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            Abstract
A critical period is a developmental epoch during which the nervous system is expressly sensitive to specific environmental stimuli that are required for proper circuit organization and learning. Mechanistic characterization of critical periods has revealed an important role for exuberant brain plasticity during early development, and for constraints that are imposed on these mechanisms as the brain matures1. In disease states, closure of critical periods limits the ability of the brain to adapt even when optimal conditions are restored. Thus, identification of manipulations that reopen critical periods has been a priority for translational neuroscience2. Here we provide evidence that developmental regulation of oxytocin-mediated synaptic plasticity (long-term depression) in the nucleus accumbens establishes a critical period for social reward learning. Furthermore, we show that a single dose of (+/−)-3,4-methylendioxymethamphetamine (MDMA) reopens the critical period for social reward learning and leads to a metaplastic upregulation of oxytocin-dependent long-term depression. MDMA-induced reopening of this critical period requires activation of oxytocin receptors in the nucleus accumbens, and is recapitulated by stimulation of oxytocin terminals in the nucleus accumbens. These findings have important implications for understanding the pathogenesis of neurodevelopmental diseases that are characterized by social impairments and of disorders that respond to social influence or are the result of social injury3.
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                    Fig. 1: Social reward learning is constrained by a developmental critical period.[image: ]


Fig. 2: OT-induced LTD in the NAc is developmentally downregulated.[image: ]


Fig. 3: MDMA reinstates social reward learning and OT-LTD in adult mice.[image: ]


Fig. 4: OT in the NAc is necessary and sufficient to reopen the critical period for social reward learning.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Social reward learning is constrained by a critical period in female mice.
a–n, Individual (top) and average (bottom) responses of female mice from P21 to P112. o, Comparison across ages using the normalized social preference score reveals a developmental decline in the magnitude of social CPP in females. One-way ANOVA (F(13,248) = 1.867, P = 0.034). P21, n = 13; t(12) = −3.146, P = 0.008; P28, n = 20; t(19) = −2.097, P = 0.049; P35, n = 17; t(16) = −3.226, P = 0.005; P42, n = 22; t(21) = −1.773, P = 0.910; P49, n = 19; t(18) = −6.35, P ≤ 0.001; P56, n = 9; t(8) = −4.938, P = 0.001; P63, n = 17; t(16) = −2.659, P = 0.017; P70, n = 19; t(18) = −2.51, P = 0.022; P77, n = 25; t(24) = −2.551, P = 0.018; P84, n = 15; t(14) = −0.777, P = 0.45; P91, n = 18; t(17) = −2.027, P = 0.059; P98, n = 23; t(22) = −0.62, P = 0.5420; P105, n = 19; t(18) = −0.155, P = 0.8790; P112, n = 17; t(16) = −1.223, P = 0.2390; n is the number of mice; two-tailed paired t-test pre versus post. p, Comparison across ages using the subtracted social preference score reveals a similar trend. One-way ANOVA (F(13,248) = 1.625, P = 0.079). Data are presented as mean ± s.e.m. *P < 0.05; n.s., comparisons not significant (P > 0.05).


Extended Data Fig. 2 Locomotor activity during social CPP is similar in juvenile and adult mice.
a–h, MANOVA (F(8,36) = 8.022, P < 0.001). Ambulatory time (F(1,43) = 2.234, P = 0.142) (a), ambulatory counts (F(1,43) = 0.030, P = 0.864) (b), stereotypic time (F(1,43) = 1.659, P = 0.205) (c), stereotypic counts (F(1,43) = 0.497, P = 0.485) (d), vertical counts (F(1,43) = 0.077, P = 0.783) (f) and resting time (F(1,43) = 0.023, P = 0.879) (g) are not different between P42 (n = 26 animals) and P98 (n = 19 animals). Vertical time (e) is increased (F(1,43) = 6.803, P = 0.012) and number of transitions (h) is decreased (F(1,43) = 12.418, P = 0.001) in adult compared to juvenile mice. i–p, None of the eight variables normalized (post/pre) are different between P42 and P98 (MANOVA (F(8,36) = 3.174, P = 0.008); normalized ambulatory time (F(1,43) = 3.443, P = 0.070) (i), normalized ambulatory counts (F(1,43) = 3.937, P = 0.054) (j), normalized stereotypic time (F(1,43) = 0.610, P = 0.439) (k), normalized stereotypic counts (F(1,43) = 0.086, P = 0.771) (l), normalized vertical time (F(1,43) = 0.071, P = 0.791) (m), normalized vertical counts (F(1,43) = 0.441, P = 0.510) (n), normalized resting time (F(1,43) = 0.077, P = 0.783) (o) and normalized number of transitions (F(1,43) = 0.279, P = 0.600) (p). Data are presented as mean ± s.e.m. *P < 0.05; n.s., comparisons not significant (P > 0.05).


Extended Data Fig. 3 The number of OT neurons projecting to the NAc does not decline during development.
a, Injection and labelling strategy in C57BL/6 wild-type mice. b, Image showing successful targeting of NAc with retrobeads (RtBs). Scale bar, 500 μm. c, Quantification of RtB–OT antibody double-labelled cells across ages in the PVN (juvenile n = 7 animals; adult n = 6 animals; t(11) = −2.378, P = 0.037; two-tailed unpaired t-test). d, Number of OT neurons innervating the NAc normalized to the total number of PVN neurons innervating the NAc shows that the developmental increase across ages is not restricted to OT projecting neurons (juvenile n = 4 animals; adult n = 3 animals; t(5) = −1.284, P = 0.256; two tailed unpaired t-test). e, f, Images of the PVN labelled with OT antibodies (left) or RtB (centre) and merged (right) showing the presence of RtBs in OT neurons in both juvenile (e) and adult (f) mice. Scale bar, 50 μm. aca, anterior commissure; AcbSh, nucleus accumbens shell; CPu, caudate putamen; NAcc, nucleus accumbens core; PVN, paraventricular nucleus of the hypothalamus. Data are presented as mean ± s.e.m. *P < 0.05.


Extended Data Fig. 4 Cocaine CPP (cCPP) is not different across the ages at lower doses of cocaine.
a, Experimental time course of i.p. injections during cCPP experiments in b–g. b, c, Individual (top) and average (bottom) time spent in the cocaine-paired context indicates a significantly increased preference for the cocaine context after conditioning with 5 mg kg−1 cocaine (P42, n = 20 animals, t(19) = −3.701, P = 0.002; P98, n = 24 animals, t(23) = −2.496, P = 0.020; two-tailed paired t-test). d, Comparisons between P42 and P98 reveal no difference in normalized cocaine preference (top, t(42) = −0.029, P = 0.977) and subtracted cocaine preference (bottom, t(42) = 0.121, P = 0.904) with 5 mg kg−1 cocaine (two-tailed unpaired t-test). e, f, Individual (top) and average (bottom) time spent in the cocaine-paired context indicates a significantly increased preference for the cocaine context after conditioning with 10 mg kg−1 cocaine (P42, n = 10 animals, t(9) = −2.469, P = 0.036; P98, n = 10 animals, t(9) = −7.411, P < 0.0001; two-tailed paired t-test). g, Comparisons between P42 and P98 reveal no difference in normalized cocaine preference (top, t(18) = −1.698, P = 0.107) and subtracted cocaine preference (bottom, t(18) = −2.07, P = 0.053) with 10 mg kg−1 cocaine (two-tailed unpaired t-test). Data are presented as mean ± s.e.m. *P < 0.05; n.s., comparisons not significant (P > 0.05).


Extended Data Fig. 5 Intraperitoneal OT does not reopen the critical period for social reward learning.
a–e, Social CPP in adult animals following pretreatment with i.p. OT (0.5 mg kg−1) or saline. a, Experimental time course. b, c, Individual (top) and average (bottom) preference for the social context in animals receiving i.p. pretreatment with saline (b, n = 10 animals, t(9) = −1.049, P = 0.321) or OT (c, n = 9 animals, t(8) = 0.126, P = 0.903) (two-tailed paired t-test). d, Comparisons of the normalized (top, t(17) = 0.706, P = 0.49) and subtracted (bottom, t(17) = 0.852, P = 0.406) social preference reveal no difference between i.p. OT and saline pretreatment groups (two-tailed unpaired t-test). e, Normalized social preference in mice pretreated with i.p. OT or saline plotted against the developmental time course of normalized social preference scores of untreated male mice (replotted from Fig. 1q). Data are presented as mean ± s.e.m. *P < 0.05; n.s., comparisons not significant (P > 0.05).


Extended Data Fig. 6 MDMA-induced LTD in the NAc requires OTR, SERT, and 5HTR4 activation.
a–i, Representative traces (a, d, g), summary time course (b, e, h), and average post-treatment magnitude comparisons (c, f, i) reveal that OT-LTD occludes MDMA-induced LTD (a–c, n = 7 cells, t(6) = 1.639, P = 0.152; two-tailed paired t-test). The SERT antagonist fluoxetine (10 µM) blocks MDMA-induced but not OT-induced LTD (d–f, MDMA (n = 6 cells), OT (n = 4 cells), t(8) = 2.429, P = 0.041; two-tailed unpaired t-test). The 5HTR4 antagonist SB203186 (10 µM) blocks MDMA-LTD but not OT-LTD (g–i, n = 7 cells, t(12) = 3.818, P = 0.002; two tailed unpaired t-test). *P < 0.05; n.s., comparisons not significant (P > 0.05).


Extended Data Fig. 7 Dose, time course and social context of MDMA-induced reinstatement of social CPP in adult mice.
a, f, k, Experimental time course of i.p. pretreatment in social CPP. a–e, Social CPP following pretreatment with i.p. MDMA at 5 mg kg−1 or 20 mg kg−1 shows that neither 5 mg kg−1 (b, n = 9 animals, t(8) = −0.61, P = 0.559) nor 20 mg kg−1 (c, n = 19 animals, t(18) = −1.071, P = 0.298) reopens the critical period for social reward learning (individual data, top; group average, bottom; two-tailed unpaired t-test). Comparisons of the normalized (top) and subtracted (bottom) social preference scores reveal no difference between 5 mg kg−1 and 20 mg kg−1 MDMA pretreatment groups (d, normalized, t(26) = −0.736, P = 0.468; subtracted, t(26) = −0.384, P = 0.704; two-tailed paired t-test). e, Normalized social preference in groups pretreated with MDMA (5 mg kg−1 or 20 mg kg−1) plotted against the developmental time course of normalized social preference scores of untreated male mice (replotted from Fig. 1q). f–j, i.p. MDMA injection followed by 3 h in social or isolate context shows that MDMA pretreatment reinstates social CPP when given in a social (g, n = 26 animals, t(25) = −4.116, P < 0.0004) but not isolate (h, n = 29 animals, t(28) = −1.97, P = 0.059) context. The social preference score following MDMA + 3 h isolation is lower than that following MDMA + 3 h social (i, normalized, t(53) = 2.239, P = 0.029; subtracted, t(53) = 2.185, P = 0.033; two-tailed unpaired t-test). j, Normalized social preference in groups pretreated with MDMA followed by 3 h isolation or 3 h social setting plotted against the developmental time course of normalized social preference scores of untreated male mice (replotted from Fig. 1q). k–r, Following pretreatment with i.p. MDMA, reinstatement of social CPP is apparent after 6 h (l, n = 19, t(18) = −2.266, P = 0.036), lasts at least 2 weeks (m, n = 25, t(24) = −4.421, P < 0.0001) and returns to saline-pretreated levels by 4 weeks following MDMA pretreatment (o, MDMA, n = 19, t(18) = −0.319, P = 0.753; p, saline n = 9, t(8) = 0.098, P = 0.924) (two-tailed paired t-test). There is no difference between the 6-h and 2-week MDMA pretreatment groups (n, normalized (t(42) = −1.611, P = 0.115; subtracted, t(42) = −1.011, P = 0.318) or the MDMA and saline pretreatment groups 4 weeks after treatment (q, normalized, t(26) = 0.701, P = 0.49; subtracted, t(26) = 0.258, P = 0.799) (two-tailed unpaired t-test). r, Normalized social preference in groups pretreated with MDMA (6 h, 2 and 4 weeks) and saline (4 weeks) plotted against the developmental time course of normalized social preference scores of untreated male mice (replotted from Fig. 1q). s–v, cCPP following pretreatment with i.p. MDMA. s, Experimental time course of i.p. injections before and during cCPP experiments in t–v. t, u, Individual (top) and average (bottom) time spent in the cocaine-paired context indicates a significantly increased preference for the cocaine (20 mg kg−1) context after conditioning (saline, n = 10 animals, t(9) = −3.562, P = 0.006; MDMA, n = 16 animals, t(15) = −5.477, P < 0.0001, two-tailed paired t-test). v, Comparisons between mice pretreated with saline and MDMA 2 days before cCPP reveals no difference in normalized cocaine preference (t(24) = −0.322, P = 0.75) or subtracted cocaine preference (t(24) = −0.001, P = 0.999) (two-tailed unpaired t-test). Data are presented as mean ± s.e.m. *P < 0.05; n.s., comparisons not significant (P > 0.05).


Extended Data Fig. 8 OT receptor antagonist prevents the reopening of the critical period for social reward learning by MDMA.
a–e, Social CPP in adult mice following pretreatment with i.p. MDMA or MDMA + OTR-A. f–j, Social CPP in adult mice following pretreatment with OTR-A or saline. a, f, Experimental time course of intraperitoneal (i.p.) pretreatment in social CPP. b, c, g, h, Individual (top) and average (bottom) responses to social CPP in mice pretreated with i.p. MDMA (b), MDMA + OTR-A (c), saline (g) or OTR-A (h). b, The reopening of the critical period for social reward learning by MDMA (n = 18 animals, t(17) = −5.182, P < 0.0001) is abolished in the presence of OTR-A (c, n = 9 animals, t(8) = −0.837, P = 0.427) (two-tailed paired t-test). g, h, There is no difference in time spent in social bedding cue following conditioning between animals pretreated with i.p. saline (g, n = 10 animals, t(9) = −0.057, P = 0.956) or OTR-A (h, n = 10 animals, t(9) = −0.81, P = 0.439) (two-tailed paired t-test). d, i, Comparisons of the normalized (top) and subtracted (bottom) social preference scores between treatment groups reveal a decrease following MDMA + OTR-A versus MDMA alone (d, normalized, t(25) = 2.106, P = 0.045; subtracted, t(25) = 2.410, P = 0.024) but no difference in OTR-A versus saline (i, normalized, t(18) = −0.587, P = 0.564; subtracted, t(18) = −0.479, P = 0.638) (two-tailed unpaired t-test). e, j, Normalized social preference in mice pretreated with MDMA or MDMA + OTR-A (e) and OTR-A or saline (j) plotted against the developmental time course of normalized social preference scores of untreated male mice (re-plotted from Fig. 1q). Data are presented as mean ± s.e.m. *P < 0.05; n.s., comparisons not significant (P > 0.05).


Extended Data Fig. 9 Generation and validation of OT-2A-Flp knock-in mice and validation of optogenetic targeting strategy.
a, Targeting strategy for generating an OT-2A-Flp knock-in (KI) mouse. b–d, i, The OT-2A-Flp::FonGFP cross efficiently labels OT neurons in the PVN of adult male mice. b, Breeding strategy for OT-2A-Flp driver mice crossed to FonGFP reporter mice. c, d, Representative image of the PVN labelled with OT antibody (OT-Ab, magenta, left), OT-2A-Flp::FonGFP (OT-mRP, cyan, centre), and merged (right) at low magnification (scale bar, 200 μm) and high magnification (scale bar, 50 μm). GFP expression (OT-mRp) under the OT promoter is co-localized with OT-Ab labelling in the PVN. i, In the PVN, OT-mRp is expressed in 94% of OT-Ab-labelled neurons (n = 2 animals; 714 ± 142 OT neurons per animal). e–h, j, Confirmation of viral expression, OT neuronal specificity, and probe placement in AAV-CAG-FonChronos-TdTomato (OT-vRp)/OT-2A-Flp KI mouse. e, Anatomical validation of optogenetic targeting strategy. Left, cell type specification and projection targeting strategy (adapted from ref. 40 with permission: https://creativecommons.org/licenses/by-nc-nd/4.0/). Right, DAPI staining to confirm optical probe placement above the NAc (scale bar, 1 mm). f, OT-Ab labelling (magenta, left) and Chronos-TdTomato expression (OT-vRp, cyan, middle) are co-localized (right) in axons in the NAc. g, h, OT-Ab labelling (magenta, left) and Chronos-TdTomato expression (OT-vRp, cyan, middle) are co-localized (right) in the PVN at low magnification (c, scale bar, 200 µm) and high magnification (d, scale bar, 50 µm). j, In the PVN, 87% of OT-vRp positive neurons are labelled by OT-Ab (n = 3 animals; 492 ± 112 OT neurons per animal). 3V, third ventricle.


Extended Data Fig. 10 Working model.
a, In juvenile animals, OT-producing neurons from the PVN release OT into the NAc. Activation of OTRs on presynaptic terminals of 5-HT neurons from the dorsal raphe nucleus (dRph) causes the release of 5-HT into the NAc. Activation of 5HT1b receptors on glutamatergic terminals from various brain regions (cortex, amygdala, thalamus) decreases the probability of glutamate release, which is recorded in MSNs as LTD of excitatory synaptic transmission. b, In adult mice, OTRs are downregulated in the NAc, decreasing the magnitude of social CPP and OT-LTD induced at excitatory synapses onto MSNs. c, Binding of MDMA to the SERT transporter causes efflux of 5-HT, which activates 5HT4 receptors on OT terminals, causing the release of OT. In turn, increased synaptic OT induces metaplastic upregulation of OTRs, reinstating social CPP and induction of OT-LTD at excitatory synapses. d, Optogenetic stimulation of OT terminals causes direct release of OT in the NAc, inducing metaplastic upregulation of OTRs and recapitulating the effects of MDMA.


Extended Data Fig. 11 Pair housing does not alter social reward learning in adults.
a, Experimental time course for mice socially housed in groups of five versus pair housed (dyads) before social CPP. b, c, Individual (top) and average (bottom) responses in groups of five mice (b) versus dyads (c). Mice housed in groups of five or two show similar social preferences at P98 (group of five, n = 10 animals, t(9) = −1.472, P = 0.175; dyad, n = 14 animals, t(13) = −0.742, P = 0.471; two-tailed paired t-test). d, Comparisons between housing groups reveal no difference in normalized (top, t(22) = 0.502, P = 0.62) or subtracted (bottom, t(22) = 0.595, P = 0.558) social preference scores (two-tailed unpaired t-test). Data are presented as mean ± s.e.m. *P < 0.05; n.s., comparisons not significant (P > 0.05).


Extended Data Table 1 Social reward learning across development in male miceFull size table
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