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            Abstract
Animals display a repertoire of different social behaviours. Appropriate behavioural responses depend on sensory input received during social interactions. In mice, social behaviour is driven by pheromones, chemical signals that encode information related to age, sex and physiological state1. However, although mice show different social behaviours towards adults, juveniles and neonates, sensory cues that enable specific recognition of juvenile mice are unknown. Here we describe a juvenile pheromone produced by young mice before puberty, termed exocrine-gland secreting peptide 22 (ESP22). ESP22 is secreted from the lacrimal gland and released into tears of 2- to 3-week-old mice. Upon detection, ESP22 activates high-affinity sensory neurons in the vomeronasal organ, and downstream limbic neurons in the medial amygdala. Recombinant ESP22, painted on mice, exerts a powerful inhibitory effect on adult male mating behaviour, which is abolished in knockout mice lacking TRPC2, a key signalling component of the vomeronasal organ2,3. Furthermore, knockout of TRPC2 or loss of ESP22 production results in increased sexual behaviour of adult males towards juveniles, and sexual responses towards ESP22-deficient juveniles are suppressed by ESP22 painting. Thus, we describe a pheromone of sexually immature mice that controls an innate social behaviour, a response pathway through the accessory olfactory system and a new role for vomeronasal organ signalling in inhibiting sexual behaviour towards young. These findings provide a molecular framework for understanding how a sensory system can regulate behaviour.
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                    Figure 1: ESP22 is secreted into juvenile tear fluid.[image: ]


Figure 2: ESP22 activates the vomeronasal system.[image: ]


Figure 3: Trpc2âˆ’/âˆ’ males display increased sexual behaviour towards juveniles.[image: ]


Figure 4: ESP22 inhibits male sexual behaviour.[image: ]
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Extended data figures and tables

Extended Data Figure 1 RNA in situ hybridization to characterize expression of Esp genes in the lacrimal gland.
aâ€“c, Colorimetric analysis in tissue from animals indicated using cRNA riboprobes for (a) Esp15 and (b) Esp22, and two-colour fluorescence analysis (c) in juvenile lacrimal gland with cRNA riboprobes for Esp22 (red) and a marker for acinal secretory cells, Rab3D (green). cRNA riboprobes for Esp15 are expected to cross-hybridize with Esp16 mRNA. Some images used in b are identical to panels in Fig. 1d, and are included for reference. Dashed boxes (c) indicate regions magnified below. Arrows, acinar cells; arrowheads, ductal cells; scale bars, 100â€‰Î¼m (a, b, c top), 20â€‰Î¼m (c bottom).


Extended Data Figure 2 qPCR analysis of gene expression.
a, Esp22 qPCR primers specifically detect a plasmid containing cloned Esp22, but not plasmids containing other Esps with greater than 60% identity to Esp22. bâ€“f, cDNA was derived from lacrimal gland (bâ€“e), submaxillary gland (e) or other tissues (f) of animals indicated. In f, abundance is calculated by normalization to amounts of Gapdh. C57BL/6 mice were used (bâ€“d) unless otherwise indicated (b). Experiments where sex is not indicated involved equal numbers of males and females; olfactory epithelium (OE), olfactory bulb (OB), harderian gland (HG), submaxillary gland (SMG), parotid gland (PG), sublingual gland (SLG) (n = 6â€“12, averagesâ€‰Â±â€‰s.e.m., **Pâ€‰<â€‰0.01, two-way ANOVA followed by Tukeyâ€™s HSD post hoc tests).


Extended Data Figure 3 Quantification of protein concentrations in tear fluid by western blot analysis using an anti-ESP22 antibody.
a, b, A standard curve based on signal intensity was generated using different concentrations of recombinant ESP22 (a, left panel; b). The arrow indicates the intensity level of the band in the juvenile tear sample (a, right panel). c, Entire western blot analysis of tear fluid using anti-ESP22 antibody.


Extended Data Figure 4 ESP22-derived tryptic peptides identified by mass spectrometry.
a, The amino-acid sequence of immature ESP22 is depicted, along with a predicted signal peptide and the epitope used for antibody generation. Four tryptic peptides were identified by mass spectrometry (highlighted in red), including one peptide containing the first amino acid after the predicted signal sequence and another containing the encoded carboxy (C)-terminal residue. Trypsin does not efficiently cleave amino (N)-terminal lysines or arginines, consistent with R23 being the first amino acid in mature ESP22. b, Mass spectrum of an high-performance liquid chromatography fraction of juvenile tear fluid showing the ESP22-derived tryptic peptide GIVFNTIK, with sequence identity confirmed by tandem mass spectrometry analysis.


Extended Data Figure 5 Electrophysiological responses to ESP22 in VNO sensory neurons.
a, Single-unit extracellular loose-seal recording from a single VNO sensory neuron repeatedly exposed to different stimuli indicates reproducibility of responses. b, The percentage of basal VNO sensory neurons responsive to 20â€‰pM (n = 383) and 2â€‰nM (n = 749) ESP22.


Extended Data Figure 6 cFos responses to ESP22 in the amygdala.
a, ESP22 and juvenile tear fluid, but not MBP, induce cFos expression in the postero-ventral MeA. Dashed lines and arrows indicate boundaries of MeA regions. b, Similar responses were not observed in other amygdala nuclei that receive olfactory input, including the postero-medial cortical amygdala (PMCo), anterior cortical amygdala (CoA) and postero-lateral cortical amygdala (PLCo) (meanâ€‰Â±â€‰s.e.m., n = 3).


Extended Data Figure 7 Trpc2âˆ’/âˆ’ males show increased sexual behaviour towards wild-type juveniles.
a, b, Histograms of mounts by minute of social interaction and intermount intervals shown towards juveniles byTrpc2+/+ and Trpc2âˆ’/âˆ’ males (sum, n = 12). Inset depicts average intermount intervals (meanâ€‰Â±â€‰s.e.m., *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, Mannâ€“Whitney U-test). c, Analysis of adult male sexual behaviour during simultaneous interaction with juvenile and adult oestrous females. Trpc2+/+ and Trpc2âˆ’/âˆ’ males show similar amounts of sexual behaviour towards adult oestrous females, but Trpc2âˆ’/âˆ’ males show increased sexual behaviour towards juveniles (n = 10, averagesâ€‰Â±â€‰s.e.m., *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, one-way multivariate ANOVA).


Extended Data Figure 8 Trpc2âˆ’/âˆ’ males show sexual behaviour towards juvenile males.
a, Raster plots depicting individual mounting displays of adult Trpc2+/+ and Trpc2âˆ’/âˆ’ males towards juvenile males (C57BL/6, postnatal day 17) during social interaction (30â€‰min). Each tick indicates onset of one mount. b, Quantitative analysis of parameters associated with sexual behaviour towards juvenile males shown by Trpc2+/+ and Trpc2âˆ’/âˆ’ males (n = 11 or 12, averagesâ€‰Â±â€‰s.e.m., *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, Mannâ€“Whitney U-test).


Extended Data Figure 9 ESP22 did not decrease social investigation time.
Wild-type C57BL/6 males were introduced to C3H juvenile females painted with stimuli indicated. Social investigation time of the male was recorded as time spent with the nose in direct contact with the female. These data were extracted from the same experiments reported in Fig. 4c, d, with additional experiments involving TMT (100â€‰Î¼l, 155â€‰mM, n = 11 or 12, averagesâ€‰Â±â€‰s.e.m., **Pâ€‰<â€‰0.01, one-way ANOVA followed by Tukeyâ€™s HSD post hoc tests).


Extended Data Figure 10 ESP22 (10â€‰Î¼g) inhibits sexual behaviour of C3H males.
a, Raster plots of sexual behaviour shown by C3H males towards C3H juvenile females (postnatal day 17) painted with indicated stimuli (30â€‰min social interaction). Each tick indicates onset of one mount. b, Quantitative analysis of parameters associated with sexual behaviour towards juvenile females shown by C3H males (n = 11, averagesâ€‰Â±â€‰s.e.m., *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, one-way ANOVA followed by Tukeyâ€™s HSD post hoc tests).





Supplementary information
A Trpc2+/+ adult male interacts with a juvenile female
Video showing a social interaction between a wild type adult male mouse and a juvenile female mouse (C57BL/6, p17). Animals in the video display active social investigation but not sexual behavior. (MOV 4084 kb)


A Trpc2-/- adult male displays sexual behavior towards a juvenile female
Video showing a social interaction between a Trpc2-/- adult male mouse and a juvenile female mouse (C57BL/6, p17). Frequent mounting displays characteristic of mouse sexual behavior are observed. (MOV 3320 kb)
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        Editorial Summary
Pheromone signal indicates sexual immaturity
Social behaviour in rodents is driven by pheromones that signal information on age, gender and physiology to other individuals. Here, Stephen Liberles and colleagues identify a novel pheromone (ESP22) produced by juvenile mice before puberty. Released through the tears, ESP22 activates neurons in the vomeronasal organ and inhibits mating behaviour in adult males towards any animal expressing this signal. Thus, ESP22 seems to be a sign of sexual immaturity that helps to control the sexual behaviour of adult mice.
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