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            Abstract
Organisms have evolved diverse behavioural strategies that enhance the likelihood of encountering and assessing mates1. Many species use pheromones to communicate information about the location, sexual and social status of potential partners2. In mice, the major urinary protein darcinâ€”which is present in the urine of malesâ€”provides a component of a scent mark that elicits approach by females and drives learning3,4. Here we show that darcin elicits a complex and variable behavioural repertoire that consists of attraction, ultrasonic vocalization and urinary scentÂ marking, and also serves as a reinforcer in learning paradigms. We identify a genetically determined circuitâ€”extending from the accessory olfactory bulb to the posterior medial amygdalaâ€”that is necessary for all behavioural responses to darcin. Moreover, optical activation of darcin-responsive neurons in the medial amygdala induces both the innate and the conditioned behaviours elicited by the pheromone. These neurons define a topographically segregated population that expresses neuronal nitric oxide synthase. We suggest that this darcin-activated neural circuit integrates pheromonal information with internal state to elicit both variable innate behaviours and reinforced behaviours that may promote mate encounters and mate selection.
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                    Fig. 1: Darcin elicits an array of behaviours.[image: ]


Fig. 2: Optogenetic silencing of the AOB results in the suppression of darcin-evoked behaviours.[image: ]


Fig. 3: Activation of darcin-responsive neurons in the MeA recapitulates pheromone-induced behaviours.[image: ]


Fig. 4: nNOS neurons in the MeA are necessary for darcin-mediated behaviours.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Darcin and photoactivation of posterior MeA neurons condition scent-marking placeÂ preference.
a, Representative frames from videos of the pheromone (1) and photoactivation (2) sessions, and free-range behaviours (3). b, Distance from urinary drop to each of the poke ports during various sessions. Individual frames were analysed using Adobe Photoshop CC to quantify the distance from the centre of a urinary drop to the base of each poke port. Units are scaled from pixels to centimetres. Distances were compared using the two-sided Wilcoxon signed-rank test (***PÂ <Â 0.0005, *PÂ =Â 0.01; nÂ =Â 24 mice, (1); nÂ =Â 12 mice, (2); nÂ =Â 20 mice, (3)). c, Area of urinary drops under various conditions. Individual frames were analysed using Adobe Photoshop CC to quantify the area of the urinary marks. Units are scaled from square pixels to square centimetres. Scent-mark area (mean Â±Â s.e.m., cm2):Â darcin,Â 5Â Â±Â 0.05, nÂ =Â 24 mice; recall of darcin, 5Â Â±Â 0.09, nÂ =Â 14 mice; photoactivation,Â 4Â Â±Â 0.4, nÂ =Â 12 mice; recall of photoactivation,Â 4Â Â±Â 0.5, nÂ =Â 8 mice; free urination,Â 13Â Â±Â 2; nÂ =Â 20 mice. Areas were compared using the two-sided Mannâ€“Whitney test (***PÂ <Â 0.0005), adjusted for multiple comparisons. The bounds in the boxÂ plots in b, c are defined by the 25th and 75th percentile of the distribution. The lines represent the median and the upper and lower whiskers represent the 75th percentile + 1.5 Ã— IQR and 25th percentile âˆ’ 1.5 Ã— IQR, respectively.


Extended Data Fig. 2 Darcin and photoactivation of posterior MeA neurons reinforce recall of vocalization and scent-marking behaviours.
aâ€“c, Data for individual mice for all unique sessions across the study were pooled. a, Mean (horizontal line; nÂ =Â 43 mice (darcin group), nÂ =Â 24 mice (photostimulation group)) and total calls made by individual mice (diamonds) detected during various sessions. Call counts were compared using the two-sided Wilcoxon signed-rank test within the respective groups (***PÂ <Â 0.0005), adjusted for multiple comparisons. b, Latency from the start of the session to urinary marking and vocalization behaviour (mean Â±Â s.e.m., seconds) during exposure to darcin (3,160Â Â±Â 311, nÂ =Â 24 mice), recall of darcin exposure (956Â Â±Â 217, nÂ =Â 14 mice), photostimulation (4,195Â Â±Â 372, nÂ =Â 12 mice) and subsequent recall (1,315Â Â±Â 418, nÂ =Â 8 mice) sessions. Latencies were compared within groups using the matched-pair two-sided t-test (*PÂ =Â 0.005, ***PÂ =Â 0.00009). The bounds in the boxplots are defined by the 25th and 75th percentile of the distribution. The line represents the median and the upper and lower whiskers represent 75th percentile + 1.5 Ã— IQR and 25th percentile âˆ’ 1.5 Ã— IQR, respectively. c, Probability of urinary scent-marking and vocalization behaviours. Mean probabilities are given for the darcin session (0.6, nÂ =Â 43 mice), recall of darcin session (0.3, nÂ =Â 43 mice), photostimulation-evoked urinary marking and vocalization (0.5, nÂ =Â 24 mice) and recall of photostimulation-evoked behaviours (0.3, nÂ =Â 24). Probabilities were compared using the two-sided McNemar test (*PÂ <Â 0.05). d, Probability and mean latency to first urinary scent marking in the different sessions (nÂ =Â 9 mice). Data from 100-min habituation sessions (meanÂ Â±Â s.e.m., latency for urination, seconds) and after exposure to male-soiledÂ bedding in the homeÂ cage (1,411Â Â±Â 126), low-darcin urine from BALB/c mice (1,116Â Â±Â 232), recall session of BALB/c urine (1,607Â Â±Â 268), urine from C57BL6/6J mice containing normal levels of darcin (2,666Â Â±Â 337) and recall of C57BL6/6J urine (1,032Â Â±Â 198) are shown. Probabilities were compared using the two-sided McNemar test (*PÂ =Â 0.02), adjusted for multiple comparisons. Latencies were compared within groups using the matched-pair two-sided t-test and across groups using the unpaired two-sided t-test (**PÂ =Â 0.0008, *PÂ =Â 0.02), adjusted for multiple comparisons. Scent-marking behaviours in response to low-darcin urine during the subsequent recall sessions were compared (habituation to recall, PÂ =Â 1, cue to recall session comparison, PÂ =Â 0.1, two-sided McNemar test).


Extended Data Fig. 3 Activation of darcin-responsive neurons in the posterior MeA recapitulates darcin-induced behaviours.
a, Heat map showing occupancy of the chamber during a habituation, photostimulation and recall session. b, Occupancy plot showing the percentage of time spent in the photostimulation room. Arc-CreER mice were exposed to darcin (magenta), saline (green) or MUP11 (blue). The plot shows the meanÂ Â±Â s.e.m. (nÂ =Â 5 mice per group, total nÂ =Â 15 mice) percentage of time spent in stimulation room during habituation, photostimulation and recall sessions. For occupancy time, pairwise comparisons were performed using the two-sided Mannâ€“Whitney test (*PÂ <Â 0.05) and three-way comparisons were performed using Kruskalâ€“Wallis tests (habituation PÂ =Â 0.6, light stimulation PÂ =Â 0.009 and recall sessions PÂ =Â 0.008). câ€“f, Activation of nNOS neurons in the posterior MeA recapitulates darcin-induced behaviours. c, d, Cumulative poke counts during habituation (laser off; 1), light stimulation (laser on; 2), and recall (laser off; 3) sessions in mice expressing eYFP (c) or ChR2 (d) in nNOS neurons. Light stimulation was performed in one port (red) and not in the second port (blue). During habituation (1) and recall (3) sessions, no light stimulation was given, and red and blue reflect right and left ports, respectively. Mean (bold lines, nÂ =Â 11 mice for each group) and individual (fine lines) cumulative poke counts are shown. The time-stamps for ultrasonic vocalization and scent-marking behaviours are indicated as arrowheads (d (2, 3)). Poke counts were compared using the two-sided Wilcoxon signed-rank test (***PÂ =Â 0.0001). Control group (eYFP) port entries (c) are contrasted to the ChR2 group (d) during light stimulation (red entries for ChR2 (d (2)) compared to eYFP (c (2)); PÂ =Â 0.0002) and recall sessions (red entries for ChR2 (d (3)) compared to eYFP (c (3)); PÂ =Â 0.0002, two-sided Mannâ€“Whitney test, adjusted for multiple comparisons). e, Occupancy plot showing the mean percentage of time spent in the photostimulation room by all mice during various sessions. nNOS-ires-Cre mice were injected with AAV encoding either eYFP (green) or ChR2â€“eYFP (purple); plots are colour-coded to their respective groups; nÂ =Â 6 mice per group, nÂ =Â 12 mice total. Occupancy times were compared using a two-sided Mannâ€“Whitney test (*PÂ <Â 0.05). f, Mean (horizontal lines, nÂ =Â 11 per group, nÂ =Â 22 total) and total calls made by individual mice (diamonds) detected during the photostimulation (2) sessions in mice expressing eYFP (c (2)) or ChR2 (d (2)) in nNOS neurons. Call counts were compared using the two-sided Mannâ€“Whitney test (*PÂ =Â 0.007).


Extended Data Fig. 4 In lactating females, darcin activates mitral cells in the AOB but fails to activate MeA neurons.
aâ€“c, Representative images showing Fos expression (orange) and NeuroTrace (blue) in sagittal sections of the AOB following exposure to saline (a) or darcin in virgin females (b) and lactating females (c). Experiment was independently repeated on 6 mice for each group. d, Bar plots quantifying Fos-expressing cells in the AOB. Fos counts (meanÂ Â±Â s.e.m.): saline 153Â Â±Â 38, darcin in virgin females 378Â Â±Â 35, darcin in lactating females 358Â Â±Â 45; nÂ =Â 6 mice per group. Cell counts were compared using the two-sided Mannâ€“Whitney test (*PÂ =Â 0.02), adjusted for multiple comparisons. e, Bar plots quantifying the mitral/tufted cells in the AOB. Number of cells (meanÂ Â±Â s.e.m.): saline 1,188Â Â±Â 167, darcin in virgin females 1,129Â Â±Â 93, darcin in lactating females 1,210Â Â±Â 163; nÂ =Â 6 mice per group. Cell counts were compared using the two-sided Mannâ€“Whitney test. f, g, Representative images showing eYFP expression in coronal sections of the posterior MeA of Arc-CreER mice after exposure to darcin in virgin females (f) and lactating females (g). Experiment was repeated on 13 mice and 4 mice in f and g, respectively. h, Bar plots quantifying eYFP-expressing cells in the MeApd and the MeApv. Cell counts were compared using the two-sided Mannâ€“Whitney test, adjusted for multiple comparisons. *PÂ =Â 0.008, **PÂ =Â 0.0006, ***PÂ <Â 0.0005. MeanÂ Â±Â s.e.m. eYFP-expressing cell counts: saline, 16Â Â±Â 5 in the MeApd and 23Â Â±Â 7 in the MeApv, nÂ =Â 13 mice; darcin exposure in virgin females, 251Â Â±Â 29 in the MeApd and 115Â Â±Â 16 in the MeApv, nÂ =Â 13 mice; darcin exposure in lactating females, 23Â Â±Â 11 in the MeApd and 15Â Â±Â 12 in the MeApv, nÂ =Â 4 mice.


Extended Data Fig. 5 Identification of neurons in the posterior MeA that respond to vomeronasal stimuli and their overlap with the genetic marker nNOS.
a, Representative images showing the stimulus-responsive (eYFP, orange) and nNOS-expressing (cyan)Â neurons in the posterior MeA of Arc-CreER mice exposed to cat salivary lipocalin Fel-D4 (nÂ =Â 5 mice), saline (nÂ =Â 8 mice), ESP1 (nÂ =Â 5 mice), MUP11 (nÂ =Â 5 mice), female urine (nÂ =Â 5 mice), male urine with low levels of darcin (nÂ =Â 4 mice), male urine with normal levels of darcin (nÂ =Â 9 mice) and darcin (nÂ =Â 7 mice). b, Corresponding boxÂ plots quantifying the percentage overlaps between the stimulus-responsive (eYFP) and nNOS+ neurons in the posterior MeA of mice exposed to the various stimuli. Orange plots represent the percentage of YFP cells that overlap with nNOS; cyan plots represent the percentage of nNOS cells that overlap with YFP. The bounds in boxÂ plots are defined by the 25th and 75th percentile of the distribution. The lines represent the median and the upper and lower whiskers represent the 75th percentile + 1.5 Ã— IQR and 25th percentile âˆ’ 1.5 Ã— IQR, respectively.


Extended Data Fig. 6 The additional effects of silencing nNOS neurons in the posterior MeA.
aâ€“c, Functional convergence of both olfactory systems mediated by the posterior MeA is pivotal for male urine reinforcement. a, Timeline of the preference assay. Mice were habituated in the chamber for ten days (1), then exposed to male-soiled bedding for 60 h in their home cage (2), followed by one additional day of habituation before male urine (with normal levels of darcin (1 Î¼g Î¼lâˆ’1)) was presented in one of the two ports (3). Urine was removed for the recall session one day later (4). Port preference was quantified from port entries. b, c, Cumulative poke counts during habituation (1), habituation after treatment (2), exposure to male urine (3) and recall (4) sessions for mice expressing eNpHRâ€“eYFP (nÂ =Â 10) with (b) and without (c) optical silencing of nNOS neurons. Poke counts were recorded on the days indicated by purple arrows in a. Mice were exposed to male urine in one port (red) and a blank filter (blue) in the second port (3). During habituation (1, 2) and recall (4) sessions both ports contained a blank filter. Mean (bold lines) and individual (fine lines) cumulative poke counts are shown. Poke counts were compared using the two-sided Wilcoxon signed-rank test (***PÂ =Â 0.0002). The effect of silencing nNOS neurons is quantified with matched pair differences (male urine session comparisons, b (3) to c (3), PÂ =Â 0.002) and recall of male urine with darcin (recall session comparisons, b (4) to c (4), PÂ =Â 0.002) using the two-sided Wilcoxon signed-rank test, adjusted for multiple comparisons. d, e, Optical silencing of nNOS neurons does not affect recall of darcin memory. Cumulative poke counts during habituation (1), habituation after treatment (2), darcin (3) and recall (4) sessions in mice expressing eNpHR (nÂ =Â 11) with optical silencing during all sessions (d (1â€“4)) and with optical silencing during recall sessions only (e (4)). Poke counts were recorded onÂ the days indicated by purple arrows in a. Mice were exposed to darcin in one port (red) and a blank filter (blue) in the second port (3). During habituation (1, 2) and recall (4) sessions both ports contained a blank filter. Mean (bold lines) and individual (fine lines) cumulative poke counts are shown. Poke counts were compared using the two-sided Wilcoxon signed-rank test (**PÂ =Â 0.001). The effect of silencing nNOS neurons during recall sessions was tested with matched pair differences (c, cue (e (3)) to recall (e (4)) comparisons, laser off (e (3)) and on (e (4)), PÂ =Â 0.1, using the two-sided Wilcoxon signed-rank test, adjusted for multiple comparisons.


Extended Data Fig. 7 Mice subjected to optical silencing of nNOS neurons retained a motivation to poke.
To establish the primacy of the MeA in mediating darcin-evoked behaviours rather than altering general motivation, mice expressing eNpHR in nNOS neurons were also tested. a, Timeline of the two-port preference assay. bâ€“d, Cumulative poke counts during habituation (1), habituation after exposure to male-soiled bedding in the home cage (2), darcin exposure (3) and recall (4) sessions with (b) and without (c) optical silencing of nNOS neurons, and with optical silencing again after 4 weeks (d) (nÂ =Â 11 mice). Poke counts were recorded on the days indicated by purple arrows in a. Mice were exposed to darcin in one port (red) and a blank filter (blue) in the second port. During habituation (1, 2) and recall (4) sessions both ports contained a blank filter. Mean (bold lines) and individual (fine lines) cumulative poke counts are shown. Poke counts were compared using the two-sided Wilcoxon signed-rank test (**PÂ =Â 0.001). The effect of silencing nNOS neurons after a learning experience is quantified during habituation sessions after exposure to soiled bedding in the home cage (port entries to the same port (red) with blank filters are compared during habituation after home-cage treatment sessions in b (2) and c (2), laser on and off, PÂ =Â 0.002, in b (2) and d (2), laser on, PÂ =Â 0.001, and c (2) and d (2), laser off and on, PÂ =Â 0.5). The paired count differences (redâ€“blue port) are compared across darcin sessions (b (3) to d (3), laser on, PÂ =Â 0.5, and c (3) to d (3), laser off and on, PÂ =Â 0.0001) and recall of darcin (recall session comparison b (4) to d (4), PÂ =Â 0.9, and c (4) to d (4), PÂ =Â 0.0001) using the two-sided Wilcoxon signed-rank test, adjusted for multiple comparisons. e, Optical silencing of nNOS neurons in the MeA does not affect non-social reinforcement behaviour. Cumulative poke counts during habituation (1), habituation after treatment (2), and water (3) sessions in mice expressing eNpHR (nÂ =Â 12) in nNOS neurons in the MeA with silencing. Poke counts were recorded on the days indicated by purple arrows in a. Water-restricted mice were rewarded with a drop of water (5 Î¼l) in one port (red) and a blank filter in the second port (blue). During habituation (1, 2) sessions both ports contained a blank filter. Mean (bold lines) and individual (fine lines) cumulative poke counts are shown. Poke counts were compared using the two-sided Wilcoxon signed-rank test (**PÂ =Â 0.0005).


Extended Data Fig. 8 Ultrasonic vocalizations that are emitted by mice exposed to darcin or stimulated optogenetically consist of seven unique syllable categories.
a, Representative spectrograms of ultrasonic vocalizations classified into seven categories of call. The heat maps show the intensities of the vocalizations. Descriptive statistics (meanÂ Â±Â s.d., sample sizes) for frequencies are given in Extended Data Table 2 for the locations indicated by the corresponding letters on the spectrograms. b, Percentages of different call categories emitted by mice exposed to darcin (nÂ =Â 24, in green) and optogenetically stimulated (nÂ =Â 12, in blue).


Extended Data Table 1 Cell counts for exposure to different cueÂ types, nNOS expression and the overlaps in the posterior MeAFull size table


Extended Data Table 2 Syllable categories for darcin and light-evoked ultrasonic vocalizationsFull size table





Supplementary information
Reporting Summary

Video 1
: Darcin reinforces recall of ultrasonic vocalization and scent marking behaviours A female mouse, previously exposed to darcin, emits nearly synchronous ultrasonic vocalization and scent marking by the prior darcin exposure port.


Video 2
: Activation of darcin-responsive neurons in the medial amygdala reinforces recall of ultrasonic vocalization and scent marking behaviours A female mouse, previously experienced photo-stimulation of neurons expressing ChR2-eYFP induced by darcin exposure, emits nearly synchronous ultrasonic vocalization and scent marking by the prior photo-stimulation port.
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