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Abstract. In addition to the main olfactory system, many
vertebrates possess a vomeronasal system that conveys
more specialized chemosensory information. Unlike the
airborne, volatile stimuli detected by the main olfactory
system, vomeronasal stimuli are typically proteins of the
lipocalin family which bind small, volatile ligands. De-
spite the smaller number of vomeronasal receptor types,
the projection patterns of the vomeronasal receptor neu-
rons to multiple glomeruli in the accessory olfactory bulb
appear to be more complicated than those of the main ol-
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factory system. The vomeronasal system has a direct sub-
neocortical projection to hypothalamic areas that medi-
ates specific behavioural and hormonal responses to
pheromonal stimuli. However, the integration and trans-
mission of this information can be modulated by learning
mechanisms. The aim of this article is to outline some of
the functions of the vomeronasal system, and in partic-
ular to comment on recent advances in our understanding
of how vomeronasal information is coded and processed.
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Introduction

The vomeronasal system is often regarded as being spe-
cialized for mediating pheromonal communication.
However, this can be misleading, as the term ‘phero-
mone’ is often used rather loosely [1]. The term was ori-
ginally applied to certain conspecific chemical signals
found in insects which fulfilled the definition as ‘sub-
stances 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 behaviour or developmental process’ [2]. The
difficulty in applying this term to higher vertebrates, and
in particular to mammals, is that their behaviour has
many determinants. In addition, there is a continuum of
responses ranging from those that are reliably elicited by
a conspecific chemosensory signal to those that merely
increase the likelihood of a particular pattern of behav-
iour. For instance, odour cues that identify an individual
may influence maternal behaviour, mate choice behav-
iour or social behaviour; however, these complex odour
signatures are not normally classed as pheromones.
Even if we accept a narrow definition of which sub-
stances qualify as pheromones, their effects are not me-

diated exclusively via the vomeronasal system. For ex-
ample, a pheromone produced on the ventrum of lactat-
ing rabbits elicits a highly specific and stereotyped nipple
search behaviour in young rabbit pups that enables them
to locate the nipples during suckling [3]. Yet lesioning the
VNO does not disrupt the pheromonal effects, which are
mediated by the main olfactory system [4]. Moreover, the
vomeronasal system may respond to nonpheromonal sti-
muli. Indeed, although the vomeronasal system is impor-
tant for reproductive behaviour in garter snakes, it is also
vital for prey tracking and striking behaviour, which do
not involve conspecific cues and are certainly not phero-
mones. Thus, the vomeronasal system does not mediate
all pheromonal effects and may mediate some nonphero-
monal effects. In comparison with the main olfactory
system, which can respond to an enormous variety of
odourants and flexibly link them to different responses,
the vomeronasal system responds to a narrower range of
stimuli which elicit relatively stereotyped responses.
There are species differences in the occurrence and ela-
boration of the vomeronasal system that depend on their
behavioural ecology [5]. A vomeronasal system is present
in most amphibia and reptiles, but absent in fish, croco-
dilians, marine turtles and exclusively marine mammals



Behavioural and physiological responses mediated 
by the vomeronasal system

Of the responses mediated by the vomeronasal system,
those that influence reproduction in rodents have been
most extensively studied. These can be divided into re-
leaser pheromonal effects, which directly elicit a specific
behaviour, and primer pheromonal effects, which change
the endocrine state of an individual with consequent lon-
ger-term effects. One of the first mammalian pheromo-
nal effects to be ascribed to the vomeronasal system was
that caused by the vaginal fluid produced by sexually ac-
tive female hamsters [12]. This hamster vaginal fluid
(HVF) not only contains pheromonal components that
attract males to lick it, but also conveys individual-spe-
cific information. Thus, preexposure to HVF of a certain
female increases a male’s subsequent investigation of
that female compared with a novel female [13]. This 
recognition component of the behavioural response ap-
pears to be mediated by the vomeronasal systems, as it 
is abolished by lesions of the VNO but not by zinc sul-
phate lesions of the main olfactory epithelium [14]. This
has been confirmed by the finding that male hamsters
with VNO lesions are unable to distinguish between
HVF of two individual females in a habituation-dishabi-
tuation test [1].
Pheromonal components of HVF increase testosterone
levels in males and elicit mounting behaviour. Whereas
lesions of the VNO abolish the HVF-induced testosterone
rise, their effect on mounting behaviour is less dramatic.
Although lesions of the VNO prevent mounting behav-
iour in sexually naive males, similar lesions in sexually
experienced males have little effect [15]. Thus, the first
mating experience seems to involve a learning process by
which odour cues received via the main olfactory system
become capable of eliciting full mounting behaviour. This
occurs via links between the main olfactory system and
vomeronasal pathway, at the level of the amygdala (fig.
1), which control mounting behaviour via an output to the
medial hypothalamus [16]. Interestingly, exogenous, in-
traventricular administration of LHRH is able to compen-
sate for VNO lesions to restore sexual behaviour in inex-
perienced males [17]. Thus, the vomeronasal system may
mediate the pheromonal effects of HVF to elicit mount-
ing behaviour through increased LHRH release in the
medial preoptic area [16]. 
The vomeronasal system also mediates important primer
pheromonal effects on reproduction [18]. Pheromones
present in female mouse urine delay the onset of puberty
in prepubertal females and suppress oestrous cyclicity in
grouped females (Lee Boot effect) [19]. In contrast,
pheromones present in male urine generally have oest-
rous-inducing effects on females, such as accelerating the
onset of puberty (Vandenbergh effect) [20], inducing oe-
strous in anoestrous females (Whitten effect) [21] and
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including porpoises, dolphins, whales and manatees. This
suggests that the vomeronasal form of communication is
of little use in the marine environment. It also would ap-
pear that the vomeronasal system is of less use for air-
borne vertebrates as it is absent in birds and many bats,
although there are a few bat species in which it is partic-
ularly well developed [6]. In addition to the physical fac-
tors of the environment that may limit its usefulness, the
lack of flexibility of vomeronasal responses may limit its
role in species with complex social systems. Thus, al-
though there are well-developed VNOs in platyrrhine
New World monkeys, the VNO is absent from adult ca-
tarrhine monkeys, such as macaques and baboons as well
as gibbons and the great apes, i.e. gorillas, chimpanzees
and orangutans [6]. 
Given the complexity of human society and relationships,
and that VNOs appear to be absent in other apes, it may
be expected that adult humans would not possess a VNO.
A VNO does develop in early fetal life and is essential to
guide the migration of developing lutenizing hormone re-
leasing hormone (LHRH) neurons to hypothalamic areas.
Indeed, lack of proper fetal development of the vomero-
nasal pathway leads to Kallman’s syndrome with its at-
tendant neuroendocrine deficits. However, the VNO was
believed to degenerate in late fetal life so that only vesti-
gial remnants could occasionally be found in adults. Re-
cently, there has been a resurgence of interest in the ques-
tion of whether a functional VNO persists in the adult [7,
8]. Although a bilateral, tubular epithelial structure exists
in the adult human nasal septum, there are numerous hi-
stological differences from the typical VNO found in
other mammalian species. The vomeronasal epithelium is
relatively thin and is similar on lateral and medial sur-
faces, which are both covered in cilia typical of nonsen-
sory respiratory epithelium [8]. Although there have been
reports of finding bipolar cells with microvillar processes
characteristic of vomeronasal receptor neurons (VRNs),
no axons have been observed at their basal ends. Further-
more, olfactory marker protein (OMP), which is a char-
acteristic feature of mature chemosensory neurons, has
not been found in the adult human VNO [9]. A few bipo-
lar neurons do stain for some neural markers, but they
share these immunohistochemical characteristics with
neuroendocrine cells scattered through human nonsen-
sory, respiratory epithelium [10]. Convincing evidence of
a central projection from the human VNO is also lacking
in adults, although clearly present in the fetus. Finally, al-
though an accessory olfactory bulb (AOB), which is the
sole projection target of the VRNs, is clearly discernable
in human fetuses, it is absent in adults [11]. Therefore,
although there may be a VNO-like structure in adult
humans, its function is likely to be different from the
VNO of other mammals.



The structure and function of the VNO

The VNO was first described by Jacobson in 1813, al-
though he believed that it had a secretory function. It is a
blind-ended epithelial tube found bilaterally at the base of
the nasal septum in most mammals [27], and is connected
via the narrow vomeronasal duct to the nasal cavity or to
the nasopalatine canal in ungulates and carnivores. In
cross-section the VNO has a characteristic crescent shape
with a thick pseudostratified sensory epithelium medially
and a thinner, ciliated nonsensory epithelium laterally.
Like the olfactory receptor neurons in the main olfactory
epithelium, the VRNs have a limited life span and are
continually being replaced from basal stem cells. These
new neurons are particularly concentrated at the margins
of the receptor epithelium where it borders the sensory
epithelium [28].
As the VNO is a blind-ended, mucus-filled tube, the
VRNs are isolated from the nasal airstream that conveys
volatile odourants to the main olfactory epithelium.
Therefore, stimulus access to the VNO is entirely depen-
dent on a pumping mechanism, which is under autonomic
control [29]. Electrical stimulation of the nasopalatine
nerve causes a vasoconstriction of the vessels within the
VNO capsule, which reduces the volume of blood in the
cavernous tissue. The consequent lowering of intralumi-
nal pressure, aided by the resilient bony casing and car-
tilaginous surrounding tissue, draws fluid in from the
vicinity of the vomeronasal duct opening [30]. The pump
is not activated continuously or linked to respiratory cy-
cles, but rather is activated in situations of novelty asso-
ciated with a investigation of the environment [29].
Specific behaviours are often observed that are associat-
ed with investigating vomeronasal stimuli and the deli-
very of those stimuli to the VNO. Snakes and lizards have
a highly specialized tongue that flicks out to sample trail
stimuli and delivers them to the area of the vomeronasal
ducts in the roof of the mouth [31]. In many mammals,
such as dogs and rodents, the licking and nuzzling of ur-
ine marks introduces the proteinaceous compounds into
the nasal cavity from where they can be taken up into the
VNO in the mucus. Other mammals, especially ungula-
tes, have a specialized flehmen behaviour in which the
head is lifted and the upper lip curled back. These special-
ized behaviours make it difficult to predict the pattern
and timing of stimulus delivery to the vomeronasal
epithelium, which has hampered in vivo electrophysiolo-
gical recordings from the vomeronasal system in re-
sponse to natural pheromonal stimuli.

Neural pathways in the vomeronasal system

The distinction between the vomeronasal system and the
main olfactory system is further reinforced when their
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preventing pregnancy in recently mated females (Bruce
effect) [22, 23]. Lesions to the VNO or to the AOB of
female mice abolish these effects [24]. Moreover, as well
as conveying information about sexual identity, male ur-
ine also conveys individual-specific pheromonal infor-
mation. Thus, female mice are able to distinguish be-
tween pheromones from different inbred strains of male
in the context of the pregnancy block effect, and this re-
cognition is also mediated by the vomeronasal system
[25]. In addition to its important role in reproduction, the
vomeronasal system has been implicated in territorial
behaviour in male mice such as countermarking of urine
deposits, and in the promotion of aggressive behaviour 
by pheromonal components of male urine [26].

Figure 1. Pheromones stimulate receptors in the vomeronasal or-
gan that project via the accessory olfactory bulb and corticomedial
amygdala to medial hypothalamic nuclei. In rodents, this pathway
is responsible for the specific endocrine and behavioural effects of
pheromones. Information about odours is processed separately by
the main olfactory system, but it can elicit the same behavioural
responses in experienced animals via links with the vomeronasal
pathway at the level of the amygdala. Abbreviations: AOB, acces-
sory olfactory bulb; BNST, bed nucleus of the stria terminalis;
COAa, COApl, COApm, anterior, posterior-lateral and posterior-
medial parts of the cortical amygdala; LHRH, lutenizing hormone
releasing hormone; MEA, medial amygdala; MOB, main olfactory
bulb; PA, posterior amygdala.



central projections are considered (fig. 1). VRNs project
via the vomeronasal nerves to the AOB, which is located
in the dorsocaudal part of the main olfactory bulb (MOB),
although entirely separate from it functionally [32]. Ol-
factory information from the main olfactory system has
access to neocortical processing through widespread pro-
jections from the MOB, including those to the orbitofron-
tal and insular cortex. In contrast, the AOB only projects
subneocortically, with projections to the medial amygdala
and the posterior medial part of the cortical amygdala
[33]. From here projections terminate in the medial hypo-
thalamus both directly and via the bed nucleus of the stria
terminalis (BNST) [34]. Therefore, the vomeronasal
system projects to the hypothalamic centres controlling
both behavioural and neuroendocrine output [35].
The anatomical differences between the two olfactory
systems reflect the different nature of the information that
they process [36]. The main olfactory system has the
complex role of discriminating the enormous variety of
odours present in the environment, and must be able to as-
sociate these odours flexibly with different behavioural
outcomes. In contrast, the accessory olfactory system has
the simpler task of detecting a relatively limited range of
species-specific pheromone molecules, and initiating re-
latively stereotyped behavioural and endocrine respons-
es. Although both the MOB and AOB project to the
amygdala, they terminate in adjacent, nonoverlapping
areas [33]. The MOB projects to the anterior and poster-
ior lateral parts of the cortical amygdala, and although
there are both direct and indirect projections from these
areas to the vomeronasal parts of the amygdala, there are
no reciprocal connections. Therefore, it is likely that the
accessory olfactory system has only indirect access to
higher levels of olfactory processing, whereas the main
olfactory system can influence the neuroendocrine output
of the vomeronasal system.

The nature of vomeronasal stimuli

Relatively little is known about the nature of vomerona-
sal stimuli, although physical contact with the stimulus
appears to be necessary for pheromonal effects. The large
influx of mucus into the VNO during pump activation
carries with it many nonvolatile molecules, especially
proteins. Indeed, one of the first vomeronasal stimuli to
be identified was aphrodisin, a 17-kDa protein found in
HVF that elicits mounting behaviour in sexually naive
male hamsters [37]. More recently, a 20-kDa chemo-
attractant protein isolated from earthworm electric shock
secretion has been found to act as a potent vomeronasal
stimulus in the completely different context of prey strik-
ing behaviour in garter snakes [38].
Although the VNO appears to be specialized for detecting
nonvolatile compounds, small, volatile compounds may

also be transported into the organ in association with li-
gand-binding proteins such as the vomeromodulin pro-
duced by vomeronasal glands [39]. Such compounds are
found at high concentration in male mouse urine and have
been reported to possess pheromonal activity, including
brevicomins, dihydrothiazoles, farnesones and heptano-
nes [40]. Of these, a mixture of dehydo-exo-brevicomin
and 2-(sec-butyl)-dihydrothiazole has been found to pro-
mote aggression in male mice, an effect that is dependent
on the vomeronasal system [41]. However, this effect was
only observed when the mixture of brevicomin and thia-
zole was administered in urine from castrated males.
Therefore, although these compounds are not by them-
selves sufficient to elicit aggression, they may be an es-
sential part of a larger pheromonal mixture. The same
combination of 2,3-dihydro-exo-brevicomin and 2-sec-
butyl-4,5-dihydro-thiazole has been reported to induce
oestrous in grouped anoestrous females [42]. However, in
this case, the compounds were effective when administer-
ed in water, suggesting that they are sufficient for this pri-
mer pheromonal effect.
In male mouse urine both brevicomin and thiazole are
strongly bound to major urinary proteins (MUPs) [43].
These are approximately 20-kDa proteins that have a b-
barrel structure enclosing a hydrophobic ligand-binding
site [44] and belong to the lipocalin family of ligand
binding proteins. This includes an a-2-globulin which is
found at high concentrations in rat urine, vomeromodu-
lin produced by glands in the vomeronasal epithelium 
and the odourant-binding proteins present in the mucus
covering the main olfactory epithelium. MUPs may be
acting as a reservoir for volatile ligands, allowing their
release over prolonged periods from dried urine marks.
This would certainly be consistent with the finding 
that pheromonal activity is generally associated with the
protein fraction of mouse urine [45, 46]. Another possib-
ility is that the MUPs themselves function as phero-
mones. MUPs that had been stripped of their ligand have
been tested for its ability to accelerate puberty in pre-
pubertal female mice. Not only was the MUP effective 
in accelerating puberty, but the effect could also be eli-
cited by the N-terminal hexapeptide, suggesting that the
MUP proteins themselves possess pheromonal activity
[47]. Another alternative is that the complex of MUP 
with bound ligand may be necessary to activate the
receptors.
MUPs are highly polymorphic and are coded for by about
30 different genes and pseudogenes, of which an individ-
ual may express around 4–6 variants [48]. The variety of
MUPs that are expressed varies across inbred strains, and
it is likely that substantial interindividual differences
exist within a wild population [49]. Thus, it is highly like-
ly that MUPs convey the individuality of the pheromonal
signal, either directly or via their bound ligands, and that
this information can be used by female mice to dis-
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VRNs located more superficially near the lumen of the
VNO, whereas the V2Rs are found in VRNs of the basal
region [59].
Not only do the two classes of vomeronasal receptor have
different structures, and presumably respond to different
pheromonal signals, but there is also good evidence that
they project separately to distinct subdivisions of the
AOB [61]. The VRNs in the superficial region of the sen-
sory epithelium, corresponding to the expression of
V1Rs, express the G protein Gia2 and project to the ante-
rior part of the AOB. VRNs in the basal region of the
epithelium, in which V2Rs are found, express G0 and pro-
ject to the posterior part of the AOB [55]. These subdivi-
sions can be visualized using antibodies to cell surface
proteins such as the adhesion molecule OCAM [62] and
had previously been identified using monoclonal anti-
bodies [63, 64] and lectin binding patterns [65, 66]. Volt-
age-sensitive dyes and population potential recordings
have demonstrated that these subdivisions of the AOB are
functionally distinct [67]. Activity evoked in either re-
gion, by selective stimulation of their vomeronasal nerve
input, does not propagate across the anatomical bound-
ary. Moreover, local field potential oscillations induced
in the anterior subregion are more heavily damped than
those in the posterior subregion, perhaps indicating
differences in neural connectivity or pharmacology.
The occurrence of this subdivision in a range of species
suggests that it is a general feature of the vomeronasal
system, constituting separate pathways for the processing
of distinct classes of pheromonal stimuli. This question
has been investigated in mice using the expression of the
immediate-early genes as markers of neuronal activity.
Exposure to whole male urine increases the expression of
c-fos messenger RNA (mRNA) in the AOB [68] with a
significantly greater number of c-Fos-positive mitral
cells in the anterior than the posterior region [69]. A sim-
ilar anteroposterior distribution of expression of egr-1 
has been found, both in response to whole male urine, and
to the protein fraction of the urine that had been stripped
of volatile ligands [70]. In contrast, a mixture of the li-
gands brevicomin and thiazole increased the number of
mitral cells expressing egr-1 in the lateral and medial
margins of the posterior AOB, but not in the anterior
region. These findings suggest that the anterior AOB may
be activated more strongly by MUPs and the poster-
ior AOB by their ligands [70]. However, studies using
immediate early gene expression do need to be treated
with some caution: although the mixture of brevicomin
and thiazole is physiologically effective and increased 
the number of AOB mitral cells expressing egr-1, it failed
to increase the expression of c-fos mRNA in the AOB
[68]. 
Studies of rat VRNs support the opposite conclusions to
those based on the egr-1 immediate-early gene study. Vo-
latile components of rat urine activated the Gia2-expres-
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criminate between males in the context of the pregnancy
block effect.

Transduction mechanisms

Although vomeronasal receptor neurons have low spon-
taneous activity, a current injection of only 1 or 2 pA is
sufficient to fire a series of action potentials [50]. This
sensitivity is due to a high input resistance and a mem-
brane potential close to threshold of around –56 to 
–60 mV, which is maintained by the electrogenic Na+/K+

pump. Vomeronasal receptor neurons respond to main-
tained current injection with steady trains of action
potentials with little sign of adaptation, in contrast to the
rapid adaptation seen in olfactory receptor neurons 
[51]. This is consistent with the prolonged periods of ex-
posure required to induce the endocrinological effects of
rodent primer pheromones [52]. Additionally, a maintain-
ed level of activity in VRNs due to continuous phero-
monal exposure could be subject to inhibitory interac-
tions with other pheromonal stimuli at the level of the re-
ceptor neuron. In this respect, it is interesting that many
of the responses of VRNs to putative pheromonal stimuli
are inhibitory [53]
Vomeronasal receptor neurons show no response to cyc-
lic nucleotide injection, indicating an absence of cyclic
nucleotide-gated ion channels in the membrane [51].
Therefore, their transduction mechanisms differ from that
of olfactory receptor neurons that involve a cyclic AMP
(cAMP)-mediated opening of cation channels [54]. The
G proteins expressed by VRNs are either G0 or Gia2 [55],
both of which can activate the inositol trisphosphate (IP3)

second-messenger pathway. The involvement of this
pathway in vomeronasal transduction is supported by the
increases in IP3 levels elicited by vomeronasal stimuli in
VRNs from hamsters, pigs and garter snakes [38, 56, 57].

Vomeronasal receptors

Molecular biological techniques have recently yielded
valuable information about the putative pheromonal re-
ceptors. Two main classes of receptor termed V1R and
V2R have been cloned from rodent VRNs [58–60]. They
share little homology with olfactory receptors from the
main olfactory epithelium and there is little homology
between the two classes. The V1Rs exhibit significant va-
riability in their transmembrane domains, which presum-
ably constitute the ligand binding site [58]. In contrast,
the V2Rs have a high degree of variability in a large ex-
tracellular N-terminal domain, which is likely to interact
with completely different types of molecules. The two
classes of receptors are also segregated in the vomerona-
sal epithelium. The V1R class of receptor is expressed by



neurons expressing a single receptor type. However,
whereas Belluscio et al. identify large glomerular struc-
tures that receive segregated input from more than one re-
ceptor type, Rodriguez et al. report that small glomeruli
that receive input from only one receptor type can form
part of a higher-order organization with small glomeruli
receiving input from other receptor types. The signifi-
cance of these alternative interpretations depends on the
level of integration of information from different receptor
types in the AOB. Unlike the mitral cells in the MOB,
which project a single primary dendrite to collect infor-
mation from a single glomerulus and therefore receptor
type, the mitral cells in the AOB, have a branched primary
dendritic tree that projects to around 5–10 glomeruli
[75]. This has implications for information processing in
the AOB, and some of the main possibilities are shown in
figure 2.
Although a mitral cell may collect information from se-
veral glomeruli, if they are all innervated by the same
type of VRN, each mitral cell would process information
from a given receptor type, a situation similar to that oc-
curring in the MOB. Alternatively, each primary dendrite
may project to a glomerulus receiving input from a differ-
ent receptor type. Information would then be integrated
mainly at the level of the mitral cells. Another alternative
is that a significant amount of integration of information
from different receptor types occurs at the glomerular le-
vel, either within large glomerular structures or via later-
al connections of periglomerular cells. Each mitral cell
primary dendrite would then receive a mixed pheromonal
signal, thereby maximizing the number of combinations
of inputs to a single mitral cell from different receptor
types. This might be important in increasing the com-
plexity of the signal generated by the AOB representing
different pheromonal blends.

Synaptic plasticity in the AOB and its implications
for information processing

Olfactory bulb networks exhibit an extremely high level
of plasticity due both to the continual addition of new in-
hibitory interneurons and to changes in synaptic strength
of existing neural connections. This has made the olfac-
tory bulb an ideal structure in which to investigate learn-
ing dependent neural changes, which have been studied in
a variety of mammalian species and behavioural contexts
[76]. Following pheromonal learning, in vivo microdialy-
sis studies on freely behaving mice found an increased re-
lease of the inhibitory neurotransmitter GABA, in the
AOB, in response to glutamate stimulation [77]. More-
over, the ratio of GABA levels to levels of the excitatory
transmitters glutamate and aspartate also increased in the
AOB, in response to the learned pheromonal stimulus.
These findings suggest that pheromonal learning is asso-
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sing VRNs that project to the anterior AOB, whereas the
ligand-binding protein a-2-globulin activated G0-expres-
sing VRNs that project to the posterior AOB [71]. These
findings are more consistent with the structural differ-
ences between the two classes of receptors. Small mole-
cules might be expected to bind more easily to the trans-
membrane binding site of the V1R type of receptor than
proteins, whereas the proteins would be able to interact
with the large extracellular domain on the V2R receptors. 

Information coding in the vomeronasal system

To understand the principles of sensory coding in the vo-
meronasal system, we need to know both about the speci-
ficity of individual receptor neurons and how that infor-
mation is handled centrally. As yet the nature of vomero-
nasal stimuli is still unclear, and there is little information
available regarding the response characteristics of VRNs.
However, the first steps have been taken towards an un-
derstanding of how the input from the VRNs is organized
at the level of the AOB. In two recent reports [72, 73],
groups led by Peter Mombaerts and by Catharine Dulac
and Richard Axel have visualized the projections of
VRNs expressing a specific receptor. The three receptors
that they analyzed were all from the V1R class that had
cell bodies located in the superficial region of the vome-
ronasal sensory epithelium and projected exclusively to
the anterior region of the AOB.
These projections appear to be very different from those
of the main olfactory system in which neurons expressing
a single receptor converge onto two out of approximately
2000 glomeruli in the MOB [74]. In the AOB, VRNs ty-
pically project to between 10 and 20 glomeruli out of a to-
tal of a few hundred. Furthermore, the complexity of the
projection and the poorly defined glomerular structures
in the AOB complicate the interpretation of these find-
ings. Belluscio et al. claim that the pattern of projection
is bilaterally symmetrical within an individual and al-
though the detailed pattern of projections varies among
individuals, receptors of a specific type consistently pro-
ject to similar regions of the AOB [73]. In contrast, Ro-
driguez et al. emphasize the variability of the projection
both between the AOBs of an individual and among dif-
ferent individuals [72]. It appears that the projection is
considerably more variable than that seen in the MOB,
but certainly not random. However, whether the compli-
cated patterns of glomeruli are sufficiently organized to
constitute a sensory map as claimed by Belluscio et al. re-
quires further investigation.
The question of whether a glomerulus is innervated only
by neurons containing a single receptor type has also
been addressed by the two groups, who have again reach-
ed slightly different conclusions. They agree that there
are small glomeruli that are exclusively innervated by
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ciated with an increase in the inhibitory control of mitral
cells in the AOB. This is evident in electron micrographs
as increases in the length of the postsynaptic densities, of
the excitatory part of the reciprocal synapses, from mitral
to granule cells [78]. This occurs without alteration of the
granule cell to mitral cell inhibitory part of the reciprocal
synapses, or of synapses in the glomerular layer. These
changes are hypothesized to increase the self-inhibition
of mitral cells that respond to the mating male’s phero-
monal signal, disrupting it at the level of the AOB and
thus preventing it from being transmitted centrally to in-
duce pregnancy block (fig. 3) [79].
Similar increases in the inhibitory control of mitral cells
occur in the MOB following odour learning, in the con-
texts of lamb odour recognition in sheep, neonatal odour
conditioning in rats and appetitive odour conditioning in
mice [80–82]. Thus, increases in the inhibitory gain of
the reciprocal synapses between mitral and granule cells
appear to be a general feature of odour learning [76]. The
tightly coupled inhibitory control exerted at the recipro-
cal synapses could mediate either self-inhibition of active
mitral cells or lateral inhibition of less active, neighbour-
ing mitral cells. In the MOB, the mitral cells have exten-
sive secondary dendritic trees that extend over large areas
of the bulb. Thus, lateral inhibitory effects are likely to be
predominant, integrating the glomerular information into
a spatiotemporal response that is characteristic for a
meaningful odour. However, in the AOB, the mitral cells
have a very limited secondary dendritic tree, and the ma-
jority of the reciprocal synapses with granule cells are

made on the extensive primary dendrites. These synapses
are therefore ideally placed to control the transmission of
information along individual primary dendrites from spe-
cific glomeruli to the mitral cell soma.
Pheromonal learning in mice depends on the association
of mating and pheromonal exposure, and results in the in-
creased inhibitory control of mitral cells in the AOB.
However, exposure to pheromones without mating ap-
pears to have the opposite effect. This results in a slowly
developing and sustained increase in glutamate release in
the AOB, and an increased release of the excitatory trans-
mitters aspartate and glutamate 2 days later, in response
to the pheromones to which the females had been expos-
ed [77]. This decreased inhibitory control of mitral cells
is consistent with the priming effect of pheromonal pre-
exposure to enhance the pheromonal acceleration of pu-
berty in prepubertal female mice [83]. It is also consistent
with the finding that the exposure of male hamsters to
urine from female hamsters decreases the length of the
postsynaptic densities of the excitatory, glutamatergic
synapses from mitral to granule cells [84]. Such a ‘wind-
up’ of mitral cell transmission may be important in main-
taining a response to the pheromones during the long pe-
riods of exposure that are necessary for their primer
pheromonal effects [52]. Taken together, these various li-
nes of evidence suggest that synaptic plasticity of the re-
ciprocal synapses between mitral and granule cells in the
AOB may play a vital role in controlling the central trans-
mission of the pheromonal signal. Different branches of
the primary dendritic tree might be functioning indepen-

Figure 2. Schematic diagram showing possible connection patterns of vomeronasal receptor neuron (VRN) input to mitral cells. Connec-
tions of type A, in which mitral cells receive input from multiple glomeruli that, in turn, receive input from a single receptor type are sim-
ilar to the connectivity in the main olfactory bulb. In type B, the specificity of input to individual glomeruli is maintained, but the mitral
cells can selectively integrate this information from different primary dendrites, which receive input from glomeruli of different receptor
types. In type C, large glomeruli may receive input from more than one receptor type. A significant amount of integration of information
from different receptor types would therefore occur at the glomerular level. This mixed input to mitral cells might be important in effi-
ciently representing the proportion of components found in complex pheromonal blends.



logy has allowed us to visualize the first stages of vome-
ronasal processing, electrophysiological recordings from
populations of neurons in freely behaving animals will be
required before the picture becomes completely clear.
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(a) Before learning, pheromonal stimulation excites a certain pop-
ulation of mitral cells. This leads to activation of the central vome-
ronasal pathway resulting in pregnancy block. (b) Following phero-
monal learning, the strength of the excitatory synapses from mitral
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self-inhibition of mitral cells, thereby disrupting the transmission of
the pregnancy blocking signal and consequently resulting in male
recognition.
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