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            Abstract
The behaviour of an animal is determined by metabolic, emotional and social factors1,2. Depending on its state, an animal will focus on avoiding threats, foraging for food or on social interactions, and will display the appropriate behavioural repertoire3. Moreover, survival and reproduction depend on the ability of an animal to adapt to changes in the environment by prioritizing the appropriate state4. Although these states are thought to be associated with particular functional configurations of large-brain systems5,6, the underlying principles are poorly understood. Here we use deep-brain calcium imaging of mice engaged in spatial or social exploration to investigate how these processes are represented at the neuronal population level in the basolateral amygdala, which is a region of the brain that integrates emotional, social and metabolic information. We demonstrate that the basolateral amygdala encodes engagement in exploratory behaviour by means of two large, functionally anticorrelated ensembles that exhibit slow dynamics. We found that spatial and social exploration were encoded by orthogonal pairs of ensembles with stable and hierarchical allocation of neurons according to the saliency of the stimulus. These findings reveal that the basolateral amygdala acts as a low-dimensional, but context-dependent, hierarchical classifier that encodes state-dependent behavioural repertoires. This computational function may have a fundamental role in the regulation of internal states in health and disease.
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                    Fig. 1: BLA imaging during free social exploration.[image: ]


Fig. 2: Social exploration encoded by large BLA ensembles.[image: ]


Fig. 3: Context-dependent encoding of exploration.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Combined automatic description of social behaviour and deep-brain calcium imaging.
a, Social exploration session between two freely behaving mice. The arrows and letters represent the quantities used by the behavioural detection algorithm. a and b denote the x–y coordinates of the head positions of each of the two mice; Va and Vb are velocity vectors for each mouse; d is the distance vector between the mice; αa,b is the angle between the velocity vector V and the distance vector d. b, Criteria used to detect the different behaviours. c, Agreement of the algorithm with the scoring of the experimenter (algorithm) and the agreement between manual scoring performed independently by two experimenters (manual). Numbers indicate the percentage of matched frames. Wilcoxon matched-pairs signed-rank test, P = 0.12, n = 4 mice. d, Representation of the behaviour descriptors assigned by the algorithm and the behavioural scoring of the experimenter for a representative mouse. e, Location of the GRIN lens for mice in the study. A, anterior; BA, basal amygdala; CeA, central nucleus of the amygdala; D, dorsal; L, lateral; LA, lateral amygdala; M, medial; P, posterior; V, ventral. f, Top left, schematic of virus injection and implantation of the GRIN lens. Bottom left, GCaMP6f expression in an example coronal section. Scale bar, 500 μm. Bottom right, close-up image of the BLA region in fixed sections. Scale bar, 200 μm. Top right, maximum projection over the entire session of the miniature microscope image from the GRIN lens. Scale bar, 100 μm. g, Behavioural comparison between microscope (n = 10) and no-microscope (n = 9) mice. Multiple unpaired t-test between microscope and no-microscope mice for each behaviour. Holm–Sidak multiple comparisons test; neutral, P = 0.91; interaction, P = 0.91; approach, P = 0.75; reciprocated, P = 0.86; avoidance, P = 0.99; freezing, P = 0.13; and aggression, P = 0.86. h, Example calcium traces of six recorded BLA cells during a free social exploration session. Background colours denote the behaviours of the mice (as in b). zs, z-score. Example images and traces in f, h are representative of 10 mice. Data in c, g are mean ± s.e.m. n.s., P ≥ 0.05. Statistical tests are two-sided.


Extended Data Fig. 2 Social exploration encoded by two BLA ensembles.
a, Empirical distribution of the absolute pairwise Pearson’s correlations between single-neuron activations for all mice (663 neurons and 10 mice). b, Mean cellular pairwise distance within- and across-ensemble of all individual neurons (663 neurons and 10 mice) (left), and the cumulative probability distributions of the mean cellular pairwise distance (PWD) of neurons in each ensemble and in the total neuronal population (right) reveal that the two ensembles are not spatially clustered. Two-sample Kolmogorov–Smirnov test (K–S), ensemble 1 versus total, K–S = 0.01, P = 0.82; ensemble 2 versus total, K–S = 0.02, P = 0.62. c, Mean empirical probability distributions of the instantaneous speed of the experimental mouse during activation of the social exploration (blue) and no social exploration (red) ensembles. Two-sample Kolmogorov–Smirnov test, K–S = 0.11, P = 0.55, n = 2 distributions from n = 10 mice. d, Instantaneous speed of the mice plotted against ensemble activation for the social exploration (blue) and no social exploration (red) ensembles. Data binned in 1-s bins. Only two mice showed a weak correlation. Pearson’s correlation values indicated in the respective panels: mouse 7: ensemble 1, P = 0.003; ensemble 2, P = 0.002; mouse 8: ensemble 1, P < 0.0001; ensemble 2, P < 0.0001. zs, z-score. e, Average entropy of the spatial occupancy maps of the experimental mouse, calculated during epochs of activation of the social exploration (ensemble 1) (blue) and no social exploration (ensemble 2) (red) ensembles. Paired t-test, t9 = 1.65 P = 0.13, n = 10 mice. f, Mean activity of three ensembles for one mouse. k-means clustering into three groups with correlation as a distance measure. Colours as in Fig. 1b. g, Mean probability of different behaviours during epochs of high (left columns) and low (right columns) ensemble activation for the three ensembles, calculated as in f. n = 10 mice. h, Probability of social exploration behaviours during epochs of high (+) and low (−) ensemble activation (defined as in f) for the different ensembles. Paired t-test, activated versus inactivated; ensemble 1, t9 = 7.6, P = 3.3 × 10−5; ensemble 2, t9 = 6.3, P = 0.0001; ensemble 3, t9 = 4.2, P = 0.002. n = 10 mice. Ensembles are colour-coded as in f. Data in b (right), c, e, h are mean ± s.e.m. **P < 0.01, ***P < 0.001, n.s., P ≥ 0.05. Statistical tests are two-sided.


Extended Data Fig. 3 Distributed representation of social exploration.
a, Correlation between neurons and ensemble activity for an example mouse. Colours denote the ensemble membership of the neurons. Circles mark the 20% most-correlated neurons (10% most correlated with the mean of each ensemble activity). b, Correlation values between the mean activity of the two ensembles calculated for: the full ensembles; the 20% highly correlated neurons; the remaining 80% least-correlated neurons; and the shift control in an example mouse (left) and the population (right). One-way repeated-measures analysis of variance, main group effect F(1.9,17.1) = 38.67, P < 0.0001, Dunnett’s multiple comparisons test, shifted versus full ensembles, P < 0.0001; shifted versus 20%, P = 0.002; shifted versus 80%, P < 0.0001. n = 10 mice. c, Mean activity calculated using the full ensembles (top), 20% most-correlated (middle) and 80% least-correlated neurons (bottom). Colours as in Fig. 1b. d, Probability of social exploration behaviours during ensemble activation for the 20% most-correlated (paired t-test, t9 = 3.8, P = 0.004, n = 10 mice) and the 80% least-correlated neurons (paired t-test, t9 = 5.35, P = 0.0005, n = 10 mice). e, Average change in decoder F1 score between ensemble data and circular temporal shift of neuronal activity. One-sample t-test, t9 = 5.18, P = 0.0006. n = 10 mice. Box-and-whisker plot indicating median, interquartile range and the minimum to maximum values of the data distribution. Data in b, d, e are mean ± s.e.m. **P < 0.01, ***P < 0.001, n.s., P ≥ 0.05. Statistical tests are two-sided.


Extended Data Fig. 4 Ensemble stability and single-neuron correlates of social behaviour.
a, Probability of social exploration behaviours in a second social exploration session during ensemble activation epochs. k-means clustering performed on this session; paired t-test, t9 = 6.33, P = 0.0001, n = 10 mice. b, Mean within- and across-ensemble distance of individual neurons (663 neurons and 10 mice) (left) and cumulative probability distribution of the mean cellular pairwise distance of neurons in each ensemble and in the total neuronal population (right) reveal that the two ensembles are not spatially clustered. Two-sample Kolmogorov–Smirnov test (K–S), ensemble 1 versus total, K–S = 0.02, P = 0.35; ensemble 2 versus total, K–S = 0.01, P = 0.62. n = 2 distributions from n = 10 mice. c, Correlation between single neurons and no social ensemble mean activities during the two social exploration sessions. Ensembles were defined independently for each session. Pearson’s correlation, R = 0.59, P < 0.0001, n = 663 neurons. d, Calcium traces of single neurons activated by social exploration (left) and by no social exploration (right) obtained by single-neuron analysis for an example mouse (Methods). Colours are as in Fig. 1b. e, Average percentage of neurons activated during social exploration (blue) or no social exploration (red) in the first social exploration session. n = 10 mice. f, Percentage of social-exploration-activated neurons included in each ensemble. Wilcoxon matched-pairs signed-rank test, P = 0.003, n = 10 mice. Activity of neurons included in the no social exploration ensemble was very sparse. g, Percentage of neurons significantly activated by social exploration or no social exploration for each social exploration session and the corresponding overlaps. Wilcoxon matched-pairs signed-rank test; activated by social exploration, P = 0.002; activated by no social exploration, P = 0.009. n = 10 mice. None of the neurons switched its activity correspondence with the behaviour across the two social sessions. h, Left, mean activity of the social-exploration-activated neurons (n = 106 neurons), aligned to initiation of interaction, approach and avoidance. Neurons divided into five groups by k-means clustering using combined response to the three behaviours and cosine as a distance measure. Dashed lines separate clusters. Right, mean responses of the four clusters that show locked responses to the initiation of the behaviours. Data in a, b (right), f, h (right) are mean ± s.e.m. **P < 0.01, ***P < 0.001, n.s., P ≥ 0.05. Statistical tests are two-sided.


Extended Data Fig. 5 Spatial exploration ensembles predict exploratory and self-centred behaviours.
a, Distribution of the magnitude of the response for each of the ensembles in the two sessions. Two-sample Kolmogorov–Smirnov test (K–S); social versus no social, K–S = 0.14, P = 0.26; social versus spatial, K–S = 0.14, P = 0.26; social versus no spatial, K–S = 0.17, P = 0.099; spatial versus no spatial, K–S = 0.02, P = 0.99; spatial versus no social, K–S = 0.06, P = 0.99; no social versus no spatial, K–S = 0.12, P = 0.44. n = 2 distributions from n = 10 mice. Comparison of correlation of the ensembles: social versus spatial, paired t-test, t9 = 0.02, P = 0.98. n = 10 mice. b, Two spatial exploration sessions. c, Correlation between single-neuron and spatial-exploration-ensemble mean activities in the first spatial exploration session versus the second spatial exploration session. Ensembles were defined independently for each session. The strong correlation indicates stability across the two spatial sessions. Pearson’s correlation, R = 0.45, P < 0.0001, n = 663 neurons. Grey and white quadrants as in Fig. 2k. Grey quadrant: 31.1 ± 3.1%; white quadrant: 68.3 ± 3.1%; paired t-test, t9 = 5.9, P = 0.0002, n = 10 mice. Mean absolute Pearson correlation with the spatial exploration ensemble. Grey quadrant, 0.18 ± 0.01%; white quadrant 0.22 ± 0.01; paired t-test, t9 = 3.0, P = 0.01, n = 10 mice. d, Average entropy calculated from the occupancy maps of each mouse during the second spatial exploration session, collected as in Fig. 3c. Paired t-test, t9 = 6.89, P < 0.0001, n = 10 mice. Ensembles were as defined in the first spatial exploration session. e, Probability of object exploration detected using the behavioural detection algorithm during ensemble activation. Left, object exploration divided by the different behaviours for one mouse. Colours denote the behaviour of the mouse with the object: (1) neutral; (2) interaction; (3) approach; (5) avoidance; and (6) freezing. Right, object exploration averaged across mice. f, Rearing (left), grooming (middle) and freezing (right) probability during epochs of high relative ensemble activation. In e, f, Wilcoxon matched-pairs signed-rank test; object exploration, P = 0.002; rearing, P = 0.04; grooming, P = 0.002; freezing, P = 0.002. n = 10 mice. g, Trajectories of an example mouse during activation epochs of the ensemble in the spatial exploration session. Colours denote the behaviour of the mouse as in e, along with rearing (8) and grooming (9). Different behaviours can occur in the same spatial location and activate different ensembles. Data in a, e, f are mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001, n.s., ≥ 0.05. Statistical tests are two-sided.


Extended Data Fig. 6 Stable representation of spatial exploration across behavioural contexts.
a, Neuronal subpopulations defined by their activity in both the spatial (left) and social (right) exploration sessions: neurons that stably correlate with exploration (group 1 (blue)) or no exploration (group 3 (purple)), and neurons that correlate with exploration in one behavioural context and no exploration in the other (group 2 (yellow) and group 4 (red)). Lines connect the same neurons. b, Proportion of different behaviours during high (+) and low (−) activation of different subpopulation defined as in a, during the spatial (left) and the social (right) exploration sessions. n = 10 mice. Bar colours denote the behaviour of the experimental mouse, as in Fig. 3h. c, Magnitude of the difference between the mean activity of the two subpopulations in the no social exploration ensemble (top left) is quantified by the interquartile range of this quantity over long epochs (bottom left). Interquartile range during the spatial exploration session (green) and social exploration session, split between no social exploration (grey) and social exploration epochs (blue). The subpopulations of the no social exploration ensemble exhibit a stronger difference signal during no social exploration epochs than during epochs of social exploration. One-way repeated-measures analysis of variance, main effect between groups F(1.7,15.2) = 88.9, P < 0.0001; Tukey’s multiple comparisons test, spatial versus no social, P < 0.0001; spatial versus social, P < 0.0001; no social versus social, P = 0.008. n = 10 mice. d, Probability of rearing (left), grooming (middle) and entropy of the spatial occupancy maps (right) during epochs of high (+) and low (−) ensemble activation for the subpopulations defined in a during the entire social exploration session for rearing and grooming, and during only the no social exploration epochs for entropy. Entropy results are consistent with those obtained for the two spatial exploration ensembles in Fig. 3i left. Wilcoxon matched-pairs signed rank test; activated versus inactivated. Rearing: group 1, P = 0.32; group 2, P = 0.03; group 3, P = 0.55; and group 4, P = 0.06. Grooming: group 1, P = 0.13; group 2, P = 0.91; group 3, P = 0.01; and group 4, P = 0.84. Entropy: group 1, P = 0.23; group 2, P = 0.49; group 3, P = 0.92; and group 4, P = 0.27. n = 10 mice. Data in c, e are mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001, n.s., P ≥ 0.05. Statistical tests are two-sided.
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