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INTRODUCTION

Pheromone signalling in the mouse is characterized by a special chemosensory
organ, the vomeronasal organ, and a high concentration of proteins binding and
releasing volatile pheromones in male mouse urine. The endocrine effects primed
by male mouse urine reported to require both the vomeronasal organ and the
urinary proteins are the acceleration of female puberty onset, the pregnancy block
and the estrus acceleration/synchronization. This association is challenging and
outlines a system which, while sharing some of the properties of the sense of smell,
is profoundly different as to the biology, the transduction mechanism, the stimulus/
receptor interaction and the adequate stimulus. The study is at an early stage and
only rudimentary or suggestive evidence is available today. This presentation
intends to highlight some of the problems for investigations to come.

The Lipocalins

In nature, molecules can be used as chemical labels or tags for the signalling and
the recognition of individuals, sexes, strains and species. The Major Histocompat-
ibility Group, for example, contributes to single out a haplotype (40) and is
recognized by the immune system in order to sort out the alien from the self.
Another example are insect pheromones, species-specific molecules that trigger
precise reactions in conspecifics (22, 32). In mammals, it is now clearer and clearer
that lipocalins are a third class of label molecules used as complex chemosignals
(17). In the animal kingdom, lipocalins are a large, disparate and diverse group of
small proteins, molecular weight about 20 kDa, many of which are extracellular
and display binding with high selectivity and affinity for small hydrophobic mol-
ecules. Beta-lactoglobulin is the first lipocalin crystallized from cow’s whey in the
1930s (1), and more than thirty proteins are classified as lipocalins today (18). All
lipocalins share a common structure. The common structure is a central 8-stranded
beta-barrel with simple forth and back repeated topology lining a hydrophobic
cavity, an N-terminal helical turn and a long C-terminal helix. The overall se-
quence homology between different lipocalins is low, typically about 20%, despite
the presence of three well-defined and highly conseved motifs. At variance with

" Correspondence to: Prof. A. Cavaggioni, Istituto di Fisiologia Umana, Universita di Padova, Via
Marzolo 3, 1-35131 Padova, Italy: fax: +39-049-8275301, e-mail: andreac(@ux|.unipd.it



194 A. CAVAGGIONI, C. MUCIGNAT AND R. TIRINDELLI

the well defined structure, five lipocalins have been resolved by X-ray crystallography
(6, 18) and one recombinant form enriched in *C and "N is being resolved by
NMR (16), the function remains poorly understood and the data available are
rudimentary or suggestive. Possibly the different lipocalins went to cover a variety
of functions as they radiated in different phyla and subphyla, crustaceans, insects
and vertebrates, and in different species during evolution (45). In mammals some
lipocalins have a function within the body, e.g., retinol binding protein of serum
carries retinol (5), other lipocalins as beta-lactoglobulin are excreted and a role in
body homeostasis can be ruled out. Although we are a long way out from under-
standing the full extension of the functions covered by this protein family, secreted
lipocalins may be used as chemical labels for communication. Several points argue
in favour of this hypothesis. Secretory lipocalins are characterized by species-,
sex-, strain- and possibly individual-linked polymorphism. For instance, beta-
lactoglobulin is excreted in large amounts in the milk of the cow, buffalo, sheep,
pig and dolphin but neither guinea pig, camel nor primates; within the species,
there is also polymorphism of beta-lactoglobulin among different cow strains,
differing but in a few aminoacids (1). The role of secretory lipocalins was high-
lighted by the observation of Dr. Pelosi that some of them bind odorant molecules,
and have been appropriately termed Odorant Binding Protein (OBPs) (39). The
odorants are small non charged molecules which are bound in the hydrophobic
cavity by short range forces and possibly one hydrogen bond, with affinity of the
order of a million per Molar concentration. Most interestingly, the time of disso-
ciation of the odorant-protein complex is very long and lipocalins can store and
slowly release in air the odorants for hours and days. In addition, lipocalins are
unusually stable to drying and heating and are not likely to be quickly denatured
when released out of the body.

The Major Urinary Proteins

The most widely studied family of OBP is the family of the Major Urinary
Proteins of rodents (MUPs), whose structure is shown in Fig 1, and more informa-
tion is available on them than on any OBP. Among the odorants bound by MUPs
which have been characterized are a thiazoline derivative, probably produced by
bacteria in the gut, and brevicomin, a very complex molecule similar to the bark
beetle aggregating pheromone, whose origin in rodents is not known (2, 43). MUPs
are synthesized in the liver of adult non castrated mice, are physiologically ex-
creted with urine at the considerable rate of a few tens of mg per day and confer
to the male mouse urine a typical odour (26). MUPs, one suspects, must be very
important for the biology of mouse species in order to justify the high cost for the
nitrogen balance of this proteinuria, the great expansion of the genomic represen-
tation, over 35 genes on chromosome 4, the high degree of gene conservation
within and the high gene divergence between rat and mouse species which accu-
mulated during about 30 million year of evolution (11). The sexual restriction to
adult male sex, moreover, suggests a role in communication about sex and relevant
to reproduction.
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Fig. 1. - Ribbon representation of the peptide backbone of MUP in two orthogonal projections.
g P i per ) 8 proj

The projection showing the N-terminus highlights the beta-stranded hairpins forming a barrel-like
structure. The projection showing the C-terminus shows the cavity within the MUP as well as the
alpha-helix. Data obtained by NMR of isotopically enriched recombinant MUP.

This extraordinary urinary secretion of proteins, makes likely that mice can
perform olfactory tasks based on urinary olfactory signals. Chemical cues from
conspecifics can release adequate behaviours (releaser pheromones) or modulate
the endocrine condition (primer pheromones) (24). Table I reports both eight
behavioural effects and six primer effects of chemical cues present in rodents urine
and whether protein molecules of urine of the emitter and the vomeronasal organ
of the receiver are in cause. At this point a digression is necessary to recall the
anatomy of the olfactory system of the mouse.

The Vomerosanal Organ of Jacobson

The olfactory sytem of the mouse as well as nearly all mammals is partitioned into
two sections, the Main Olfactory Epithelium (MOE) with its associated central
circuits, and the VomeroNasal Organ (VNO) with its central distinct pathways
(15). The MOE lines part of the nasal cavity flushed by air, the VNO is remote
from air flow and its epithelium lines the vomeronasal canal filled with fluid. Thus,
whereas MOE is in position to detect volatile odorants carried by the air stream,
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Table 1. - Behavioural and priming effects elicited by mouse urine.

In the columns it is reported the effect, the relevant reference (Ref.), whether urinary proteins (Prot)
and the vomeronasal organ (VNO) are involved. Note that the priming effects of male urine have been
reported to require both the urinary proteins and the vomeronasal organ.

Behavioural Effects Reference Prot. VNO Type
Estrous/pregnant urine more attractive

to males 12 ND ND F—-M
Female urine decreases attacks

by aggressive males 35 ND ND F—-+M
Female urine elicits 70 kHz ultrasonic

whistle from males 38 ND Yes (3) F—+M
Male urine more attractive to female 46 ND ND M F
Male urine elicits protective maternal

aggression in rats 33 No (36) No (33) M — F
Male urine elicits attacks between males 10 No ND M+ M
Male urine territorial marking 41 ND Yes (31) M—+M

Urine voided under stress elicits
avoidance responses 9 ND ND M— both|

Effects primed by urinary cues

Female grouping in the absence of male

suppresses estrus cycle 50 ND Yes (42) F—-+F
Urine from grouped females induces

puberty onset delay 13 No (37) No (37) F +F
Male urine accelerates puberty onset 48 Yes (49) Yes (23) M —F
Urine of strange male blocks pregnancy 8 Yes (28) Yes (25) M F

Male urine induces estrus acceleration/
synchronization 51 Yes (28) Yes (20) M —>F

Urine from pregnant/lactating females
lengthens estrus 19 ND ND F—F

the VNO is harnessed to detect non-volatile water-soluble molecules (7). For the
behavioural effects, the volatile component are probably an adequate stimulus and
eventually MUPs are a storage and releaser system for volatiles. For the third and
fourth primer effects of male urine that are listed, the protein is needed (49, 30,
34, 28) as well as the vomeronasal organ (23, 25). Also for the estrus acceleration/
synchronization both urinary proteins and the vomeronasal organ are needed (28,
20). Some detailed information adds evidence to the notion that MUPs are a very
special stimulus, e.g., in the case of pregnancy block, MUPs are not only likely to
mediate the pregnancy blocking effects of male urine, but they also convey the
strain recognition signal of the male pheromone (28, 29). This performance is
based, one would think, on the MUPs polymorphism between different mice
strains (21). It would not be surprising if wild-type mice were able to recognize



PHEROMONAL COMMUNICATION 197

also individuals on the base of MUPs phenotype. On the other hand, the conserved
N-terminal aminoacid sequence of MUPs, EEA(R/S)S, is probably a common
recognition site for MUPs (34).

Returning now to Table I, it is seen that intraspecific communication is mediated
by the VNO in two behavioural effects and in four primer effects. Finally, the joint
requirement for a protein component in the urine stimulus and for the VNO in the
receiver, in three primer effects, suggests that MUPs and the VNO act in concert
as a stimulus-receptor couple.

This observation raises the question as to whether there are distinct receptors in
the VNO for the different chemical cues in the urine of conspecifics. Two families
of putative Vomeronasal Receptors (VR) have been described in vomeronasal
neurons with molecular biology techniques in mice (14) and rats (44). They
characterize sensory neurons with different position of the cell body in the neu-
roepithelium, different central connections and probably different signal transduc-
tion pathways (4, 52). The family of the VR1 bears homology to the putative
olfactory receptors of the MOE and project to the rostral part of the Accessory
Olfactory Bulb (AOB); the family of the VR2, see Fig.2 for an in situ hybridiza-

Fig. 2. - Section of the mouse VNO stained by in situ hybridization with digoxygenin labelled
riboprobes hybridizing to the mRNA of a vomeronasal receptor molecule of class V2R.

Observe the discrete and scattered subpopulation of positive neurons in the crescent of the sensory
neuroepithelium of the male and female mouse. magnification: 10x.
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tion, bear homology to the calcium sensor receptor and metabotropic glutamate
receptors and are characterized by a long extracellular aminoacid domain and
project to the posterior part of AOB. It has been suggested that VR1 detect volatile
molecules and VR2 proteins or peptides (27, 47).Were the volatiles those carried
by MUPs and were the proteins MUPs, this complex signalling system would have
a matched sensory counterpart in the VNO.

We do not understand the evolutive pressure which labelled different species,
strains, sexes and perhaps individuals with OBPs as olfactory markers in the
radiation of mammals. A similar system has not been described, e.g., in birds that
rely mainly on visual and acoustic signals for communication. Possibly the pres-
sure arose from the ecological niche occupied by early mammals which was likely
to be terrestrial, nocturnal and rich in predators, the evolutionary advantage bear-
ing more on the reproduction than on the survival of the individuals.

SUMMARY

The lipocalin protein family is characterized in structure by a conserved hydro-
phobic pocket which can bind small volatile odorants. The Major Urinary Proteins
(MUPs) are a class of lipocalins found in the urine of adult male mice which
concentrate in the urine odorants which confer a characteristic odor. The behav-
ioural as well as the endocrine effects of mouse urine and MUPs are brifly
reviewed, suggesting a complex role is pheromonal communication. Some recent
data on the molecular receptors of the vomeronasal organ further suggest a com-
plex interaction with the MUP system.
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