a certain location with a
rewarding stimulus; the more rewarding the stimulus, the
stronger the animal’s preference for the location associated
with it. Pankevich and colleagues (2004) used this paradigm
to estimate the reward value of an estrous female mouse for
male mice with either an intact or lesioned VNO. They used
a large three-chambered box, in which one chamber was
black with a smooth floor, another was white with a rough
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floor, and the middle, neutral chamber was gray with a
smooth floor. The subjects were exposed to an estrous fe-
male in one of the lateral chambers every other day for 10
days, and on alternate days were placed in the contralateral
chamber. After the final conditioning trial, the subjects were
allowed to freely explore all three chambers. Males with an
intact VNO spent more time in the chamber in which they
had been exposed to an estrous female than in the other
chamber; males with a lesioned VNO failed to exhibit this
preference. This suggests that the lack of an intact VNO di-
minishes the reward value of an estrous female. When sub-
jects with a functional VNO were exposed to the chamber
that had been paired with an estrous female (but was empty
during this exposure), there were more Fos-ir neurons in the
AOB, the VTA, the nucleus accumbens (shell), and areas in
the VNO projection pathway than in similarly exposed males
with a lesioned VNO.

These findings suggest two important things. First,
chemosensory cues need not be present for activity in the
VNO circuit to be altered. Second, this conditioned neural
response requires inputs from the VNO. It has also been
shown that urine odors alone induce Fos-ir in the nucleus
accumbens of males with an intact, but not lesioned, VNO.
Behaviorally, animals with or without an intact VNO inves-
tigate urine odors more than water or nonsocial odors. To-
gether, these findings clearly indicate that the VNO mediates
the reward value of social stimuli to a large extent. Since
males without an intact VNO nevertheless investigate urine
cues more than water or nonsocial odors, some reward value
is likely conveyed by other chemosensory systems. Another
study provides further supporting evidence for this hypoth-
esis by demonstrating that Fos-ir is increased in the nucleus
accumbens of females after their exposure to male chemosen-
sory cues (Moncho-Bogani et al. 2005).

Another paper (Martinez-Hernandez et al. 2006), how-
ever, provides evidence that the answer is not simple. The
ventral tegmental area (VTA) contains the cell bodies of
the neurons that constitute the reward pathways. Lesions of
the VTA eliminate the preference for sugar typically exhib-
ited by mice. But these lesions failed to affect the innate
preference that female mice display toward male chemosen-
sory cues. This strongly suggests that taste preferences and
social odor preferences do not share a dependence on the
VTA. Future work is necessary to determine the extent to
which social odors act through the reward system or activate
the reward circuitry using a pathway independent of the
VTA.

Preference for Individuals

Mice exhibit preferences for some individuals based not
only on sex but also on other factors. In addition to gauging
sex from chemosensory cues, they appear to use these cues
to ascertain other information about a conspecific. This in-
formation is, in turn, integrated with other information
to influence the mouse’s behavior. For example, mice have
strong social and mating preferences based on major

ILAR Journal

¥202 yoJe\ ¢ uo 1senb Aq y60G1//82/1/0G/2101e/leulnolie|l/woo dno-olwepese//:sdiy woiy papeojumoq



histocompatability complex (MHC) proteins (Brennan 2004;
Brennan and Kendrick 2006; Jordan and Bruford 1998;
Spehr et al. 2006a), which can indicate genetic relatedness.
Many (but not all) studies report that mice express prefer-
ences for sexual partners with an MHC profile different from
their own. The adaptive significance of MHC preferences in
mice has yet to be demonstrated. One hypothesis is that
MHC complement is a marker of the genetic relationship
between two animals. Since close inbreeding has strong se-
lective pressure against it, natural selection would favor mice
that prefer animals with MHC complements different from
theirs over animals with identical MHC complements and
that the former would have greater success than the latter.
MHC proteins appear to affect the activity of both the main
and vomeronasal systems in the mouse (Leinders-Zufall
et al. 2004; Spehr et al. 2006a; Wysocki et al. 2004).

Conclusion

For a vast majority of animals chemosensory cues are the
primary mechanism for social communication. Often this
communication not only transmits information but also di-
rects alterations in a conspecific’s physiology and behavior.
Here we have briefly reviewed the involvement of chemosen-
sory cues in the mediation of reproductive physiology in the
mouse (although many of the concepts elucidated by this
model are applicable to other species). In addition to sug-
gesting ways to optimize housing conditions in the labora-
tory, we believe the information in this article can help to
advance scientific understanding of the evolution of social
behavior in mammals.

We have described some of the specific effects of
chemosensory cues on behavior and physiology, but much
remains unknown. More work is needed to fully understand
these effects, isolate the exact cues, determine the contribu-
tion of each chemosensory system, and define the complete
neural mechanisms. Each of these questions has been ex-
plored and answers are emerging but a complete picture has
yet to be realized.
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