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            Abstract
AÂ subset of children with autism spectrum disorderÂ appear to show an improvement in their behavioural symptoms during the course of a fever, a sign of systemic inflammation1,2. Here we elucidate the molecular and neural mechanisms that underlie the beneficial effects of inflammation on social behaviour deficits in mice. We compared an environmental model of neurodevelopmental disorders in which mice were exposed to maternal immune activation (MIA) during embryogenesis3,4 with mouse models that are genetically deficient for contactin-associatedÂ protein-likeÂ 2 (Cntnap2)5, fragileÂ XÂ mentalÂ retardation-1 (Fmr1)6 or Sh3Â andÂ multipleÂ ankyrinÂ repeat domainsÂ 3 (Shank3)7. We establish that the social behaviour deficits in offspring exposed to MIA can be temporarily rescued by the inflammatory response elicited by the administration of lipopolysaccharide (LPS). This behavioural rescue was accompanied by a reduction in neuronal activity in the primary somatosensory cortex dysgranular zone (S1DZ), the hyperactivity of which was previously implicated in the manifestation of behavioural phenotypes associated with offspring exposed to MIA8. By contrast, we did not observe an LPS-induced rescue of social deficits in the monogenic models. We demonstrate that the differences in responsiveness to the LPS treatment between the MIA and the monogenic models emerge from differences in the levels of cytokine production. LPS treatment in monogenic mutant mice did not induce amounts of interleukin-17a (IL-17a) comparable to those induced in MIA offspring; bypassing this difference by directly delivering IL-17a into S1DZ was sufficient to promote sociability in monogenic mutant mice as well as in MIA offspring. Conversely, abrogating the expression of IL-17 receptor subunit a (IL-17Ra) in the neurons of the S1DZ eliminated the ability of LPS to reverse the sociability phenotypes in MIA offspring. Our data support a neuroimmune mechanism that underlies neurodevelopmental disorders in which the production of IL-17a during inflammation can ameliorate the expression of social behaviour deficits by directly affecting neuronal activity in the central nervous system.
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                    Fig. 1: Immune stimulation rescues sociability deficits in MIA offspring.


Fig. 2: Immune stimulation reduces hyperactivation in the S1DZ of MIA offspring.


Fig. 3: IL-17a rescues sociability deficits in both MIA offspring and monogenic mutant mice.


Fig. 4: IL-17a is necessary for the LPS-induced rescue of sociability deficits and reduction of neural activity in the S1DZ in MIA offspring.
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Extended data figures and tables

Extended Data Fig. 1 Cntnap2, Fmr1 and Shank3 mutant mice show variable sociability performance.
a, Sociability performance. MIA, nÂ =Â 13; wild-type, nÂ =Â 22; Cntnap2 mutant, nÂ =Â 71; Fmr1 mutant, nÂ =Â 165; Shank3 mutant, nÂ =Â 50; from 30Â independent experiments. b, Time spent investigating social (S) versus inanimate (I) objects for mice described in a. c, d, Total interaction time (c) and distance travelled (d) during theÂ three-chambered sociability experiments described in a. All n values refer to the number of mice used. Statistics calculated by one-way ANOVA with Dunnettâ€™s post-hoc test (a, c, d) or two-way ANOVA with Dunnettâ€™s post-hoc test (b). Graphs are meanÂ Â±Â s.e.m.

                          Source data
                        


Extended Data Fig. 2 Further behavioural analyses for sociability performance after treatment with LPS in PBS and MIA offspring, and monogenic mutant mice.
aâ€“d, Time spent investigating social (S) versus inanimate (I) objects (a), total interaction time (b), time spent in social (S), centre (C) or inanimate (I) chamber (c), and distance travelled (d) for sociability experiments in Fig. 1c. PBS offspring + vehicle, n = 10; PBS offspring + LPS, n = 9; MIA offspring + vehicle, n = 10; MIA offspring + LPS, n = 12; wild type (WT) + vehicle, n = 8; wild type + LPS, n = 11; Cntnap2 mutant + vehicle, n = 11; Cntnap2 mutant + LPS, n = 11; Fmr1 mutant + vehicle, n = 11; Fmr1 mutant + LPS, n = 15; Shank3 mutant + vehicle, n = 8; Shank3 mutant + LPS, n = 10; from 3 independent experiments. All n values refer to the number of mice used. Statistics calculated by two-way ANOVA with Sidakâ€™s (a) or Dunnettâ€™s (c) post-hoc test, or two-way repeated-measures ANOVA with Sidakâ€™s post-hoc test (b, d). Graphs are meanÂ Â±Â s.e.m.

                          Source data
                        


Extended Data Fig. 3 LPS-induced rescue of MIA behavioural phenotypes is transient, effective in aged mice and extends beyond three-chambered sociability.
aâ€“e, Sociability measured 72Â h after injection with vehicleÂ (Veh) or LPS, in PBS and MIA offspring from Fig. 1c. Data expressed as per cent sociability (a), time spent investigating social (S) versus inanimate (I) objects (b), total interaction time (c), time spent in social (S), centre (C) or inanimate (I) chamber (d), and distance travelled (e) during three-chambered sociability experiments. PBS offspringÂ +Â vehicle, nÂ =Â 7; PBS offspringÂ +Â LPS, nÂ =Â 7; MIAÂ offspringÂ +Â vehicle, nÂ =Â 8; MIAÂ offspringÂ +Â LPS, nÂ =Â 6; from 2Â independent experiments. fâ€“j, Sociability measured before and 4Â h after injection of vehicle or LPS in aged MIA mice (9â€“12Â months old). Data are expressed as per cent sociability (f), time spent investigating social (S) versus inanimate (I) objects (g), total interaction time (h), time spent in social (S), centre (C) or inanimate (I) chamber (i), and distance travelled (j) during three-chambered sociability experiments. MIA offspringÂ +Â vehicle, nÂ =Â 6; MIA offspringÂ +Â LPS, nÂ =Â 7; from 2Â independent experiments. k, Reciprocal social interactions measured after treatment with vehicle or LPS in PBS or MIA offspring. PBS offspringÂ +Â vehicle, nÂ =Â 9; PBS offspringÂ +Â LPS, nÂ =Â 9; MIA offspringÂ +Â vehicle, nÂ =Â 11; MIA offspringÂ +Â LPS, nÂ =Â 11; from 4Â independent experiments. l, Marble burying index (percentage of buried marbles) measured before and 4Â h after treatment with vehicle or LPS in PBS or MIA offspring. PBS offspringÂ +Â vehicle, nÂ =Â 12; PBS offspringÂ +Â LPS, nÂ =Â 12; MIA offspringÂ +Â vehicle, nÂ =Â 12; MIA offspringÂ +Â LPS, nÂ =Â 11; from 5Â independent experiments. All n values refer to the number of mice used. Statistics calculated by two-way ANOVA with Sidakâ€™s (aâ€“c, e, g), Dunnettâ€™s (d, i) or Tukeyâ€™s (k) post-hoc tests, or two-way repeated-measures ANOVA with Sidakâ€™s post-hoc test (f, h, j, l). Graphs are meanÂ Â±Â s.e.m.

                          Source data
                        


Extended Data Fig. 4 Acute increase in body temperature is insufficient to promote sociability.
a, Body temperature profile after injection of vehicle or LPS in MIA offspring. Vehicle, nÂ =Â 10; LPS, nÂ =Â 10; from 4Â independent experiments. The initial spike in body temperature is due to handling stress. bâ€“e, Data are expressed as time spent investigating social (S) versus inanimate (I) objects (b), total interaction time (c), time spent in social (S), centre (C) or inanimate (I) chamber (d), and distance travelled (e) during three-chambered sociability experiments described in Fig. 1g. nÂ =Â 9Â for all groups, from 2Â independent experiments. fâ€“j, Sociability performance in Vgatâ€“Cre PBS and MIA offspring after treatment with vehicle, CNO or LPS. Data are expressed as per cent sociability (f), time spent investigating social (S) versus inanimate (I) objects (g), total interaction time (h), time spent in social (S), centre (C) or inanimate (I) chamber (i), and distance travelled (j) during three-chambered sociability experiments. PBS offspring, nÂ =Â 11; MIA offspring, nÂ =Â 7; from 2Â independent experiments. All n values refer to the number of mice used. StatisticsÂ calculated by two-way repeated-measures ANOVA with Bonferroniâ€™s (a) or Dunnettâ€™s (f, h, j) post-hoc tests, two-way ANOVA with Sidakâ€™s (b, g) or Dunnettâ€™s (d, i) post-hoc tests, or one-way repeated-measures ANOVA with Tukeyâ€™s post-hoc test (c, e). Graphs are meanÂ Â±Â s.e.m.

                          Source data
                        


Extended Data Fig. 5 Histological identification of theÂ S1DZ.
a, Coronal section of the cortex counterstained with DAPI to highlight the abrupt reduction in cell density in layer 4, between the S1DZ and the S1BF, at AP âˆ’0.46Â mm. nÂ =Â 5, from 1Â independent experiment.Â D, dorsal; V, ventral. b, Coronal section of the cortex imaged with differential interference contrast, further highlighting the reduced layer 4 in the S1DZ at AP âˆ’0.46Â mm. nÂ =Â 3, from 2Â independent experiments. All n values refer to the number of mice used. White arrows indicate borders of S1DZ. Scale bars, 500Â Î¼m (a); 300Â Î¼m (b).


Extended Data Fig. 6 Treatment of MIA offspringÂ with LPS does not have a distinguishable effect on FOS expression in the other cortical regions analysed.
a, Full cortical depth of S1DZ FOS staining as shown in Fig. 2a, for PBS and MIA offspring after administration of vehicle or LPS. PBS offspringÂ +Â vehicle, nÂ =Â 8; PBS offspringÂ +Â LPS, nÂ =Â 9; MIA offspringÂ +Â vehicle, nÂ =Â 13; MIA offspringÂ +Â LPS, nÂ =Â 11; from 3Â independent experiments. Scale bar, 200Â Î¼m. b, c, Representative images (b) and quantification (c) of FOS (green) and NeuN (red) colabelled cells within the S1DZ of PBS and MIA offspring. PBS offspring, nÂ =Â 4; MIA offspring, nÂ =Â 3; from 1Â independent experiment. Scale bar, 50Â Î¼m. d, e, Representative images (d) and quantification (e) of FOS expression in a series of cortical regions and after injection of vehicle or LPS in PBS or MIA offspring. Sections are stained for FOS (green) and DAPI (blue). Scale bars, 200Â Î¼m. For S1BF, M2, M1 and AuD: PBS offspringÂ +Â vehicle, nÂ =Â 8; PBS offspringÂ +Â LPS, nÂ =Â 9; MIA offspringÂ +Â vehicle, nÂ =Â 13; MIA offspringÂ +Â LPS, nÂ =Â 11. For mPFC: PBS offspringÂ +Â vehicle, nÂ =Â 8; PBS offspringÂ +Â LPS, nÂ =Â 9; MIA offspringÂ +Â vehicle, nÂ =Â 12; MIA offspringÂ +Â LPS, nÂ =Â 11. For V1: PBS offspringÂ +Â vehicle, nÂ =Â 7; PBS offspringÂ +Â LPS, nÂ =Â 8; MIA offspringÂ +Â vehicle, nÂ =Â 12; MIA offspringÂ +Â LPS, nÂ =Â 9; from 4Â independent experiments. All n values refer to the number of mice used. Statistics calculated by unpaired two-tailed t-test (c) or two-way ANOVA with Tukeyâ€™s post-hoc test (e). Graphs are meanÂ Â±Â s.e.m.

                          Source data
                        


Extended Data Fig. 7 Further behavioural analyses of S1DZ optical-inhibition-mediated rescue of sociability in monogenic mutant mice.
a, Quantification of FOS-expressing cells in the S1DZ of monogenic mutant mice. Wild type, nÂ =Â 6; Cntnap2Â mutant, nÂ =Â 21; Fmr1Â mutant, nÂ =Â 17; Shank3Â mutant, nÂ =Â 15; from 5Â independent experiments. b, Correlation of FOS expression in the S1DZ with severity of sociability deficits across monogenic mutant mice. CntnapÂ mutant, nÂ =Â 21; Fmr1Â mutant, nÂ =Â 17; Shank3Â mutant, nÂ =Â 15; from 4Â independent experiments. Black solid lines represent regression line; grey lines indicate 90% confidence intervals. c, Individual data for experiments in Fig. 2f. dâ€“f, Data are expressed as time spent investigating social (S) versus inanimate (I) objects (d), total interaction time (e), and distance travelled (f) duringÂ the three-chambered sociability experiments described in Fig. 2f. Wild typeÂ +Â EYFP, nÂ =Â 7; wild typeÂ +Â NpHR, nÂ =Â 8; Cntnap2Â mutant,Â +Â EYFP, nÂ =Â 11; Cntnap2 mutantÂ +Â NpHR, nÂ =Â 9; Fmr1 mutantÂ +Â EYFP, nÂ =Â 8; Fmr1 mutantÂ +Â NpHR, nÂ =Â 12; Shank3 mutantÂ +Â EYFP, nÂ =Â 8; Shank3 mutantÂ +Â NpHR, nÂ =Â 10; from 6Â independent experiments. All n values refer to the number of mice used. Statistics calculated by one-way ANOVA with Dunnettâ€™s post-hoc test (a), linear regression (b), one-way repeated-measures ANOVA with Dunnetâ€™s post-hoc test (c), two-way ANOVA with Sidakâ€™s post-hoc test (d) or two-way repeated-measures ANOVA with Sidakâ€™s post-hoc test (e, f). Graphs are meanÂ Â±Â s.e.m.

                          Source data
                        


Extended Data Fig. 8 Il17ra expression in the S1DZ of PBS and MIA offspring and further behavioural analyses of S1DZ IL-17a rescue of sociability in MIA offspring and monogenic mutant mice.
a, Representative images of Il17ra expression in the S1DZ of PBS and MIA offspring. Scale bar, 1Â mm. b, Quantification of Il17ra expression within the S1DZ of MIA offspring according to cortical layer. nÂ =Â 6, from 2Â independent experiments. c, Quantification of overall Il17ra expression in the S1DZ of PBS and MIA offspring. PBS offspring, nÂ =Â 8; MIA offspring, nÂ =Â 6; from 2Â independent experiments. dâ€“h, Further behavioural analyses of experiments described in Fig. 3f. Time spent investigating social (S) versus inanimate (I) objects (e), total interaction time (f), time spent in social (S), centre (C) or inanimate (I) chamber (g), and distance travelled (h). PBS offspringÂ +Â vehicle, nÂ =Â 11; PBS offspringÂ +Â IL-17a, nÂ =Â 12; MIA offspringÂ +Â vehicle, nÂ =Â 14; MIA offspringÂ +Â IL-17a, nÂ =Â 10; wild typeÂ +Â vehicle, nÂ =Â 11; wild typeÂ +Â IL-17a, nÂ =Â 11; Cntnap2 mutantÂ +Â vehicle, nÂ =Â 8; Cntnap2 mutantÂ +Â IL-17a, nÂ =Â 10; Fmr1 mutantÂ +Â vehicle, nÂ =Â 9; Fmr1 mutantÂ +Â IL-17a, nÂ =Â 11; from 6Â independent experiments. All n values refer to the number of mice used. Statistics calculated by unpaired two-tailed t-test (c), two-way ANOVA with Sidakâ€™s (e) or Dunnettâ€™s (g) post-hoc tests, or two-way repeated-measures ANOVA with Sidakâ€™s post-hoc test (f, h). Graphs are meanÂ Â±Â s.e.m.

                          Source data
                        


Extended Data Fig. 9 IL-17a is necessary for LPS-induced behavioural rescue and reduction of FOS expression in MIA offspring.
aâ€“e, Further behavioural analyses of experiments described in Fig. 4a. Time spent investigating social (S) versus inanimate (I) objects (b), total interaction time (c), time spent in social (S), centre (C) or inanimate (I) chamber (d), and distance travelled (e). PBS offspringÂ +Â vehicleÂ +Â isotype, nÂ =Â 9; PBS offspringÂ +Â LPSÂ +Â isotype, nÂ =Â 11; MIA offspringÂ +Â vehicleÂ +Â isotype, nÂ =Â 10; MIA offspringÂ +Â LPSÂ +Â isotype, nÂ =Â 10; MIA offspringÂ +Â LPSÂ +Â anti-IL-17a, nÂ =Â 10; from 7Â independent experiments. f, Quantification of FOS-expressing cells in the S1DZ and CeA after injection of vehicle or LPS in MIA offspring pre-treated intracerebroventricularly with isotype-control antibody or blocking antibody against IL-17a (anti-IL-17a).Â PBS offspring + vehicle + isotype, n = 14; MIAÂ offspring + vehicle + isotype, n = 9; MIA offspring + LPS + isotype, n = 10; MIA offspring + LPS + anti-IL-17a, n = 10; from 4Â independent experiments. All n values refer to the number of mice used. Statistics calculated by two-way ANOVA with Sidakâ€™s (b) or Dunnettâ€™s (d) post-hoc tests, two-way repeated-measures ANOVA with Sidakâ€™s post-hoc tests (c, e) or one-way ANOVA with Dunnettâ€™s post-hoc test (f). Graphs are meanÂ Â±Â s.e.m.

                          Source data
                        


Extended Data Fig. 10 Further analyses of the necessity of IL-17a for the LPS-induced reduction of firing rate in the S1DZ, and the necessity of S1DZ IL-17Ra expression for the LPS-induced rescue of sociability deficits in MIA offspring.
aâ€“c, Further analyses for experiments described in Fig. 4bâ€“d. a, Example of a head-fixed mouse on the running wheel used during single-unit recording. b, Representative image of a tetrode placement in the S1DZ. Scale bar, 500Â Î¼m. c, Firing rate for individual cells before and 4 h after injection of vehicle or LPS in PBS and MIA offspring pre-treated with isotype-control antibody or blocking antibody against IL-17a (anti-IL-17a). dâ€“h, Further analyses for experiments described in Fig. 4e,Â f. Time spent investigating social (S) versus inanimate (I) objects (e), total interaction time (f), time spent in social (S), centre (C) or inanimate (I) chambers (g), and distance travelled (h). Il-17rafl/fl;EYFP, nÂ =Â 9; Il-17rafl/fl;EGFP:nCre, nÂ =Â 10; from 5Â independent experiments. i, j, Representative images (i) and corresponding quantification (j) of Il17ra and Gapdh amplicon following PCR using cDNA derived from cells isolated from the cortical region centred on S1DZ of Il-17rafl/fl;EYFP and Il-17rafl/fl;EGFP:nCre mice. nÂ =Â 3Â for both groups; from 1Â experiment. All n values refer to the number of mice used. Statistics calculated by two-way ANOVA with Sidakâ€™s post-hoc test (e, g), two-way repeated-measures ANOVA with Sidakâ€™s post-hoc tests, (f, h) or unpaired two-tailed t-test (j). Graphs are meanÂ Â±Â s.e.m.

                          Source data
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