


Extended Data Fig. 7 | Similarity of neural subspaces across different 
partners and behaviors. a, b. Cosine similarity between PLSC1 coefficients 
when one animal interacts with different partners (Mean ± SEM). c-f, Chance- 
level subtracted cosine similarity between GABAergic PLSC1s (c), GABAergic 
U1s (d), glutamatergic PLSC1s (e), or glutamatergic U1s (f) established during 
different categories of behaviors. Asterisks mark the observation groups that 
are significantly higher than their shuffle controls. Behavioral categories 
include: attack includes attack, tussle, chase, and threaten; defense includes 
defend, escape, and flinch; sniff includes general-sniffs, face-sniffs, and 
genital-sniffs; approach includes approach and follow; non-social includes 
self-groom, dig, explore object, bite object, climb, and stand. g, Schematics  
of computing cosine similarity as a measurement of PLSC1 stability during 
different behavioral feedback from the interaction partner. Created in 
BioRender. Phi, N. (2025) https://BioRender.com/r9xshzl. h, i, Chance-level 

subtracted cosine similarity between PLSC1s when a subject animal displays  
a particular behavior (indicated by the color of the bars) while the partner 
responds with two different types of behavioral feedback. Asterisks mark the 
pairs of responses that are significantly more similar than shuffle controls.  
The results showed that the weights of the shared GABAergic neural subspaces 
of the subject animals during their non-social moments were more similar 
between the moment the partner animal was sniffing or approaching and the 
moment the partner was conducting non-social behaviors (grey bars in h).  
As animals in both situations were not involved in mutual social interaction,  
the weights of the shared neural subspace were more similar between the two 
conditions. However, this does not mean that the shared neural subspace is 
bigger—the shared neural subspace could be more similar even when it is small. 
Barplots: mean ± SEM (a-f,h,i). See Supplementary Table 1 for details of statistical 
analyses.
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Extended Data Fig. 8 | Shared neural subspace in aggressive animal pairs.  
a, Contribution of annotated behavior to the top shared neural dimension 
(PLSC1) in glutamatergic neurons (Mean ± SEM). b, Percentage of time showing 
aggression in mutual social interactions in individual animal pairs (imaged for 
GABAergic neurons). c-e, Behavior characterization between the aggressive 
and submissive animals in animal pairs showing a high level of aggression.  
f, g, Inter-brain correlation in high-aggression animal pairs during interaction 
sessions, separation sessions, and their shuffle controls in GABAergic (f) or 
glutamatergic neurons (g). h, i, Number of significant shared dimensions 
during interaction or separation sessions in GABAergic (h) or glutamatergic 
neurons (i) in high-aggression animal pairs. j-l, Fraction of variance explained 

by shared dimensions ( j), chance-level subtracted PCC of PLSC1 (k), and 
chance-level subtracted PCC of U1 (l) in GABAergic and glutamatergic neurons 
in high-aggression animal pairs. m, n, Inter-brain correlation (PCC) of 
aggregated (mean) activity during the moments of aggressive behaviors, non-
aggressive social behaviors, and non-social behavior, in GABAergic (m) or 
glutamatergic (n) neurons within interaction sessions. o, p, Fraction of neural 
variance explained by shared dimensions during the moments of aggressive 
behaviors, non-aggression social behaviors, and non-social behavior in 
GABAergic (o) or glutamatergic (p) neurons. Boxplots: medians, interquartile 
ranges (IQR), and whiskers indicating min-max (c-e) or 1.5× IQR (f-p). See 
Supplementary Table 1 for details of statistical analyses.



Extended Data Fig. 9 | Additional analyses on intra-brain correlations and 
neuronal ensembles. a, Neural variance explained by the first principal 
component (PC1) during interaction sessions, social or non-social moments 
within interaction sessions, and during separation sessions in glutamatergic 
neurons, compared to temporally shuffled data (subsampled to 50 neurons).  
b, Intra-brain neural correlation, measured by average PCC between individual 
neurons and PC1 during interaction sessions, social or non-social moments 
within interaction sessions, and during separation sessions in glutamatergic 
neurons, compared to temporally shuffled data (subsampled to 50 neurons). 
c-f, Scatter plots of intra-brain neural correlation versus inter-brain coupling 
above chance (PCC of observed PLSC1 minus the PCC of temporally shuffled 
data) during interaction sessions (c), social (d) and non-social (e) moments 
within interaction sessions, and during separation sessions (f) in glutamatergic 
neurons. g, h, Average pairwise PCC between neurons within the same neural 
ensembles identified during social (g) or non-social (h) moments within 
interaction sessions in glutamatergic neurons. i, Behavior tunings of 
glutamatergic ensembles identified during social and non-social moments 
within interaction sessions. j, Neural variance explained by the first principal 
component (PC1) during social or non-social moments within interaction 
sessions, and during separation sessions in GABAergic neurons, compared to 
temporally shuffled data (subsampled to 50 neurons). k, Average PCC values 

between individual neurons and their corresponding PC1 during social or 
non-social moments within interaction sessions, and during separation 
sessions in the GABAergic population, compared to temporally shuffled data 
(subsampled to 50 neurons). l, Cross-covariance of PLSC1 in GABAergic neurons 
in separation sessions after disrupting intra-brain coupling or temporal coupling, 
relative to the shuffle baseline. m, n, Percentage of significant neurons 
contributing to GABAergic and glutamatergic ensembles identified during 
interaction (m) or separation (n) sessions. o, p, Percentage of significant 
neurons contributing to GABAergic or glutamatergic ensembles identified 
during interaction (o) or separation (p) sessions in animals that contain at least 
one ensemble (GABAergic or glutamatergic neurons are subsampled to 50 
neurons). One animal (glutamatergic) does not contain any ensembles during 
separation sessions. q, r, Average pairwise PCC between neurons within the 
same glutamatergic ensembles during interaction (q) or separation (r) 
sessions after being subsampled to match the average GABAergic neuron 
numbers (Mean ± SEM). s, t, Average pairwise PCC of GABAergic and 
glutamatergic ensembles identified during interaction (s) or separation (t) 
sessions after subsampling glutamatergic neurons to match GABAergic 
neuron numbers (Mean ± SEM). Boxplots: medians, interquartile ranges (IQR), 
and whiskers indicating 1.5× IQR (a, b, j-p). Barplots: mean ± SEM (g, h, q-t). See 
Supplementary Table 1 for details of statistical analyses.
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Extended Data Fig. 10 | Additional characterization of behavioral features. 
a, Example traces of a subset of raw tracking features and derived behavioral 
features that constitute the high-dimensional behavior space of each animal, 
aligned with the behaviors of the subject animal. The raster on top indicates the 
behaviors of the partner animal during the same period. b, Behavior space 
derived from animal postural tracking can decode multiple annotated behaviors 
above chance level, including attack, chase, escape, defend, approach,  

self-grooming, dig, stand, and sniff. c, d, GLM modeling of individual features 
of behavioral space by population neural activity in GABAergic (c) or 
glutamatergic (d) neurons. The fraction of neural variance explained is 
presented as the value exceeding chance levels (subtracting the chance level 
determined from a null distribution). Boxplots: medians, interquartile ranges 
(IQR), and whiskers indicating 1.5× IQR (b-d). See Supplementary Table 1 for 
details of statistical analyses.



Extended Data Fig. 11 | Neural activity during aggressive behavior. a, Variance 
explained by coordinated or uncoordinated behavior subspace during 
aggressive moments. b, Animals’ speeds during different social behaviors.  
c, d, Average activity of GABAergic (c) and glutamatergic (d) neurons, sorted 
based on animals’ speed, in different social behaviors. e, f, No significant linear 
relationship is identified between speed and average neural activity in both 
GABAergic (e) and glutamatergic (f) neurons. g, i, Covariance (g) or correlation (i) 
of the top shared neural dimension (PLSC1) across a lag range of −30 to +30 s 
using 100 ms timesteps in aggressive mouse pairs. h, j, Comparison of PLSC1 
covariance (h) or correlation ( j) within a 1-s window before versus after the peak 

at 0-s lag. k, Correlation of the top coordinated behavior dimension (CC1) 
across a lag range of −30 to +30 s using 100 ms timesteps in aggressive pairs.  
l, Comparison of CC1 correlation within a 1-s window before versus after the 
peak at 0-s lag. In g, i, k, x-axes represent the temporal offset between the  
more aggressive and more submissive animal in each pair, with positive values 
indicating that the signal from the aggressive animal precedes that of the 
submissive animal (Mean ± SEM). Boxplots: medians, interquartile ranges 
(IQR), and whiskers indicating 1.5× IQR (b-d). Barplots: mean ± SEM (h,j,l). See 
Supplementary Table 1 for details of statistical analyses.
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Extended Data Fig. 12 | Additional analyses on neural and behavioral 
subspaces. a, Variance of shared, unique, or full neural spaces explained by the 
combined behavior space of the subject and partner, accounting for chance in 
the glutamatergic population. b, c, Variance in shared neural subspace explained 
by coordinated behavior (b), self-behavior or partner behaviors (c) as a ratio  
to the total variance that can be explained by behavior in the glutamatergic 
population. d, e, Variance in the unique neural subspace explained by 
coordinated behavior (d), self-behavior, or partner behaviors (e) as a ratio to 

the total variance that can be explained by behavior in the glutamatergic 
population. f, g, Partner representation is enriched in the shared neural 
subspace compared to the full neural space in GABAergic (f) or glutamatergic (g) 
neurons. Partner representation data in the shared neural subspace in f, g are 
replotted from Fig. 4l and Extended Data Fig. 12c, respectively. Boxplots: 
medians, interquartile ranges (IQR), and whiskers indicating 1.5× IQR (a). 
Barplots: mean ± SEM (b-g). See Supplementary Table 1 for details of statistical 
analyses.



Extended Data Fig. 13 | Shared neural dynamics between artificial agents. 
a, Number of significantly shared dimensions in social agent pairs (pooling 
over training iterations 15000, 16000, 17000, 18000, 19000, and 20000), 
compared to non-social agents with full vision of the partner trained to a similar 
stage. b, PCC of the top shared neural dimensions (PLSC1) above chance across 
social agent pairs, compared to non-social agents with full vision of the partner 
trained to a similar stage. Values shown are the PCC of observed data minus the 
PCC computed from temporally shuffled data. c, Number of significantly 
shared dimensions in social agent pairs (pooling over training iterations 
15000, 16000, 17000, 18000, 19000, and 20000) upon removing the moments 
in which agents exhibited identical actions. d, PCC of the top shared neural 
dimensions (PLSC1) above chance across social agent pairs, upon removing 
moments of identical actions between the agents. e, Cross-covariance of PLSC1 
in non-social agents after computationally disrupting intra-brain coupling or 
temporal coupling, subtracting shuffle control as baseline. f, Asymmetric 
representation of partner’s behaviors, discounting self-behaviors, was observed 
across agent pairs trained with a different reward structure (Methods).  
g, Variance explained, subtracting chance level, in neural space of chaser 
agents by the top 10 PLSC dimensions or 25 random principal components 
used in perturbation experiments. h, Schematics showing mutual interaction 
task (Methods). i, j, Number of mutual interactions (i) and percent of time 

agents keep the partner in vision ( j) in trained versus untrained agents. k, Number 
of shared dimensions in agents behaving in collaborative (mutual social 
interaction task), competitive (chase-explorer task), and non-social tasks.  
l, PCC of the top shared neural dimensions (PLSC1) above chance in different 
tasks. In a-d, k, and l, data from social agents (also labeled as “original” in c and 
d, and “competitive” in k and l) are replotted from Fig. 6g,h. Data from non- 
social agents in k and l are also replotted from Fig. 6g,h. m, Schematics showing 
the Coins task (Methods). Adapted from ref. 51. n, Number of self coins collected 
in trained versus untrained agents. o, Number of shared dimensions in trained 
agents from the same (observed) or different (cross-pair) interaction sessions. 
p, Schematics showing a more complex social interaction task (Methods). 
Copyright 2024 Google DeepMind. q-s, Number of apples collected (q), acorns 
collected (r), and social captures (s) in trained versus untrained agents. Trained 
agents adopt strategies to increase the collection of high-reward items (acorns) 
while employing a mixed strategy for low-reward items (apples), with some 
agents prioritizing apple collection and others not. t, Number of shared 
dimensions in trained agents from the same (observed) or different (cross-pair) 
interaction sessions. Boxplots: medians, interquartile ranges (IQR), and 
whiskers indicating min-max (i, j) or 1.5× IQR (a, b, e, g, k, l, n, o, q-t). Barplots: 
mean ± SEM (c, d, f). See Supplementary Table 1 for details of statistical analyses.



1

nature portfolio  |  reporting sum
m

ary
April 2023

Corresponding author(s): Weizhe Hong

Last updated by author(s): Mar 2, 2025

Reporting Summary
Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection In vivo microendoscopic imaging data and behavior videos was collected using Miniscope V4 (UCLA) and open source data acquisition 
software (https://github.com/Aharoni-Lab/Miniscope-DAQ-QT-Software). Confocal images were collected using ZEISS ZEN (black edition, 
v2.1).

Data analysis Statistical analyses were conducted using Prism (V10, GraphPad), MATLAB (R2022a, MathWorks) or Python (3.10). Code for behavioral 
analysis (github.com/pdollar/toolbox and github.com/hongw-lab/Behavior_Annotator), animal pose tracking (SLEAP v1.1.5, github.com/
talmolab/sleap), microendoscopic imaging data analysis (github.com/etterguillaume/MiniscopeAnalysis, github.com/zhoupc/CNMF_E, 
github.com/flatironinstitute/NoRMCorre, github.com/hongw-lab/CScreener, github.com /hongw-lab/1p_preprocessing), neuronal ensemble 
detection (github.com/tortlab/Cell-Assembly-Detection/blob/master), multi-agent reinforcement learning (Ray v.2.2, github.com/hongw-lab/
MARL_Environment_Chase), and additional analyses supporting the conclusions of this paper (github.com/hongw-lab/Code_for_2024_Zhang-
Phi) is available on GitHub.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
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publications in the field (Kingsbury et al. Cell 2019), and are deemed appropriate based on the size and statistical significance of the effects 
and consistency across animals. Sample sizes are reported in Methods and Supplementary Table 1. 

Data exclusions In the analysis of animal behavior, we excluded frames where animal behaviors were interrupted by cables or the human experimenter.

Replication All behavioral and imaging experiments were replicated in multiple animals from several different litters and showed similar results.  For 
GABAergic groups, the behavior experiment was replicated 14 times in male mice and 8 times in female mice. For glutamatergic groups, it was 
replicated 13 times in male mice and 9 times in female mice.

Randomization Animals were randomly assigned to GABAergic or glutamatergic groups. Experimental animal pairs were formed randomly between animals of 
appropriate sex, weight and age.

Blinding In behavioral tests, experimenters were not blind to the types of neuronal population being imaged, as neural activity patterns are different 
between the two populations that we studied. We ensure that the behavioral tests were done in the same experimental conditions. 
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Laboratory animals C57BL/6J mice (JAX stock No. 000664) and Vgat-ires-Cre knock-in mice (JAX stock No. 028862) from The Jackson Laboratory were 
used. Animals were housed in 12 h light-dark cycle (9 p.m. -- 9 a.m. light), with food and water available ad libitum, and under 
controlled environmental conditions at a temperature of 21–23°C and relative humidity of 30–70%. All experiments were performed 
during the dark cycle of the animals in a dark room illuminated by red light. 11-16-week-old animals were used for behavioral and 
imaging experiments.

Wild animals No wild animals were used in this study.

Reporting on sex Both male and female mice were used for the initial behavioral characterization, and both groups showed significant inter-brain 
coupling during social interaction session. The data of female mice are reported in the Extended Data and Supplementary Table 1.

Field-collected samples No field-collected samples were used in this study.

Ethics oversight Care and experimental manipulations of all animals were carried out in accordance with the NIH Guide for Care and Use of 
Laboratory Animals and approved by UCLA IACUC.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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