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            Abstract
Sensory experience in early postnatal life, during so-called critical periods, restructures neural circuitry to enhance information processing1. Why the cortex is susceptible to sensory instruction in early life and why this susceptibility wanes with age are unclear. Here we define a developmentally restricted engagement of inhibitory circuitry that shapes localized dendritic activity and is needed for vision to drive the emergence of binocular visual responses in the mouse primary visual cortex. We find that at the peak of the critical period for binocular plasticity, acetylcholine released from the basal forebrain during periods of heightened arousal directly excites somatostatin (SST)-expressing interneurons. Their inhibition of pyramidal cell dendrites and of fast-spiking, parvalbumin-expressing interneurons enhances branch-specific dendritic responses and somatic spike rates within pyramidal cells. By adulthood, this cholinergic sensitivity is lost, and compartmentalized dendritic responses are absent but can be re-instated by optogenetic activation of SST cells. Conversely, suppressing SST cell activity during the critical period prevents the normal development of binocular receptive fields by impairing the maturation of ipsilateral eye inputs. This transient cholinergic modulation of SST cells, therefore, seems to orchestrate two features of neural plasticityâ€”somatic disinhibition and compartmentalized dendritic spiking. Loss of this modulation may contribute to critical period closure.
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                    Fig. 1: SST cells lose cholinergic sensitivity after critical period closure.


Fig. 2: Inhibitory drive onto parvalbumin cells weakens after critical period closure.


Fig. 3: Movement evokes branch-specific Ca2+ spikes in apical L2/3 dendrites and increased somatic firing during the critical period.


Fig. 4: Optogenetic stimulation of SST cells increases compartmentalized dendritic responses and somatic firing in P56 mice.


Fig. 5: Suppression of SST cells during the critical period prevents binocular matching.
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Extended data figures and tables

Extended Data Fig. 1 Analysis of Î”F/F during still or running events.
Example GCaMP6s responses of a P28 SST cell during natural scenes with variable running activity. Treadmill motion and corresponding GCaMP6s signal are shown (15.5 fps), with grey bars denoting periods of visual stimulation. The z-score of the GCaMP signal is denoted by the colour map, and the trace denotes Î”F/F. Each presentation of the visual stimulus is classified as either a run (green) or still (black) trial. Î”F/F of GCaMP6s from all run (left) or still (right) trials are plotted. The median (red) of the median (black) Î”F/F response is taken to give an average value for still or run trials.


Extended Data Fig. 2 Current injection responses for SST, parvalbumin and VIP cells before and after carbachol application.
a, Example current injection responses showing distinct waveform from a SST cell. b, Change in voltage with 20 pA current steps for each cell type at P28 or P56. No significant change in excitability was found between age groups (P28: nÂ =Â 11; P56: nÂ =Â 9). P >Â 0.00625, two-way repeated-measures ANOVA followed by Mannâ€“Whitney U-test, Bonferroni-corrected alpha. c, Evoked spiking for all cells before CCh application (open boxes) and after washout (yellow boxes), for respective cell types (nÂ =Â 19). No significant change in response to current injection was found after CCh application; PÂ >Â 0.0055, repeated-measures ANOVA followed by Wilcoxon signed-rank test, Bonferroni-corrected alpha. d, Example parvalbumin cell waveform. e, As in b, but for parvalbumin cells (P28: nÂ =Â 8; P56: nÂ =Â 9). No significant change in excitability was found between age groups; P >Â 0.0071, two-way repeated-measures ANOVA followed by Mannâ€“Whitney U-test, Bonferroni-corrected alpha. f, As in c, but for parvalbumin cell responses before and after CCh washout (nÂ =Â 17). No significant change was found; P >Â 0.0062, repeated-measures ANOVA followed by Wilcoxon signed-rank test, Bonferroni-correctedÂ alpha. g, Example VIP cell waveform. h, As in b, but for VIP cells (P28: nÂ =Â 10; P56: nÂ =Â 8). No significant change in excitability was found between age groups; PÂ >Â 0.0083, two-way repeated-measures ANOVA followed by Mannâ€“Whitney U-test, Bonferroni-corrected alpha. i, As in c, but for VIP cell responses before and after carbachol washout (nÂ =Â 18). No significant change was found; PÂ >Â 0.0083, repeated-measures ANOVA followed by Wilcoxon signed-rank test, Bonferroni-corrected alpha. Box plot parameters as in Fig.Â 1.

                          Source Data
                        


Extended Data Fig. 3 VIP cells show no age-dependent changes in cholinergic modulation.
a, As in Fig.Â 1, example VIP cell populations from P28 and P56. b, Plot of the visually evoked median Î”F/F of each cell as a function of behavioural state, for all recorded cells (P28: nÂ =Â 220; P56: nÂ =Â 305). Still to run, PÂ =Â 1.63Â Ã—Â 10âˆ’64 (P28), PÂ =Â 1.75Â Ã—Â 10âˆ’60 (P56), Wilcoxon signed-rank test. c, Example traces of VIP cell response to CCh application at P28 (left) and P56 (right). Recordings were made under current clamp and in the presence of synaptic blockers. Coloured box denotes time of CCh application. Insets show evoked VIP cell waveform. Scale bars,Â 0.25Â s and 10Â mV. d, BoxÂ plot of VIP cell firing rates evoked by CCh as a function of age (P28: nÂ =Â 10; P56: nÂ =Â 8). PÂ =Â 0.9804, Mannâ€“Whitney U-test. Box plot parameters as in Fig.Â 1.

                          Source Data
                        


Extended Data Fig. 4 CCh-induced IPSCs on SST cells are present across development.
a, Example whole-cell recordings of SST cell responses to CCh in voltage-clamp mode at P28 (left) or P56 (right). b, Median IPSC amplitudes evoked by CCh application for all recorded SST cells at P28 and P56 (P28, nÂ =Â 6; P56, nÂ =Â 8). PÂ =Â 0.4136, Mannâ€“Whitney U-test. Box plot parameters as in Fig.Â 1.

                          Source Data
                        


Extended Data Fig. 5 Deconvolution and Î”F/F comparisons produce analogous findings in sister dendrites.
a, Top, time series showing Î”F/F and concurrent deconvolution for still and run epochs in a sister dendrite from a P28 mouse. Note the deconvolution is based on significant changes in slope. Spearmanâ€™s correlation coefficients (rs values) are shown. Î”F/F has been filtered for clarity. Bottom, as in the top panel for sister dendrites from a P56 mouse. Scale bar, Î”F/FÂ =Â 1 and 1 s. Event probabilityÂ = 1 AU. b, Median percentage change in Î”F/F from still to running, for all P28 and P56 branches (P28: nÂ =Â 36 branches; P56: nÂ =Â 96 branches). PÂ =Â 0.6608, Mannâ€“Whitney U-test. c, Correlation of Î”F/F between sister dendrites to movement at P28 or P56 (P28: nÂ =Â 18 branch pairs; P56: nÂ =Â 48 branch pairs). Still to run, ***PÂ =Â 5.36Â Ã—Â 10âˆ’4 (P28), PÂ =Â 0.043 (P56), Wilcoxon signed-rank test. N.S.,Â not significant. Box plot parameters as in Fig.Â 1.

                          Source Data
                        


Extended Data Fig. 6 Example visually evoked P28 and P56 sister dendrite activity.
Examples of temporally deconvolved GCaMP6f traces showing event probability in sister dendrites from a P28 and P56 mouse. Grey bars mark periods of locomotion across traces. Left, P28 sister dendrites show decorrelated activity during movement. Right, P56 sister dendrites maintain synchronized activity across run and still epochs. Scale bar indicates event probabilityÂ =Â 1 AU.


Extended Data Fig. 7 P28 and P56 modulation of pyramidal cell somas and dendrites during spontaneous activity.
a, Plot of the visually evoked median Î”F/F of each cell as a function of behavioural state, for all recorded cells, at P28 and P56, in the absence of visual stimulation, measured at the soma (P28: nÂ =Â 563 cells; P56: nÂ =Â 723 cells). Still to run, PÂ =Â 4.31Â Ã—Â 10âˆ’60 (P28), PÂ =Â 1.94Â Ã—Â 10âˆ’89 (P56), Wilcoxon signed-rank test. b, Plot of cumulative distributions of the correlation coefficients of GCaMP6f signals to running for all recorded pyramidal neurons while viewing a grey screen (P28: nÂ =Â 860 cells; P56: nÂ =Â 513 cells). PÂ =Â 0.993, Mannâ€“Whitney U-test. c, Box plots of temporally deconvolved event probabilities of dendrites during grey screen viewing at P28 and P58 during in running and still conditions (P28: nÂ =Â 36 branches; P56: nÂ =Â 96 branches). Still to run, **PÂ =Â 0.0044 (P28), ***PÂ =Â 4.36Â Ã—Â 10âˆ’6 (P56), Wilcoxon signed-rank test. d, Box plots of the fold change between sister branches as a function of age and behavioural state (P28: nÂ =Â 18 branch pairs; P56: nÂ =Â 56 branch pairs). Still to run, PÂ =Â 0.987 (P28), PÂ =Â 0.02 (P56), Wilcoxon signed-rank test. e, Box plots of the correlation coefficients between event probability time series of sister branches as a function of age and behavioural state (P28: nÂ =Â 18 branch pairs; P56: nÂ =Â 56 branch pairs). Still to run, PÂ =Â 0.2914 (P28), **PÂ =Â 0.0042 (P56), Wilcoxon signed-rank test. Box plot parameters as in Fig.Â 1.

                          Source Data
                        


Extended Data Fig. 8 Verification of ChR2-driven SST activity in vivo.
a, SST cells expressing both ChR2-tdTomato and GCaMP6s. b, Representative time series heat map of SST cell GCaMP6s responses to optogenetic stimulation. The z-scores from individual cells are plotted per frame (15.5 fps); colour scale is âˆ’1 to 5 z-scores. Top, blue bars denote LED light pulses. Bottom, inset showing z-scored traces and significant increase in GCaMP6s signal for 14 cells.


Extended Data Fig. 9 Verification of chemogenetic control of SST cells using DREADDs.
a, Top, example evoked responses of a SST cell expressing DREADD receptors. Bottom, evoked responses from the same SST cell 4Â h after intraperitoneal administration of CNO (2.5 mg kgâˆ’1). Scale bar, 10% Î”F/F and 30Â s. b, Measurement of change in median evoked Î”F/F in SST cells after CNO administration over an 8 h period, in mice with or without DREADD expression (DREADDâˆ’/CNO+: nÂ =Â 25 cells; DREADD+/CNO+: nÂ =Â 21 cells). 2Â h, DREADDâˆ’ to DREADD+: ***PÂ =Â 1.41Â Ã—Â 10âˆ’4; 4Â h, DREADDâˆ’ to DREADD+: ***PÂ =Â 7.98Â Ã—Â 10âˆ’5, Wilcoxon signed-rank test. Error bars denote s.e.m.

                          Source Data
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