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            Abstract
Infant cries evoke powerful responses in parents1,2,3,4. Whether parental animals are intrinsically sensitive to neonatal vocalizations, or instead learn about vocal cues for parenting responses is unclear. In mice, pup-naive virgin females do not recognize the meaning of pup distress calls, but retrieve isolated pups to the nest after having been co-housed with a mother and litter5,6,7,8,9. Distress calls are variable, and require co-caring virgin mice to generalize across calls for reliable retrieval10,11. Here we show that the onset of maternal behaviour in mice results from interactions between intrinsic mechanisms and experience-dependent plasticity in the auditory cortex. In maternal females, calls with inter-syllable intervals (ISIs) from 75 to 375Â milliseconds elicited pup retrieval, and cortical responses were generalized across these ISIs. By contrast, naive virgins were neuronally and behaviourally sensitized to the most common (â€˜prototypicalâ€™) ISIs. Inhibitory and excitatory neural responses were initially mismatched in the cortex of naive mice, with untuned inhibition and overly narrow excitation. During co-housing experiments, excitatory responses broadened to represent a wider range of ISIs, whereas inhibitory tuning sharpened to form a perceptual boundary. We presented synthetic calls during co-housing and observed that neurobehavioural responses adjusted to match these statistics, a process that required cortical activity and the hypothalamic oxytocin system. Neuroplastic mechanisms therefore build on an intrinsic sensitivity in the mouse auditory cortex, and enable rapid plasticity for reliable parenting behaviour.
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                    Fig. 1: Temporal statistics drive behavioural and cortical responses to pup calls in naive and experienced females.[image: ]


Fig. 2: Excitatory and inhibitory tuning and synaptic responses are altered by maternal experience.[image: ]


Fig. 3: Co-housing with pups results in coordinated plasticity of excitatory and inhibitory neuronal tuning.[image: ]


Fig. 4: Auditory cortex and the oxytocinergic system are required for the re-tuning of cortical neurons during co-housing.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Stimulus library of prototypical and morphed pup calls.
a, A set of six prototypical pup calls were selected from a library of pre-recorded calls. Prototypical calls had 4â€“5 syllables and an average ISI of 150â€“200 ms (bin: 175Â Â±Â 25 ms). Total duration of each prototype was approximately 1Â s. b, Example of one prototypical call morphed in the temporal domain. Time was added or subtracted from the ISI to slow down or speed up the calls, respectively. Other features (for example, frequency content) remained the same across all temporal morphs. A set of seven morphs was generated for each prototypical call (bin centre: 75, 125, 225, 275, 375, 575 and 975Â ms; bin size:Â Â±Â 25 ms), resulting in a library of 42 pup call sounds. Colour indicates overall speed or duration of ISIs, with red representing faster calls with shorter ISIs, and blue representing slower calls with longer ISIs.


Extended Data Fig. 2 Pup call ISIs drive retrieval and approach behaviour in experienced females.
a, Retrieval in cold pup assay from Fig. 1c across dams and experienced virgins. Dams and experienced virgins did not differ in their retrieval behaviour. Warm pups: dams (85.2%, nÂ =Â 27 trials) vs EVs (75.0%, nÂ =Â 28), PÂ =Â 0.50; prototypes (â€˜protoâ€™): dams (91.7%, nÂ =Â 12) vs. EVs (66.7%, nÂ =Â 18), PÂ =Â 0.19; cold pups: dams (25.0%, nÂ =Â 12) vs EVs (38.5%, nÂ =Â 13), PÂ =Â 0.67 (two-tailed Fisherâ€™s test). Retrieval rateÂ Â±Â 95% binomial confidence intervals. b, Latency to retrieve on successful retrieval trials from Fig. 1c. Latencies were binned based on whether ISIs elicited retrieval at similar rates to warm pups. Latencies to retrieve cold pups and cold pups dubbed over with slow morphs (single syllables (â€˜SSâ€™) and 575-ms ISIs; nÂ =Â 17 trials) were longer than for warm pups (nÂ =Â 44; PÂ =Â 0.02) or cold pups dubbed over with morphs containing ISIs between 75 and 375Â ms (nÂ =Â 82; PÂ =Â 0.001) (Kruskalâ€“Wallis H-test with Dunnâ€™s correction). MedianÂ Â±Â interquartile range. c, A y-maze was used to assess approach towards speakers playing pup calls versus temporal morphs in the absence of a live pup. A speaker in one room played a prototypical pup call, while a competing speaker in the other room played its spectrally-matched, temporal morph. Mice were given two minutes to enter a room. Data from dams and experienced virgins were pooled. d, When competing morphs contained ISIs between 25 and 149Â ms (62.5Â ms: 44.2%, nÂ =Â 52 total trials) or between 201 and 350 ms (275 ms: 55.6%, nÂ =Â 45), experienced females showed no significant preference between the prototype and morph (compared to chance (0.50) using two-tailed binomial test; 62.5 ms, PÂ =Â 0.49; 275 ms, PÂ =Â 0.46). Mice showed a significant preference for approaching prototypes when ISIs were slower than 350 ms; 425 ms (25.0%, nÂ =Â 20), PÂ =Â 0.04; 575+ ms (15.8%, nÂ =Â 19), PÂ =Â 0.005. Data binnedÂ Â±Â 75 ms except 575+. Retrieval rateÂ Â±Â 95% binomial confidence intervals. *PÂ <Â 0.05, **PÂ <Â 0.01.
Source data


Extended Data Fig. 3 Two-photon calcium imaging of auditory cortical responses to pup calls and pure tones.
aâ€“c, Neuropil correction on example datasets (nÂ =Â 1 region containing excitatory neurons; nÂ =Â 1 region containing inhibitory neurons). a, Top, correction was performed by measuring background fluorescence in the neuropil (â€˜NPâ€™) surrounding each ROI (green) and local vasculature (â€˜Vâ€™). Bottom, example âˆ†F/F traces from an excitatory neuron before and after correction (Methods). b, c, Neuropil correction had no significant effect on prototype-evoked âˆ†F/F (%) in excitatory neurons (b, nÂ =Â 52 neurons, PÂ =Â 0.57) or inhibitory neurons (c, nÂ =Â 64 neurons, PÂ =Â 0.14; two-tailed unpaired Kolmogorovâ€“Smirnov test). d, Example âˆ†F/F traces from three neurons acquired at 16 Hz; coloured numberÂ =Â âˆ†F/F (%). Responses from this experienced virgin were consistent with neuronal responses acquired at 4Â Hz (Fig. 1e). e, Percentage of prototype-responsive excitatory neurons in experienced (nÂ =Â 9 mice) and naive virgins (nÂ =Â 12; PÂ =Â 0.74; two-tailed unpaired t-test). f, Example heat maps of prototype-responsive neurons from an experienced (left) and naive virgin (right). g, h, Raw neuronal tuning from experienced (nÂ =Â 9) and naive virgins (n=Â 12) summarized in Fig. 1f. iâ€“m, Tuning to temporally-modulated tone sequences. i, Example stimulus set: five sequential tone pips (for example, 32 kHz, 80 ms) with the following ISIs: 75, 175, 375 or 575 ms (ISI binÂ Â±Â 25Â ms). j, Left, example âˆ†F/F traces evoked by temporally-modulated sequences of 32 kHz tones. Right, sample cell quantification. âˆ†F/F (%) normalized to the prototypical stimulus. k, Tuning width (normalized âˆ†F/F averaged across all stimuli). Experienced: nÂ =Â 3 mice, nÂ =Â 94 neurons; naive: nÂ =Â 5, nÂ =Â 45; PÂ =Â 0.97 (unpaired two-tailed t-test). l, Sample imaging region from a naive virgin. Prototypical calls and temporally-modulated 32 kHz tones with ISIs approximately 175 ms (5.5 Hz) activated a subset of the same cells (green). These neurons could have distinct temporal tuning to ISIs (inset). m, We observed higher normalized âˆ†F/F values to temporally modulated tones (nÂ =Â 5 mice) than to pup call morphs (nÂ =Â 11â€“12) in naive auditory cortex (75 ms, PÂ =Â 0.009; 375 ms, PÂ =Â 0.04; 575 ms: PÂ =Â 0.004; unpaired two-tailed Mannâ€“Whitney test). MedianÂ Â±Â interquartile range. All data are meanÂ Â±Â s.e.m. (except in m). *PÂ <Â 0.05, **PÂ <Â 0.01.
Source data


Extended Data Fig. 4 Temporal tuning to pup calls in left auditory cortex reflects behavioural-salience of ISIs and retrieval probability.
aâ€“c, Excitatory neuronal tuning in left vs right auditory cortex of experienced virgins. a, Individual mouse tuning (right auditory cortex, nÂ =Â 4 mice). b, Tuning normalized to prototypes in the left (nÂ =Â 9 mice from Fig. 1f) and right (nÂ =Â 4) auditory cortex of experienced virgins. MeanÂ Â±Â s.e.m. c, Tuning width (75â€“375 ms) in left vs right auditory cortex of mice in b (PÂ =Â 0.003; unpaired two-tailed Mannâ€“Whitney test). MedianÂ Â±Â interquartile range. d, In experienced auditory cortex (nÂ =Â 9 mice), evoked âˆ†F/F values were correlated with ISI probability (Pearsonâ€™s rÂ =Â 0.86, PÂ =Â 0.006; two-tailed). Colours reflect ISI bins reported in Fig. 1a. e, Qualitatively, we observed broad temporal tuning in the left auditory cortex of a lactating dam (nÂ =Â 1 dam, nÂ =Â 10 single-cell tuning curves). MeanÂ Â±Â s.e.m. f, Two example experienced virgins that exhibited unreliable retrieval behaviour on 10% (left) and 30% (right) of trials in a standard pup retrieval test. Temporal tuning at baseline (open circles) broadened following the onset of reliable retrieval behaviour (100% of trials, closed circles). â€˜Daysâ€™ denote days of co-housing with a dam and litter. Left, day 0: nÂ =Â 21 neurons, day 2: nÂ =Â 26. Right, day 1: nÂ =Â 57, day 2: nÂ =Â 26. MeanÂ Â±Â s.e.m. g, Cumulative distribution of temporal tuning widths before (nÂ =Â 2 mice, nÂ =Â 78 neurons) and after the onset of reliable retrieval (nÂ =Â 52). A larger proportion of neurons were more broadly tuned (higher normalized âˆ†F/F values) when experienced virgins retrieved on 100% of trials (PÂ <Â 0.0001; two-tailed unpaired Kolmogorovâ€“Smirnov test). *PÂ <Â 0.05, **PÂ <Â 0.01.
Source data


Extended Data Fig. 5 Pup-naive virgins did not increase the number of times they pressed a lever to turn off prototypes or morphs.
a, Normalized learning trajectories from all virgins tested in the instrumental paradigm from Fig. 1h, i (nÂ =Â 7 mice per group). Each line denotes an individual virginâ€™s learning curve. b, The total number of levers presses in a session (which turns off continuously playing prototypes or morphs) did not increase by session 8, regardless of the stimulus group (nÂ =Â 7 mice per group; 175 ms, PÂ =Â 0.44; 75 ms, PÂ =Â 0.19; 575 ms, PÂ =Â 0.14; paired two-tailed t-test).
Source data


Extended Data Fig. 6 Experience-dependent neuronal and synaptic temporal tuning in auditory cortex.
a, Interneuron temporal tuning curves from experienced virgins (nÂ =Â 5 mice). Each line denotes anÂ individual mouse. b, As in a in naive virgins (nÂ =Â 6). c, Tuning width across behaviourally salient ISIs 75â€“375 ms (average normalized âˆ†F/F). Excitatory neuronal tuning curves were significantly broader in experienced virgins (nÂ =Â 9 mice) than in naive virgins (nÂ =Â 12; PÂ =Â 0.001). In naive cortex, interneuron temporal tuning was broader than excitatory tuning (NVinh: nÂ =Â 6; PÂ =Â 0.03). Interneuron tuning width did not differ between experienced (nÂ =Â 5) and naive virgins (PÂ >Â 0.99; one-way ANOVA, Bonferroni correction). MeanÂ Â±Â s.e.m. d, Slope of population tuning curves at the behavioural transition (375â€“975 ms). Slopes in experienced virgins were significantly negative. EVexc: n =Â 7 mice, PÂ =Â 0.02; NVexc: nÂ =Â 11, PÂ =Â 0.84; EVinh: nÂ =Â 5, PÂ =Â 0.008; NVinh: nÂ =Â 6, PÂ =Â 0.24 (one-sample t-test to 0.0). MeanÂ Â±Â s.e.m. e, Excitatory synaptic tuning in experienced (left, nÂ =Â 12 cells) and naive cortex (right, nÂ =Â 14 cells). EV: all comparisons, PÂ >Â 0.05. NV: 175 vs 125, PÂ =Â 0.006; 175 vs 275, PÂ =Â 0.003; 175 vs. 575, PÂ =Â 0.02 (repeated measures one-way ANOVA, Bonferroni correction). f, Correlation of EPSCs with ISIs in experienced (left, nÂ =Â 12 cells; Pearsonâ€™s rÂ =Â âˆ’0.37, PÂ =Â 0.009) and naive cortex (right, nÂ =Â 14; Pearsonâ€™s rÂ =Â âˆ’0.13, PÂ =Â 0.35; two-tailed). g, Excitatory synaptic tuning in the auditory cortex of lactating dams (left, nÂ =Â 4 cells) and experienced virgins (right, nÂ =Â 8) (repeated measures one-way ANOVA, Bonferroni correction). h, Prototype and morph-evoked EPSCs did not differ between dams (nÂ =Â 4 cells) and experienced virgins (nÂ =Â 8) (125, PÂ =Â 0.11; 175, PÂ =Â 0.80; 275, PÂ =Â 0.85; 575, PÂ =Â 0.85; unpaired two-tailed t-test). MeanÂ Â±Â s.e.m. i, j, Inhibitory synaptic tuning in experienced cortex (i, nÂ =Â 6 cells) and naive cortex (j, nÂ =Â 6 cells; repeated measures one-way ANOVA, Bonferroni correction). k, Correlation of IPSCs with ISIs in experienced (left, nÂ =Â 6 cells; Pearsonâ€™s rÂ =Â 0.33, PÂ =Â 0.11) and naive cortex (right, nÂ =Â 6; Pearsonâ€™s rÂ =Â 0.13, PÂ =Â 0.56; two-tailed). l, Within cell comparison of PSCs in experienced cortex (125, PÂ =Â 0.47; 175, PÂ =Â 0.26; 275, PÂ =Â 0.44; 575, PÂ =Â 0.03; two-tailed paired t-test). *PÂ <Â 0.05, **PÂ <Â 0.01.
Source data


Extended Data Fig. 7 Variability in prototype-responsive neurons and single-cell temporal tuning curves during co-housing.
a, Example tracking of excitatory (top) and inhibitory (bottom) neurons. Coloured cell bodies denote prototype-responsive cells in that imaging session based on âˆ†F/F (%). b, c, Correlating prototype-evoked âˆ†F/F before (naive) and after retrieval onset (+24â€“96 h). Zeros denote non-responsive cells. Of the neurons that were prototype-responsive at baseline and successfully tracked, approximately 18.8% of excitatory neurons and 72.2% of inhibitory neurons remained responsive in the final imaging session. b, Excitatory (nÂ =Â 104 neurons), Spearmanâ€™s rÂ =Â âˆ’0.40, PÂ <Â 0.0001 (two-tailed). c, Inhibitory (nÂ =Â 118 neurons), Spearmanâ€™s rÂ =Â 0.47, PÂ <Â 0.0001 (two-tailed). d, Example excitatory neurons depicting single-cell dynamics during co-housing. Each set of three graphs is a single neuronâ€™s tuning at baseline (naive), first retrieval, and 24 h after first retrieval (+24 h). Open circles denote neurons that were not prototype-responsive at a given time point, whereas â€˜absentâ€™ indicates a neuron that was not present in the imaging region. Colours represent ISIs used throughout the manuscript (prototypeÂ is inÂ pink). e, As in d, but for inhibitory neurons.
Source data


Extended Data Fig. 8 Re-tuning of cortical neurons requires co-housing and reflects the statistics of pup call exemplars.
a, Excitatory temporal tuning before and after retrieval onset (raw data for Fig. 3e). Naive: nÂ =Â 165 single-cell tuning curves, retrieving: nÂ =Â 70. MeanÂ Â±Â s.e.m. b, As in a for interneurons. Naive: nÂ =Â 122, retrieving: nÂ =Â 82. c, d, To ensure that listening to pup calls while head-fixed under the two-photon microscope could not explain the broadening of excitatory tuning we observed in Fig. 3, we assessed temporal tuning to pup calls in pup-naive virgins on three consecutive imaging days without co-housing or retrieval testing. There were no systematic changes in cortical tuning in the absence of experience with pups (c, raw tuning; d, normalized tuning). MeanÂ Â±Â s.e.m. d, Session 1: nÂ =Â 4 mice, nÂ =Â 53 single-cell tuning curves; session 3: nÂ =Â 5, nÂ =Â 48 (one-way ANOVA, Bonferroni correction). e, Raw temporal tuning from virgins in Fig. 4b. Virgins were exposed to slow (ISI of 575 ms) morphs during co-housing (nÂ =Â 6 mice). Tuning was assessed 24 h after retrieval onset; each coloured line represents an individual mouseâ€™s tuning curve. f, Latency to retrieve on successful trials from Fig. 4c. CH (nÂ =Â 35 trials) vs CH+575 (nÂ =Â 29), PÂ =Â 0.70 (unpaired two-tailed Mannâ€“Whitney test). MedianÂ Â±Â interquartile range. g, Latency to retrieve on successful trials from Fig. 4d. CH+575sham (nÂ =Â 26 trials) vs CH+575opto-ACtx (nÂ =Â 23), PÂ =Â 0.19 (unpaired two-tailed Mannâ€“Whitney test). MedianÂ Â±Â interquartile range. h, i, Playback of single syllable calls during co-housing (â€˜CH+SSâ€™) did not alter the behavioural-salience of single syllables. h, Retrieval rates in cold pup assay. CH (nÂ =Â 6â€“18 mice), CH+SS (nÂ =Â 4). Warm pup: CH (75.0%, nÂ =Â 28 trials) vs CH+SS (85.7%, nÂ =Â 14), PÂ =Â 0.69. Single syllable: CH (nÂ =Â 22.2%, nÂ =Â 9) vs CH+SS (25.0%, nÂ =Â 16), PÂ >Â 0.99 (two-tailed Fisherâ€™s exact test). Retrieval rateÂ Â±Â 95% binomial confidence intervals. i, Latency to retrieve on successful trials from h (CH, nÂ =Â 23 trials; CH+SS, nÂ =Â 16; PÂ =Â 0.19; unpaired two-tailed Mannâ€“Whitney test). MedianÂ Â±Â interquartile range. *PÂ <Â 0.05, **PÂ <Â 0.01.
Source data


Extended Data Fig. 9 Optical inhibition of OT neurons perturbs the re-tuning of auditory cortical neurons.
a, Example in vitro current-clamp recording from pup-naive auditory cortex. The probability of evoking spikes in response to five extracellular stimulus pulses (ISI of 575Â ms) was measured before and after an oxytocin (1 Î¼M) wash. b, Left, evoked spike probability was significantly enhanced 15â€“30 min after the onset of oxytocin wash (nÂ =Â 9 cells; PÂ =Â 0.34 (stim 1), PÂ =Â 0.01 (stim 2), PÂ =Â 0.01 (stim 3), PÂ =Â 0.001 (stim 4), PÂ =Â 0.02 (stim 5)). Right, repetitive stimulation in the absence of oxytocin (ACSF, nÂ =Â 7 cells) did not induce changes in spike probability (all stim, PÂ >Â 0.99; one-way Friedman test with Dunnâ€™s correction). MeanÂ Â±Â s.e.m. c, Example in vitro current-clamp recording from an oxytocin neuron containing halorhodopsin (eNpHR3.0). Photostimulation efficiently perturbed spiking for the duration of the light. d, Latency to retrieve on successful trials from Fig. 4e (CH+575sham (nÂ =Â 32 trials) vs CH+575opto-OT (nÂ =Â 20), PÂ =Â 0.0003; unpaired two-tailed Mannâ€“Whitney test). MedianÂ Â±Â interquartile range. e, Temporal tuning curves from CH+575opto-OT virgins in Fig. 4f (nÂ =Â 4 mice). Each coloured line represents the tuning curve for one virgin.
Source data


Extended Data Fig. 10 Intrinsic tuning in auditory cortex acts as a scaffold for experience-dependent plasticity during co-housing.
a, e, Synaptic tuning. b, c, f, g, Neuronal tuning. Colours denote ISIs used throughout the manuscript (redÂ denotesÂ fast, pinkÂ denotesÂ prototypes, blueÂ denotes slow). a, b, In pup-naive auditory cortex, excitatory neurons respond robustly to prototypical calls (a) as a result of sharply tuned excitatory drive and weak, untuned synaptic inhibition (b). Intrinsic tuning might result from hardwired cortical circuits or developmental experiences. c, Interneurons exhibit broad, unselective tuning characteristic of inhibitory populations that pool local activity. d, Oxytocin release during co-housing, possibly stimulated by virgin-pup interactions, may serve to transiently decrease intracortical inhibition8. This could enable the re-balancing of excitatory-inhibitory inputs: excitatory neurons broaden as excitatory drive increases across all ISIs. While inhibitory output tuning sharpens, net postsynaptic inhibitory drive is enhanced to (1) balance the increase in excitation across salient ISIs8 and (2) sharpen tuning to slow ISIs (e, IÂ >Â E for slow ISIs). As a result of oxytocin receptor lateralization8, left auditory cortex may be particularly sensitive to exemplars frequently heard during co-housing. Whereas oxytocin may disinhibit the network, proper spike timing in relation to pup vocalizations is also required for the pairing of reliable pre- and post-synaptic activity27 (Fig. 4d). eâ€“g, In experienced virgins, excitatory and inhibitory neurons are broadly tuned to behaviourally-salient ISIs, which reflect exemplar statistics, to enable generalization and reliable pup retrieval.
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