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            Abstract
Dysfunction in prosocial interactions is a core symptom of autism spectrum disorder. However, the neural mechanisms that underlie sociability are poorly understood, limiting the rational development of therapies to treat social deficits. Here we show in mice that bidirectional modulation of the release of serotonin (5-HT) from dorsal raphe neurons in the nucleus accumbens bidirectionally modifies sociability. In a mouse model of a common genetic cause of autism spectrum disorderâ€”a copy number variation on chromosome 16p11.2â€”genetic deletion of the syntenic region from 5-HT neurons induces deficits in social behaviour and decreases dorsal raphe 5-HT neuronal activity. These sociability deficits can be rescued by optogenetic activation of dorsal raphe 5-HT neurons, an effect requiring and mimicked by activation of 5-HT1b receptors in the nucleus accumbens. These results demonstrate an unexpected role for 5-HT action in the nucleus accumbens in social behaviours, and suggest that targeting this mechanism may prove therapeutically beneficial.
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                    Fig. 1: Activation of DR neurons or their NAc projections increases sociability.


Fig. 2: Bidirectional modulation of DR 5-HT neuron activity modifies sociability.


Fig. 3: 16p11.2 deletion in DR and 5-HT neurons decreases sociability.


Fig. 4: 16p11.2 deletion in DR 5-HT neurons decreases their activity.


Fig. 5: Rescue of social deficits in 16p11.2 deletion mice by 5-HT activity in the NAc.
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Extended data figures and tables

Extended Data Fig. 1 Activation of DR neurons or their NAc projections increases sociability, and bidirectional modulation of DR 5-HT neuron activity bidirectionally modifies sociability.
a, b, Quantification of chamber time (a: eYFP, F6,45â€‰=â€‰0.6823, Pâ€‰=â€‰0.6647, nâ€‰=â€‰6; ChR2, F6,72â€‰=â€‰17.21, Pâ€‰<â€‰0.01; nâ€‰=â€‰9) and proximity time (b: eYFP, F3,30â€‰=â€‰0.7517, Pâ€‰=â€‰0.5300, nâ€‰=â€‰6; ChR2, F3,48â€‰=â€‰32.96, Pâ€‰<â€‰0.01, nâ€‰=â€‰9) in the three-chamber assay. c, Quantification of centre time in the locomotionÂ assay (c: F5,65â€‰=â€‰1.263, Pâ€‰=â€‰0.2908, nâ€‰=â€‰6â€“9). d, e, Quantification of chamber time (d: eYFP, F6,54â€‰=â€‰0.2602, Pâ€‰=â€‰0.9529, nâ€‰=â€‰7; ChR2, F6,72â€‰=â€‰19.36, Pâ€‰<â€‰0.01, nâ€‰=â€‰9) and proximity time (e: eYFP, F3,36â€‰=â€‰0.3456, Pâ€‰=â€‰0.7925, nâ€‰=â€‰7; ChR2, F3,48â€‰=â€‰26.44, Pâ€‰<â€‰0.01, nâ€‰=â€‰9) in the three-chamber assay. f, Quantification of centre time in the locomotionÂ assay (F5,40â€‰=â€‰0.7786, Pâ€‰=â€‰0.5710, nâ€‰=â€‰5). g, h, Quantification of chamber time (g: eYFP, F6,54â€‰=â€‰0.7293, Pâ€‰=â€‰0.6280, nâ€‰=â€‰7; ChR2, F6,72â€‰=â€‰3.812, Pâ€‰<â€‰0.05, nâ€‰=â€‰9) and proximity time (h: eYFP, F3,36â€‰=â€‰0.9256, Pâ€‰=â€‰0.4383, nâ€‰=â€‰7; ChR2, F3,48â€‰=â€‰4.844, Pâ€‰<â€‰0.05, nâ€‰=â€‰9) in the three-chamber assay. i, j, Quantification of chamber time (i: eYFP, F6,54â€‰=â€‰1.058, Pâ€‰=â€‰0.3989, nâ€‰=â€‰7; NpHR, F6,81â€‰=â€‰13.04, Pâ€‰<â€‰0.01, nâ€‰=â€‰10) and proximity time (j: eYFP, F3,36â€‰=â€‰1.661, Pâ€‰=â€‰0.1926, nâ€‰=â€‰7; NpHR, F3,54â€‰=â€‰16.29, Pâ€‰<â€‰0.01, nâ€‰=â€‰10) in the three-chamber assay. k, l, Quantification of novel object interaction assay (k: F1,52â€‰=â€‰0.01018, Pâ€‰=â€‰0.9200, nâ€‰=â€‰13â€“15), locomotion assay (l: F1,52â€‰=â€‰0.7626, Pâ€‰=â€‰0.3865, nâ€‰=â€‰13â€“15), and centre time (m: F5,130â€‰=â€‰0.766, Pâ€‰=â€‰0.5759, nâ€‰=â€‰13â€“15) in Sert-cre mice expressing DIO-eYFP or DIO-ChR2 in DR receiving soma stimulation. nâ€“p, Quantification of novel object interaction assay (n: F1,30â€‰=â€‰0.04112, Pâ€‰=â€‰0.8407, nâ€‰=â€‰7â€“10), locomotion assay (o: F1,30â€‰=â€‰0.3837, Pâ€‰=â€‰0.5403, nâ€‰=â€‰7â€“10), and centre time (p: F5,80â€‰=â€‰1.195, Pâ€‰=â€‰0.3190, nâ€‰=â€‰8â€“10) in Sert-cre mice expressing DIO-eYFP or DIO-NpHR in DR receiving soma stimulation. Data are meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, two-way ANOVA with Tukeyâ€™s multiple comparison post hoc test. Comparisons with no asterisk had Pâ€‰>â€‰0.05 and were considered not significant.

                          Source Data
                        


Extended Data Fig. 2 Bidirectional modulation of DR-to-NAc 5-HT terminals modifies sociability, but not control behaviours.
a, b, Quantification of chamber time (a: eYFP, F6,63â€‰=â€‰1.383, Pâ€‰=â€‰0.2352, nâ€‰=â€‰8; ChR2, F6,72â€‰=â€‰4.891, Pâ€‰<â€‰0.05, nâ€‰=â€‰9) and proximity time (b: eYFP, F3,42â€‰=â€‰0.9652, Pâ€‰=â€‰0.4181, nâ€‰=â€‰8; ChR2, F3,48â€‰=â€‰7.565, Pâ€‰<â€‰0.05, nâ€‰=â€‰9) in the three-chamber assay. c, d, Quantification of chamber time (c: eYFP, F6,81â€‰=â€‰1.626, Pâ€‰=â€‰0.1506, nâ€‰=â€‰10; NpHR, F6,81â€‰=â€‰6.253, Pâ€‰<â€‰0.05, nâ€‰=â€‰10) and proximity time (d: eYFP, F3,54â€‰=â€‰2.304, Pâ€‰=â€‰0.0872, nâ€‰=â€‰10; NpHR, F3,54â€‰=â€‰7.821, Pâ€‰<â€‰0.05, nâ€‰=â€‰10) in the three-chamber assay. eâ€“g, Quantification of novel object interaction assay (e: F1,30â€‰=â€‰0.00206, Pâ€‰=â€‰0.9641, nâ€‰=â€‰8â€“9), locomotion assay (f: F1,30â€‰=â€‰0.03023, Pâ€‰=â€‰0.8631, nâ€‰=â€‰8â€“9), and centre time (g: F5,75â€‰=â€‰1.205, Pâ€‰=â€‰0.3151, nâ€‰=â€‰8â€“9) in Sert-cre mice expressing DIO-eYFP or DIO-ChR2 in DR receiving DR-to-NAc terminal stimulation. hâ€“j, Quantification of novel object interaction assay (h: F1,38â€‰=â€‰0.213, Pâ€‰=â€‰0.6471, nâ€‰=â€‰10â€“11), locomotion assay (i: F1,34â€‰=â€‰1.077, Pâ€‰=â€‰0.3066, nâ€‰=â€‰9â€“10), and centre time (j: F5,90â€‰=â€‰0.1646, Pâ€‰=â€‰0.9749, nâ€‰=â€‰9â€“10) in Sert-cre mice expressing DIO-eYFP or DIO-NpHR in DR receiving DR-to-NAc terminal stimulation. Data are meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01; repeated measures, two-way ANOVA with Tukeyâ€™s multiple comparison post hoc test. Comparisons with no asterisk had Pâ€‰>â€‰0.05 and were considered not significant.
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Extended Data Fig. 3 16p11.2 deletion decreases sociability, but not an anxiety-related behaviour.
a, b, Quantification of chamber time (a: control, F2,45â€‰=â€‰39.5, Pâ€‰<â€‰0.001, nâ€‰=â€‰16; heterozygous, F2,21â€‰=â€‰23.39, Pâ€‰<â€‰0.001, nâ€‰=â€‰8; homozygous, F2,21â€‰=â€‰31.54, Pâ€‰<â€‰0.001, nâ€‰=â€‰8) and proximity time (b: control, F1,30â€‰=â€‰14.61, Pâ€‰<â€‰0.001, nâ€‰=â€‰16; heterozygous, F1,14â€‰=â€‰10.14, Pâ€‰<â€‰0.01, nâ€‰=â€‰8; homozygous, F1,14â€‰=â€‰11.88, Pâ€‰<â€‰0.01, nâ€‰=â€‰8) in the three-chamber assay. c, Quantification of centre time (c: F10,135â€‰=â€‰1.03, Pâ€‰=â€‰0.4215, nâ€‰=â€‰7â€“15) in control, heterozygous 16p11.2flx:Nes-creER and homozygous 16p11.2flx:Nes-creER mice. d, e, Quantification of chamber time in the three-chamber assay (d: 16p11.2flx:âˆ†cre, F2,24â€‰=â€‰121.2, Pâ€‰<â€‰0.001, nâ€‰=â€‰9; 16p11.2flx:cre, F2,24â€‰=â€‰27.86, Pâ€‰<â€‰0.001, nâ€‰=â€‰9; Sert-cre:16p11.2flx, F2,21â€‰=â€‰84.95, Pâ€‰<â€‰0.001, nâ€‰=â€‰8) and proximity time (e: 16p11.2flx:âˆ†cre, F1,16â€‰=â€‰26.13, Pâ€‰<â€‰0.001, nâ€‰=â€‰9; 16p11.2flx:cre, F1,16â€‰=â€‰6.885, Pâ€‰<â€‰0.05, nâ€‰=â€‰9; Sert-cre:16p11.2flx, F1,14â€‰=â€‰44.00, Pâ€‰<â€‰0.001, nâ€‰=â€‰8). f, Quantification of centre time in (c: F2,22â€‰=â€‰0.6019, Pâ€‰=â€‰0.5565, nâ€‰=â€‰8â€“9) 16p11.2flx:âˆ†cre, 16p11.2flx:cre and Sert-cre:16p11.2flx mice. Data are meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001; repeated measures, two-way ANOVA with Tukeyâ€™s multiple comparison post hoc test. Comparisons with no asterisk had Pâ€‰>â€‰0.05 and were considered not significant.
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Extended Data Fig. 4 Optogenetic activation of DR neurons reverses social deficits induced by 16p11.2 deletion, but does not alter control behaviours.
a, Schematic of AAV-DJ-Cre and DIO-ChR2 injected into and optic fibre implanted above the DR in 16p11.2flx mice. b, Timeline of behavioural experiments. c, d, Quantification of sociability during juvenile interaction (c:Â F1,36â€‰=â€‰62.43, Pâ€‰<â€‰0.001, nâ€‰=â€‰10) and the three-chamber sociability assay (d:Â F1,34â€‰=â€‰2.298, Pâ€‰<â€‰0.05, nâ€‰=â€‰9â€“10) in 16p11.2flx mice expressing DIO-eYFP or DIO-ChR2 and AAV-DJ-Cre in DR receiving soma stimulation. e, f, Quantification of chamber and proximity time in the three-chamber assay (e: eYFP, F2,24â€‰=â€‰92.48, Pâ€‰<â€‰0.001, nâ€‰=â€‰9 (left); F1,16â€‰=â€‰17.53, Pâ€‰<â€‰0.05, nâ€‰=â€‰9 (right); f: ChR2, F6,81â€‰=â€‰3.085, Pâ€‰<â€‰0.05, nâ€‰=â€‰10 (left); F3,54â€‰=â€‰3.493, Pâ€‰<â€‰0.05, nâ€‰=â€‰10 (right)). gâ€“i, Quantification of novel object interaction assay (g: F1,36â€‰=â€‰0.956, Pâ€‰=â€‰0.3424, nâ€‰=â€‰10), locomotion assay (h: F1,36â€‰=â€‰1.962, Pâ€‰=â€‰0.1698, nâ€‰=â€‰10), and centre time (i: F5,90â€‰=â€‰0.7668, Pâ€‰=â€‰0.5761, nâ€‰=â€‰10) in 16p11.2flx mice. Data are meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05, ***Pâ€‰<â€‰0.001; repeated measures, two-way ANOVA with Tukeyâ€™s multiple comparison post hoc test. Comparisons with no asterisk had Pâ€‰>â€‰0.05 and were considered not significant. The schematic of the mouse brain in this figure has been adapted with permission from Franklin & Paxinos46.
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Extended Data Fig. 5 Optogenetic activation of DR 5-HT neurons or DR-to-NAc 5-HT terminals rescues social deficits induced by 16p11.2 deletion, but does not alter control behaviours.
a, b, Quantification of chamber and proximity time in the three-chamber assay (a: eYFP, F2,21â€‰=â€‰84.95, Pâ€‰<â€‰0.001, nâ€‰=â€‰8 (left); F1,14â€‰=â€‰44.00, Pâ€‰<â€‰0.001, nâ€‰=â€‰8 (right); b: ChR2, F6,81â€‰=â€‰9.26, Pâ€‰<â€‰0.001, nâ€‰=â€‰10 (left); F3,54â€‰=â€‰11.54, Pâ€‰<â€‰0.001, nâ€‰=â€‰10 (right)). câ€“e, Quantification of the novel object interaction assay (c: F1,32â€‰=â€‰0.03819, Pâ€‰=â€‰0.8463, nâ€‰=â€‰9), locomotion assay (d: F1,32â€‰=â€‰0.141, Pâ€‰=â€‰0.7097, nâ€‰=â€‰8â€“10), and centre time (e: F5,80â€‰=â€‰0.195, Pâ€‰=â€‰0.9636, nâ€‰=â€‰8â€“10) in Sert-cre:16p11.2flx mice expressing DIO-eYFP or DIO-ChR2 in DR receiving soma stimulation. f, g, Quantification of chamber and proximity time in the three-chamber assay (f: eYFP, F2,27â€‰=â€‰73.89, Pâ€‰<â€‰0.001, nâ€‰=â€‰10 (left); F1,18â€‰=â€‰63.38, Pâ€‰<â€‰0.001, nâ€‰=â€‰10 (right); g: ChR2, F6,81â€‰=â€‰11.33, Pâ€‰<â€‰0.001, nâ€‰=â€‰10 (left); F3,54â€‰=â€‰14.55, Pâ€‰<â€‰0.001, nâ€‰=â€‰10 (right)). hâ€“j, Quantification of novel object interaction assay (h: F1,36â€‰=â€‰0.01038, Pâ€‰=â€‰0.9194, nâ€‰=â€‰10), locomotion assay (i: F1,32â€‰=â€‰0.3655, Pâ€‰=â€‰0.5497, nâ€‰=â€‰9), and centre time (j: F5,90â€‰=â€‰0.9092, Pâ€‰=â€‰0.4788, nâ€‰=â€‰10) in Sert-cre:16p11.2flx mice expressing DIO-eYFP or DIO-ChR2 in DR receiving DR-to-NAc 5-HT terminal stimulation. Data are meanâ€‰Â±â€‰s.e.m. ***Pâ€‰<â€‰0.001; repeated measures, two-way ANOVA with Tukeyâ€™s multiple comparison post hoc test. Comparisons with no asterisk had Pâ€‰>â€‰0.05 and were considered not significant.

                          Source Data
                        


Extended Data Fig. 6 5-HT release in the NAc is not acutely reinforcing.
a, b, Quantification of chamber time in the real-time CPP assay for 0â€‰Hz (a) and 20â€‰Hz (b) stimulation for initial (left) and reversal (right) stimulations (a: 0â€‰Hz initial F2,16â€‰=â€‰10.22, Pâ€‰<â€‰0.05, nâ€‰=â€‰9; 0â€‰Hz reversal F2,16â€‰=â€‰29.01, Pâ€‰<â€‰0.001, nâ€‰=â€‰9; b: 20â€‰Hz initial F2,16â€‰=â€‰19.37, Pâ€‰<â€‰0.001, nâ€‰=â€‰9; 20â€‰Hz reversal F2,16â€‰=â€‰7.53, Pâ€‰<â€‰0.01, nâ€‰=â€‰9) in Sert-cre mice receiving DR-to-NAc terminal stimulation. c, d, Quantification of chamber time in the real-time CPP assay for 0â€‰Hz (c) and 20â€‰Hz (d) stimulation for initial (left) and reversal (right) stimulations (c: 0â€‰Hz initial F2,16â€‰=â€‰12.44, Pâ€‰<â€‰0.001, nâ€‰=â€‰9; 0â€‰Hz reversal F2,16â€‰=â€‰19.92, Pâ€‰<â€‰0.001, nâ€‰=â€‰9; d: 20â€‰Hz initial F2,16â€‰=â€‰8.56, Pâ€‰<â€‰0.01, nâ€‰=â€‰9; 20â€‰Hz reversal F2,16â€‰=â€‰9.517, Pâ€‰<â€‰0.001, nâ€‰=â€‰9) in Sert-cre:16p11.2flx mice receiving DR-to-NAc terminal stimulation. e, Quantification of nosepokes for active and inactive ports for Sert-cre and Sert-cre:16p11.2flx mice (Sert-cre F2,32â€‰=â€‰1.9, Pâ€‰=â€‰0.1655, nâ€‰=â€‰9; Sert-cre:16p11.2flx F2,32â€‰=â€‰0.25, Pâ€‰=â€‰0.7821, nâ€‰=â€‰9). f, g, Quantification of chamber time (left) and proximity time (right) in high-fat food three-chamber assay for Sert-cre mice (F6,72â€‰=â€‰0.6713, Pâ€‰=â€‰0.6731, nâ€‰=â€‰9; F3,48â€‰=â€‰1.495, Pâ€‰=â€‰0.2279, nâ€‰=â€‰10) and Sert-cre:16p11.2flx mice (F6,72â€‰=â€‰0.4006, Pâ€‰=â€‰0.8763, nâ€‰=â€‰10; F3,48â€‰=â€‰0.4157, Pâ€‰=â€‰0.7425, nâ€‰=â€‰10) (g). Post-hoc analysis showed no significant difference between stimulated and non-stimulated chambers. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001; repeated measures, one-way (aâ€“d) or two-way (f, g) ANOVA with Tukeyâ€™s multiple comparison post hoc test, or one-way ANOVA with Sidakâ€™s multiple comparison post hoc test comparing active to inactive nosepokes (e). Comparisons with no asterisk had Pâ€‰>â€‰0.05 and were considered not significant.
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Extended Data Fig. 7 Activation of DR 5-HT terminals in the dorsal striatum does not enhance sociability nor rescue social deficits induced by 16p11.2 deletion.
a, Schematic of DIO-ChR2-eYFP injected into the DR and optic fibre implanted above the dorsal striatum (DS) in Sert-cre or Sert-cre:16p11.2flx mice. b, Timeline of behavioural experiments. c, d, Quantification of sociability during the juvenile interaction assay (c:Â F1,14â€‰=â€‰0.5429, Pâ€‰=â€‰0.4734, nâ€‰=â€‰4â€“5) and sociability in the three-chamber assay (d:Â F1,14â€‰=â€‰0.055, Pâ€‰=â€‰0.8177, nâ€‰=â€‰4â€“5) in Sert-cre or Sert-cre:16p11.2flx mice expressing DIO-eYFP or DIO-ChR2 with terminal stimulation of DR 5-HT neurons in the dorsal striatum. e, f, Quantification of the three-chamber assay showing chamber (left) and proximity (right) time (e: Sert-cre, F6,36â€‰=â€‰1.078, Pâ€‰=â€‰0.3939, nâ€‰=â€‰5 (left); F3,24â€‰=â€‰2.009, Pâ€‰=â€‰0.1395, nâ€‰=â€‰5 (right); f: Sert-cre:16p11.2flx, F2,9â€‰=â€‰16.44, Pâ€‰<â€‰0.001, nâ€‰=â€‰4 (left); F1,6â€‰=â€‰11.2, Pâ€‰<â€‰0.01, nâ€‰=â€‰4 (right)). gâ€“i, Quantification of novel object interaction assay (g: F1,14â€‰=â€‰0.058, Pâ€‰=â€‰0.8125, nâ€‰=â€‰4â€“5), locomotion assay (h: F1,14â€‰=â€‰0.6195, Pâ€‰=â€‰0.4444, nâ€‰=â€‰4â€“5), and centre time (i: F1,7â€‰=â€‰8.292, Pâ€‰<â€‰0.05, nâ€‰=â€‰4â€“5) in Sert-cre or Sert-cre:16p11.2flx mice. Data are meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001; repeated measures, two-way ANOVA with Tukeyâ€™s multiple comparison post hoc test. Comparisons with no asterisk had Pâ€‰>â€‰0.05 and considered were not significant. The schematic of the mouse brain in this figure has been adapted with permission from Franklin & Paxinos46.
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Extended Data Fig. 8 Activation of DR-to-NAc 5-HT terminals does not elicit long-lasting effects on sociability.
aâ€“j, Quantification of sociability during juvenile interaction assay on day 1 of stimulation (a: F1,16â€‰=â€‰10.65, Pâ€‰<â€‰0.001, nâ€‰=â€‰9), day 2 (b: F1,16â€‰=â€‰16.71, Pâ€‰<â€‰0.01, nâ€‰=â€‰9), day 3 session 1 (c: F1,16â€‰=â€‰17.7, Pâ€‰<â€‰0.01, nâ€‰=â€‰9), session 2 (d: F1,16â€‰=â€‰27.05, Pâ€‰<â€‰0.05, nâ€‰=â€‰9), session 3 (e: F1,16â€‰=â€‰13.35, Pâ€‰<â€‰0.01, nâ€‰=â€‰9), session 4 (f: F1,16â€‰=â€‰25.03, Pâ€‰<â€‰0.05, nâ€‰=â€‰9) and day 4 session 1 (g: F1,16â€‰=â€‰17.41, Pâ€‰<â€‰0.001, nâ€‰=â€‰9), session 2 (h: F1,16â€‰=â€‰39.76, Pâ€‰<â€‰0.01, nâ€‰=â€‰9), session 3 (i: F1,16â€‰=â€‰35.49, Pâ€‰<â€‰0.001, nâ€‰=â€‰9), and session 4 (j: F1,16â€‰=â€‰8.295, Pâ€‰<â€‰0.01, nâ€‰=â€‰9) in Sert-cre or Sert-cre:16p11.2flx mice expressing DIO-ChR2 with DR-to-NAc 5-HT terminal stimulation. Data are meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001; repeated measures, two-way ANOVA with Tukeyâ€™s multiple comparison post hoc test.
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Extended Data Fig. 9 5-HT1b receptor antagonist infusion into NAc blocks enhanced sociability due to DR 5-HT neuron stimulation.
a, Quantification of chamber and proximity time in the three-chamber assay (a: ChR2â€‰+â€‰vehicle, F6,54â€‰=â€‰15.15, Pâ€‰<â€‰0.001, nâ€‰=â€‰7 (left); F3,36â€‰=â€‰18.00, Pâ€‰<â€‰0.001, nâ€‰=â€‰7 (right); b: ChR2â€‰+â€‰NAS-181, F6,45â€‰=â€‰1.479, Pâ€‰=â€‰0.2069, nâ€‰=â€‰6 (left); F3,30â€‰=â€‰1.926, Pâ€‰=â€‰0.1467, nâ€‰=â€‰6 (right)) in Sert-cre mice expressing DIO-ChR2 in DR with either vehicle (red) or NAS-181 (pink) infused into the NAc before analysis of behaviour. c, d, Quantification of sociability during the juvenile interaction assay (c: F1,24â€‰=â€‰0.004638, Pâ€‰=â€‰0.9463, nâ€‰=â€‰7) and the three-chamber assay (d: F1,22â€‰=â€‰0.1686, Pâ€‰=â€‰0.1686, nâ€‰=â€‰6â€“7) in Sert-cre mice expressing DIO-eYFP in DR with either vehicle (black) or NAS-181 (grey) infused into NAc before behaviour. e, f, Quantification of the three-chamber assay showing chamber and proximity time (e: eYFPâ€‰+â€‰vehicle, F6,54â€‰=â€‰12.36, Pâ€‰<â€‰0.001, nâ€‰=â€‰7 (left); F3,36â€‰=â€‰15.98, Pâ€‰<â€‰0.01, nâ€‰=â€‰7 (right); f: eYFPâ€‰+â€‰NAS-181, F6,45â€‰=â€‰0.4512, Pâ€‰=â€‰0.8403, nâ€‰=â€‰6 (left); F3,30â€‰=â€‰0.7365, Pâ€‰=â€‰0.7365, nâ€‰=â€‰6 (right)) in Sert-cre mice expressing DIO-eYFP in DR with either vehicle (grey) or NAS-181 (blue) infused into the NAc before analysis of behaviour. gâ€“i, Quantification of the novel object interaction assay (g: F1,24â€‰=â€‰0.0791, Pâ€‰=â€‰0.7809, nâ€‰=â€‰7), locomotion assay (h: F1,24â€‰=â€‰0.8954, Pâ€‰=â€‰0.3535, nâ€‰=â€‰7), and centre time (i: F5,60â€‰=â€‰0.6042, Pâ€‰=â€‰0.6969, nâ€‰=â€‰7) in Sert-cre mice expressing DIO-eYFP in DR with either vehicle (grey) or NAS-181 (blue) infused into the NAc before behaviour. Data are meanâ€‰Â±â€‰s.e.m. ***Pâ€‰<â€‰0.001; repeated measures, two-way ANOVA with Tukeyâ€™s multiple comparison post hoc test. Comparisons with no asterisk had Pâ€‰>â€‰0.05 and were considered not significant. 
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Extended Data Fig. 10 5-HT1b receptor antagonist infusion into the NAc does not alter control behaviours and blocks rescue of 16p11.2 deletion social deficits by DR 5-HT neuron stimulation.
aâ€“c, Quantification of the novel object interaction assay (a: F1,24â€‰=â€‰0.0579, Pâ€‰=â€‰0.8120, nâ€‰=â€‰7), locomotion assay (b: F1,24â€‰=â€‰0.4764, Pâ€‰=â€‰0.4967, nâ€‰=â€‰7), and centre time (c: F5,60â€‰=â€‰0.3936, Pâ€‰=â€‰0.8513, nâ€‰=â€‰7) in Sert-cre mice expressing DIO-ChR2 in DR with either vehicle (red) or NAS-181 (pink) infused into the NAc before behaviour. d, e, Quantification of chamber and proximity time in the three-chamber assay (d: ChR2â€‰+â€‰vehicle, F6,90â€‰=â€‰9.03, Pâ€‰<â€‰0.05, nâ€‰=â€‰11 (left); F3,60â€‰=â€‰13.04, Pâ€‰<â€‰0.05, nâ€‰=â€‰11 (right); e: ChR2â€‰+â€‰NAS-181, F6,90â€‰=â€‰1.226, Pâ€‰=â€‰0.3004, nâ€‰=â€‰11 (left); F3,60â€‰=â€‰1.69, Pâ€‰=â€‰0.1786, nâ€‰=â€‰11 (right)) in Sert-cre:16p11.2flx mice expressing DIO-ChR2 in DR with either vehicle (red) or NAS-181 (aqua) infused into the NAc before behaviour assays during optogenetic stimulation. fâ€“h, Quantification of novel object interaction assay (f: F1,18â€‰=â€‰01.263, Pâ€‰=â€‰0.2758, nâ€‰=â€‰5â€“6), locomotion assay (g: F1,18â€‰=â€‰0.0344, Pâ€‰=â€‰0.8549, nâ€‰=â€‰5â€“6), and centre time (h: F5,45â€‰=â€‰1.22, Pâ€‰=â€‰0.3155, nâ€‰=â€‰5â€“6) in Sert-cre:16p11.2flx mice expressing DIO-ChR2 in DR with either vehicle (black) or NAS-181 (blue) infused into the NAc before behaviour assays. Data are meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05; repeated measures, two-way ANOVA with Tukeyâ€™s multiple comparison post hoc test. Comparisons with no asterisk had Pâ€‰>â€‰0.05 and were considered not significant.
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Extended Data Fig. 11 Infusion of 5-HT1b receptor agonist into the NAc increases sociability, but does not alter control behaviours.
a, Schematic of 5-HT1b receptor agonist (CP93129) infusion into the NAc in Sert-cre or Sert-cre:16p11.2flx mice. b, Timeline of behavioural experiments. c, d, Quantification of chamber and proximity time in the three-chamber assay (c: vehicle, F2,15â€‰=â€‰45.82, Pâ€‰<â€‰0.001 (left); F3,30â€‰=â€‰4.453, Pâ€‰<â€‰0.05 (right), nâ€‰=â€‰6; d: CP93129, F2,15â€‰=â€‰63.11, Pâ€‰<â€‰0.001 (left); F1,10â€‰=â€‰17.23, Pâ€‰<â€‰0.05, (right), nâ€‰=â€‰6) in Sert-cre mice with either vehicle (red) or CP93129 (aqua) infused into the NAc before analysis of behaviour. e, f, Quantification of chamber and proximity time in the three-chamber assay (e: vehicle, F2,12â€‰=â€‰67.49, Pâ€‰<â€‰0.001(left); F1,8â€‰=â€‰41.03, Pâ€‰<â€‰0.001 (right), nâ€‰=â€‰5; f: CP93129, F2,12â€‰=â€‰29.73, Pâ€‰<â€‰0.001 (left); F1,8â€‰=â€‰17.17, Pâ€‰<â€‰0.01 (right), nâ€‰=â€‰5) in Sert-cre:16p11.2flx mice with either vehicle (blue) or CP93129 (pink) infused into the NAc before analysis of behaviour. gâ€“i, Quantification of the novel object interaction assay (g: F1,18â€‰=â€‰1.612, Pâ€‰=â€‰0.2204, nâ€‰=â€‰5â€“6), locomotion assay (h: F1,18â€‰=â€‰0.0149, Pâ€‰=â€‰0.9041, nâ€‰=â€‰5â€“6), and centre time (i: F5,50â€‰=â€‰1.492, Pâ€‰=â€‰0.2093; F5,40â€‰=â€‰0.4561, Pâ€‰=â€‰0.8063, nâ€‰=â€‰5â€“6) in Sert-cre and Sert-cre:16p11.2flx mice with either vehicle or NAS-181 infused into the NAc before behaviour. Data are meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001; repeated measures, two-way ANOVA with Tukeyâ€™s multiple comparison post hoc test. Comparisons with no asterisk had Pâ€‰>â€‰0.05 and were considered not significant. The schematic of the mouse brain in this figure has been adapted with permission from Franklin & Paxinos46.

                          Source Data
                        





Supplementary information
Reporting Summary




Source data
Source Data Fig. 1

Source Data Fig. 2

Source Data Fig. 3

Source Data Fig. 4

Source Data Fig. 5

Source Data Extended Data Fig. 1

Source Data Extended Data Fig. 2

Source Data Extended Data Fig. 3

Source Data Extended Data Fig. 4

Source Data Extended Data Fig. 5

Source Data Extended Data Fig. 6

Source Data Extended Data Fig. 7

Source Data Extended Data Fig. 8

Source Data Extended Data Fig. 9

Source Data Extended Data Fig. 10

Source Data Extended Data Fig. 11




Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Walsh, J.J., Christoffel, D.J., Heifets, B.D. et al. 5-HT release in nucleus accumbens rescues social deficits in mouse autism model.
                    Nature 560, 589â€“594 (2018). https://doi.org/10.1038/s41586-018-0416-4
Download citation
	Received: 22 June 2017

	Accepted: 27 June 2018

	Published: 08 August 2018

	Issue Date: 30 August 2018

	DOI: https://doi.org/10.1038/s41586-018-0416-4


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        A pontomesencephalic PACAPergic pathway underlying panic-like behavioral and somatic symptoms in mice
                                    
                                

                            
                                
                                    	Sukjae J. Kang
	Jong-Hyun Kim
	Sung Han


                                
                                Nature Neuroscience (2024)

                            
	
                            
                                
                                    
                                        Therapeutic mechanisms of psychedelics and entactogens
                                    
                                

                            
                                
                                    	Boris D. Heifets
	David E. Olson


                                
                                Neuropsychopharmacology (2024)

                            
	
                            
                                
                                    
                                        Maturation of nucleus accumbens synaptic transmission signals a critical period for the rescue of social deficits in a mouse model of autism spectrum disorder
                                    
                                

                            
                                
                                    	Melina Matthiesen
	Abdessattar Khlaifia
	Maithe Arruda-Carvalho


                                
                                Molecular Brain (2023)

                            
	
                            
                                
                                    
                                        Microbial modulation via cross-fostering prevents the effects of pervasive environmental stressors on microglia and social behavior, but not the dopamine system
                                    
                                

                            
                                
                                    	Caroline J. Smith
	Danielle N. Rendina
	Staci D. Bilbo


                                
                                Molecular Psychiatry (2023)

                            
	
                            
                                
                                    
                                        Impact of the circadian nuclear receptor REV-ERBÎ± in dorsal raphe 5-HT neurons on social interaction behavior, especially social preference
                                    
                                

                            
                                
                                    	Sangwon Jang
	Inah Park
	Kyungjin Kim


                                
                                Experimental & Molecular Medicine (2023)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    








