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N E U R O S C I E N C E

Information sharing within a social network is key to 
behavioral flexibility—Lessons from mice tested under 
seminaturalistic conditions
Maciej Winiarski1, Anna Madecka1, Anjaly Yadav1, Joanna Borowska1, Maria R. Wołyniak1,  
Joanna Jędrzejewska-Szmek2, Ludwika Kondrakiewicz1, Lech Mankiewicz3, Mayank Chaturvedi4,5, 
Daniel K. Wójcik2,6, Krzysztof Turzyński7, Alicja Puścian1*, Ewelina Knapska1*

Being part of a social structure offers chances for social learning vital for survival and reproduction. Nevertheless, 
studying the neural mechanisms of social learning under laboratory conditions remains challenging. To investi-
gate the impact of socially transmitted information about rewards on individual behavior, we used Eco-HAB, an 
automated system monitoring the voluntary behavior of group-housed mice under seminaturalistic conditions. In 
these settings, male mice spontaneously form social networks, with individuals occupying diverse positions. We 
show that a rewarded group member’s scent affects the ability of conspecifics to search for rewards in familiar and 
novel environments. The scent’s impact depends on the animal’s social position. Furthermore, disruption of neu-
ronal plasticity in the prelimbic cortex (PL) disrupts the social networks and animals’ interest in social information 
related to rewards; only the latter is blocked by the acute PL inhibition. This experimental design represents a 
cutting-edge approach to studying the brain mechanisms of social learning.

INTRODUCTION
Social structure resulting from kinship, friendship, and hierarchy 
among individuals is a hallmark of human society. Being a part of 
this structure is key for survival and reproduction (1, 2). Similar 
structures are also observed in other social species, including ro-
dents (3). Although living with conspecifics may generate sub-
stantial costs, such as competition for resources and parasite 
transmission, it also raises an individual’s evolutionary fitness 
in many ways, such as, for example, by providing valuable infor-
mation about the environment. Social learning about environ-
mental opportunities helps individuals to adjust to the rapidly 
changing circumstances without the need for firsthand experi-
ence, which can be costly as it requires foraging and thus energy 
expenditure (4–7). Yet, studying social learning and mechanisms 
of socially driven spreading of information within the social net-
works in group-housed mice is still not established under labo-
ratory conditions.

Thus far, processing of information provided by others has al-
most exclusively been studied in simplified models using dyads or 
triads of interacting rodents (8–10). These studies showed that emo-
tionally aroused animals transmit cues that can be detected and de-
coded by conspecifics (11). They also elucidated a set of neuronal 
circuits involved in the processing of social information, including 

networks within the prefrontal cortex (PFC) (12). In contrast, how 
learning scales up from individuals to social networks is yet to be 
determined. Moreover, we know very little about social learning un-
der more complex conditions, i.e., in animals living in groups, using 
larger territory, and functioning within a social structure. Although 
difficult, such studies are of paramount importance because murine 
sociability is heavily dependent on population density, habitat size, 
and social structure (13).

Furthermore, most laboratory studies on social communication 
and learning rely on the assessment of direct interactions between 
individuals. However, under natural conditions, the life of mice, in 
particular their social life, is dominated by smell. Mice commonly 
use odors to detect and assess food and predators, recognize indi-
viduals, and evaluate sexual and social status (14–17). Notably, a 
major form of communication among mice is scent marking with 
urine that does not require direct contact between individuals 
(18, 19).

Both rodent and human studies implicated the PFC in the pro-
cessing of social information (20, 21), discriminating the affective 
state of other individuals (22, 23), maintaining social hierarchy (24), 
and social transmission of information about food safety (25). The 
PFC is known for the dynamic processes of neuronal plasticity. In 
some cognitive tasks dependent on the circuitry in both the PFC 
and subcortical areas, the refinement of the neuronal connectivity 
and activity is observed much faster in the former (26). These find-
ings support the role of the PFC as a highly flexible and versatile 
structure for processing novel information in changing environ-
ments (27, 28). Tissue inhibitors of metalloproteinases (TIMPs) are 
a family of endogenous proteins that affect synaptic plasticity, pre-
dominantly by inhibiting the enzymatic activity of matrix metallo-
proteinases (MMPs), in particular MMP-9 (29–36). TIMP-1 has 
been shown to disrupt neuronal plasticity in the PFC (30). Under 
physiological conditions, TIMP-1 plays a role in long-term poten-
tiation (LTP) (37), a process crucial for forming memory on the 
cellular level. Here, we use nanoparticles (NPs) gradually releasing 
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TIMP-1 to affect plasticity in the prelimbic part of the PFC (PL) and 
cause prolonged impairment in the updating of its neuronal con-
nectivity, with a goal of disrupting social behavior. Furthermore, to 
differentiate between the effects of disrupting synaptic plasticity ver-
sus impairing neuronal activity, we counterbalance TIMP-1 experi-
ments with the ultrapotent chemogenetic silencing studies and show 
diverse impact of the two.

Together, we illustrate the profound effects of social information 
about reward on animals’ behavior and their ability to adjust to chang-
es in both familiar and novel environments. We show that mice—when 
provided with seminaturalistic conditions—spontaneously form social 
networks, effectively learn from social olfactory cues, and use such in-
formation to gain access to the reward. The animals display clear and 
stable individual differences in social interactions, and socially con-
veyed information has different effects on individual mice. Last, social 
learning and resulting adjustments of social structure are impaired 
when synaptic plasticity in the PL is disrupted, whereas only the for-
mer is deficient when the PL neurons are silenced.

RESULTS
The scent of a sucrose-rewarded mouse attracts other mice
To study how social information about the reward availability affects 
the behavior of individuals, we used Eco-HAB (38), an automated 
system for tracing social behavior and learning of mice living in a 
group under seminaturalistic conditions. Eco-HAB allows for mea-
suring voluntary behaviors, with animals responding at their own 
pace, as well as for collecting data continuously and for much longer 
time than in classical tests.

In the first round of experiments, after 48 to 72 hours of habitua-
tion to the Eco-HAB environment, 2 mice of 12 living together were 
separated from the group and put into individual cages for the next 
24 hours. The separated mice provided a source of social olfactory 
information—bedding soaked with their urine and fecal matter—
which was then presented to the rest of the group still inhabiting the 
Eco-HAB. The two scents were presented for 12 hours, in two dis-
tant, opposite spaces within the territory (Fig. 1A). To avoid mixing 
the scents, olfactory stimuli were placed behind the perforated sepa-
rators so the mice could not touch the bedding. They had access 
only to the olfactory cues. Notably, the two separated mice did not 
come back to their original cohort in the testing phase, so there was 
no direct contact that might have resulted in the additional ways of 
communication between the conspecifics.

The same cohort of mice was subjected to two rounds of experi-
mental procedures in the familiar environment. In the first, control 
round of testing, both separated mice got access to tap water while 
singly housed [water-drinking demonstrator (WDD)]. In the sec-
ond round, the same two mice were separated, but this time, one of 
them got access to a highly rewarding 10% sucrose solution [sucrose-
drinking demonstrator (SDD)], whereas the other drank water. We 
show that animals respond to the presentation of the social cue from 
a rewarded mouse in a familiar environment by adjusting their be-
havior. First, they display a strong interest in the bedding from a 
mouse having access to a 10% sucrose solution (a social cue from 
SDD) in comparison to the scent of a mouse having access to tap 
water (Fig. 1B). Notably, the overall exploratory activity of the mice 
is not changed (Fig. 1C), which suggests that the olfactory informa-
tion affects social rather than general exploratory behavior. These 

results were confirmed by the replication experiment performed in 
another cohort of mice (fig. S1).

Response to information about reward depends on the 
position in the social network
Mice are known to form complex social structures (39–41). Here, 
we visualize the social networks in the Eco-HAB–housed mice with 
a node-edge graph. In the graph, the nodes represent the number of 
chasings (fig. S2) performed by an individual mouse, and the thick-
ness of the edge connecting any two nodes represents how many 
times a given mouse chases after another (Fig. 2, A and B). By per-
forming simple habitation experiments—no changes introduced to 
the Eco-HAB environment throughout the testing period—we show 
that mice gradually develop a complex social network, with differ-
ences in the level of chasings between individuals stabilizing within 
at most 3 days of being put into the new territory (fig. S3).

Social structures in rodents are most commonly related to social 
hierarchy (42–44). Thus, to investigate the relationship of the social 
network based on the intensity of chasing conspecifics with a domi-
nance hierarchy, we compared the number of chasings performed 
by the individual mice with their performance in the U-tube domi-
nance test. We show that, in the well-stabilized social network, there 
is a positive correlation between the number of chasings and the 
U-tube dominance score (fig. S4). Notably, we show that social net-
works within the tested cohorts can take one of two forms: They can 
be hierarchical, with a clear leader (sometimes more than one), or 
be more egalitarian, as based on the spectral analysis showing indi-
vidual contributions to the network formation. Furthermore, the 
effects of information about the reward availability on the social 
structure depend on how the network looked before changes were 
introduced to the testing environment.

We show that social networks change in response to the perti-
nent source of information being placed in the habitat. Specifically, 
upon the introduction of the reward availability-related social cues, 
the group structure shifts, in comparison to the no-change effect 
under the neutral social cues condition (Fig. 2, C to G). The effect is 
reflected in the increased frequency of chasing on the level of the 
whole group (Fig. 2F versus Fig. 2G). Moreover, the individual dif-
ferences in the position within the stratified social network are re-
flected in the variable increase in chasing. This is illustrated by the 
spectral analysis, showing that animals that contribute the most to 
the social network before the information about the reward avail-
ability is introduced are also the ones that determine changes in the 
network to the highest degree (Fig. 2, H and I). The social networks 
formed by the mice in the cohort illustrated in Fig. 2 display a hier-
archical structure under both tested conditions (SDD and WDD). A 
few individuals notably influence the social dynamics, with the 
dominant animal contributing the most to the observed changes. 
Together, social structure changes in response to social cues indicat-
ing a sucrose resource in the environment.

The scent of a rewarded mouse attracts other mice 
regardless of the type of reward
To test whether interest in the social scents of familiar conspecifics 
exposed to the appetitive factors is evoked regardless of the type of a 
reward, and to ensure that the observed behavioral changes are not 
specifically due to the animals responding to sucrose metabolites in 
the social scents, we conducted the following experiments.
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First, we conducted a test following the same protocol as pre-
sented in Fig. 1, but this time, the social scent came from a mouse 
that consumed a rewarding, however, non-sugary, fatty drink 
(Fig. 3A). As before, the mice underwent two rounds of experi-
mental procedures.

In the control round of testing, separated mice got access to tap 
water (WDD). In the experimental round, one drank a 10% liquid 
cheddar cheese solution [cheese-drinking demonstrator (CDD)], 
whereas the other drank water. Similarly to what was observed in 
the case of the social cue indicating a sugary reward, mice en-
hance their interest in the bedding from the CDD in comparison 
to the control (Fig. 3B). Meanwhile, their exploratory activity 

does not change between the conditions (Fig. 3C). However, what 
distinguishes this experiment from the one in Fig. 1 is that expo-
sure to the social cue from a conspecific consuming a fatty drink 
does not appear sufficiently potent to induce alterations in the so-
cial network. The distribution of chasing behavior does not change 
either in the control (WDD) or in the experimental (CDD) condi-
tion after social cues are presented in the territory (Fig. 3, D to F). 
Nevertheless, the structure of the group is similarly hierarchical to 
the one in Fig. 1, with two mice contributing the most, as indi-
cated by the spectral analysis (Fig. 3, G and H).

In the next experiment, we slightly modified the original protocol 
to test the effects of a social cue indicating a nonconsummatory 

Fig. 1. Social olfactory cues indicating a sucrose reward attract mice. (A) Schematic representation of the experimental design. Arrows indicate the relocation of the 
animals or their scents. h, hours. (B) Mice prefer the compartment where the bedding soaked with the scent of the SDD was presented over the compartment where the 
bedding soaked with the scent of the WDD was presented. Approach to social odor was calculated as a proportion of visits to the compartments containing olfactory cues 
[SDD-WDD (reward availability-neutral) to WDD-WDD (neutral-neutral)] divided by a respective parameter from the corresponding period 24 hours before the introduc-
tion of the social stimuli (see Materials and Methods). (C) Social olfactory cue indicating that reward availability does not change the exploratory activity. Total number of 
visits to all compartments of the Eco-HAB. Values for individual subjects are presented on the heatmap (right to the bar plots), squares in each row represent data for the 
same mouse, and columns represent trials, sorted by the control condition. Data in the bar graphs are shown as means ± SE. **P < 0.01. SDD, sucrose-drinking demonstra-
tor; WDD, water-drinking demonstrator.
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reward (Fig. 4A). Specifically, under the experimental condition, we 
put the separated demonstrators into the cages with dividers. One of 
the isolated mice was placed in a cage where, behind a divider, there 
was only fresh bedding (CTRL). The other demonstrator was exposed 
to a female separated by a divider (FemD). In this setup, the male 
demonstrator could not freely interact with the female or acquire her 
scent on its fur; it could only have nose-to-nose contact through 
small holes in the perforated divider. As before, we collected the 
scents from both the CTRL and FemD animals and presented them 
to the group in opposite cages of the Eco-HAB. The control condition 
was as previously configured in Figs. 1 and 3 (WDD). We demon-
strate that mice exhibit more intense exploration of the social cue 

from the FemD compared to the control (Fig. 4B). As previously de-
scribed, exploratory activity does not differ between the experimental 
and control conditions (Fig. 4C). Moreover, the presentation of such 
a social olfactory cue alters the level of chasing behavior within the 
group, thereby influencing the structure of the social network (Fig. 4, 
D to G). Specifically, unlike the social cues related to sucrose avail-
ability, social cues from the female exposed conspecific decrease the 
number of chasings, as depicted in the histograms showing changes 
in the distribution of this behavior within the group after the intro-
duction of the FemD’s social cue, with no change observed under the 
control condition (Fig. 4, F and G). Consistent with the previous two 
experiments, we observe a hierarchical social order, with one or two 

Fig. 2. Mice form social networks based on individual differences in chasing behavior, and these social structures can change in response to social cues indicat-
ing the presence of a sucrose resource. (A) Social networks defined based on the patterns of chasing, (I) instances of mouse M2 trailing mouse M1. (II) Group’s social 
network is represented as a weighted, directed graph with nodes corresponding to individuals and edges to interactions between them. (III) Different colors represent the 
behavior of individual mice. (B) The radius of each node is proportional to the number of chasings performed by a corresponding mouse. The arrows are directed from a 
chaser to a chased individual; the thickness of an arrow is proportional to the number of chasings performed by a given mouse. (C to G) The presence of the social olfac-
tory cues under the SDD condition increases chasing. Social network during the baseline and after the presentation of social cues indicating either the reward availability 
[(C) SDD] or the neutral stimuli [(D) WDD]. (E) Increase in chasing resulting from the presentation of the social cue indicating reward availability (SDD) and its absence 
under the control condition (WDD). Histograms [(F) and (G)] show the distribution of chasings [habituation period (before) versus period when the stimuli carrying social 
information were presented (after)]. (H and I) Spectral analysis of the social network. The animals that contribute the most to the social network before the information 
about the reward availability is introduced are also the ones that determine changes after the social cue for the SDD was presented. The size of the horizontal bars repre-
sents each individual’s contribution (different colors) to the composition of the main factor (factor 1) underlying the shape of the network. ***P < 0.001. SDD, sucrose-
drinking demonstrator; WDD, water-drinking demonstrator.
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Fig. 3. Social olfactory cues indicating a fatty reward attract mice but do not change the social dynamics. (A) Schematic representation of the experimental design. 
Arrows indicate the relocation of the animals or their scents. (B) Mice prefer the compartment where the bedding soaked with the scent of the CDD was presented over 
the compartment where the bedding soaked with the scent of the WDD was presented. (C) Social olfactory cue indicating that reward availability does not change explor-
atory activity. (D) The presence of the olfactory cue from a CDD does not influence chasing behavior. Histograms (E and F) show the distribution of chasings between all 
mice in the dark phases of the experiment [habituation period (before) versus period when the stimuli carrying social information were presented in the environment 
(after)]. (G and H) Spectral analysis of the social network. The animals that contribute the most to the social network structure before the information about the reward 
availability is introduced are also the ones that determine changes in the network to the highest degree after the social cue for the CDD was presented. The size of the 
horizontal bars represents individual’s contribution (different colors) to the composition of the main factor (factor 1) underlying the shape of the network. Values for indi-
vidual subjects in the bar graphs are presented on the heatmap, squares in each row represent data for the same mouse, and columns represent trials, sorted by the 
control condition. Data in the bar graphs are shown as means ± SE. The measures in (B) and (C) were calculated as for the corresponding data in Fig. 1. **P < 0.01. CDD, 
cheese-drinking demonstrator; WDD, water-drinking demonstrator.
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mice contributing the most to the formation of the social network, as 
indicated by the spectral analysis (Fig. 4, H and I).

Together, both experiments confirm that, in the familiar envi-
ronment, animals are more interested in investigating social scents 
indicating that the conspecific undergone an appetitive experience 
in comparison to the social scents of familiar mice exposed to neu-
tral stimuli. Moreover, chasing patterns differ not only between the 

exposure to neutral and reward indicating social cues but also be-
tween social cues indicating different types of rewards, as depicted 
in the summary (Fig. 4J). It is noteworthy that chasing behavior 
does not vary between different experiments where we presented 
social cues indicating consummatory rewards. However, all the con-
summatory rewards chasing patterns differ from the one in condi-
tion with social cue indicating a female.

Fig. 4. Social olfactory cues indicating exposure to a female attract mice and dampen chasing behavior. (A) Schematic of the experimental design. Arrows indicate 
the relocation of the animals or their scents. (B) Mice show preference for the compartment with the bedding soaked with the scent of the female-exposed demonstrator 
(FemD) in comparison to that of the WDD. (C) The FemD social olfactory cue does not influence exploratory activity. (D and E) The FemD social olfactory cue decreases 
chasing behavior. Histograms (F and G) show the distribution of [habituation period (before) versus period when the stimuli carrying social information were presented 
(after)]. (H and I) Spectral analysis of the social network. The animals that contribute the most to the social network structure before the information about the reward 
availability is introduced are also the ones that determine changes in the network after the social cue for the CDD was presented. The size of the horizontal bars represents 
individual’s contribution (different colors) to the composition of the main factor (factor 1) underlying the shape of the network. (J) Summary of the differences in chasing 
patterns in experiments from Figs. 1 to 4 and fig. S1, which differ between the conditions of exposure to the neutral and reward-indicating social cues and between the 
social cues indicating different types of rewards. Values for individual subjects in the bar graphs are presented on the heatmap, squares in each row represent data for the 
same mouse, and columns represent trials. Data are shown as means ± SE. All the measures in (B) ad (C) were calculated as for the corresponding data in Fig. 1. *P < 0.05; 
***P < 0.001. FemD, female-exposed demonstrator; CTRL, new bedding-exposed demonstrator; WDD, water-drinking demonstrator.
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Disrupted synaptic plasticity in the PL prevents the 
reshaping of social networks
In the next experiment, we used the previously established protocol 
(Fig. 1A), exposing a demonstrator to a sucrose reward, to study the 
behavior of mice before (SDD CTRL) and after impairing their neu-
ronal plasticity by releasing TIMP-1 into the PL (SDD TIMP-1, Fig. 
5A). Initially, we tested a cohort of naïve mice by presenting them 
with social cues from SDDs in the familiar environment, as done 
with the SDD group in Fig. 1. Following this, we bilaterally injected 
NPs loaded with TIMP-1 to the PL, which markedly altered the ob-
served behavioral pattern.

Notably, after the brain manipulation impairing neuronal plas-
ticity in the PL (SDD TIMP-1), mice still display preferences for the 
social scent indicating a reward similar to the control condition 
(SDD CTRL, Fig. 5B). Also, the injection of TIMP-1–loaded NPs 
does not affect the overall exploratory activity (Fig. 5C). However, 
this brain manipulation eliminates the changes in the social network 
induced by social cues indicating a sucrose reward, seen under the 
SDD CTRL condition (Fig. 5, D to F). The social network, character-
ized by a more egalitarian structure within this group and the lack of 
clear leaders, remained unchanged even after the introduction of 
social information regarding reward availability, across all experi-
mental conditions. This is supported by spectral analysis (Fig. 5, G 
and H) indicating the stability of the social network within a given 
group over time. Thus, disrupting neuronal plasticity in the PL pre-
vents the usual reshaping of social network induced by social cues 
indicating a sucrose reward presented in the familiar environment.

Social olfactory information helps to navigate a 
novel environment
To investigate whether olfactory information from a rewarded mouse 
helps to find resources in a novel, unfamiliar environment, we tested 
mice transferred to a new Eco-HAB system, previously inhabited by 
two familiar mice (scouts), which had left social olfactory cues 
throughout the territory (Fig. 6A). These social cues had been left by 
the animals that had access to either water in the two opposite Eco-
HAB compartments (WDD-vehicle) or to a 10% sucrose solution in 
one of the compartments and to water in the other compartment 
(SDD-vehicle and SDD–TIMP-1). The bottles drunk from by the 
scouts were replaced with the new ones containing water before the 
tested cohort of mice—moving in from another Eco-HAB—was in-
troduced to the testing environment.

We show that mice in the SDD-vehicle group display a prefer-
ence for the bottle placed in the site previously rewarded in scouts 
(Fig. 6B), whereas their exploratory activity remains unchanged 
(Fig. 6C). These results were confirmed by the replication experi-
ment performed in another cohort of mice (fig. S5). In addition, 
mirroring previous experiments, mice exhibit changes in chasing 
behavior upon exposure to social cues indicating reward availability 
in the environment, contrasting with the control condition (Fig. 6, 
D to F). Notably, our replication experiment (fig. S4) supports these 
observations.

On the other hand, mice with TIMP-1–impaired neuronal plastic-
ity in the PL (SDD–TIMP-1) exhibit deficits across all tested behaviors. 
Specifically, they display a reduced preference for the site where the 
scouts were rewarded (Fig. 6B) and engage in much less chasing be-
havior (Fig. 6, D and G) even if it is slightly increased after presentation 
of the social cue indicating sucrose. Furthermore, all cohorts demon-
strate a clear hierarchical social structure, as evidenced by spectral 

analysis highlighting a few animals that are contributing the most to 
the chasing patterns (Fig. 6, H to J). However, in contrast to the non-
treated groups (Fig. 6, H and I), the TIMP-1–treated animals show 
disrupted contributions to the composition of their social network. 
Namely, those mice that were the most notable contributors prior to 
the social cues presentation are not the same individuals that are the 
most notable contributors afterward (Fig. 6J). Nevertheless, this result 
should be interpreted cautiously as the level of chasing in the group is 
notably lower compared to the nontreated animals tested under the 
SDD-vehicle condition (Fig. 6D). In addition, the SDD–TIMP-1 group 
displays a slight decrease in exploratory activity (Fig. 6C). Therefore, 
these data underscore that, under the more challenging conditions of a 
new environment, deficits in neuronal plasticity in the PL not only af-
fect social behavior but also influence exploratory activity.

Acute silencing of the PL impairs the response to socially 
cued reward but not chasing
Under the challenging conditions of a novel environment, pro-
longed TIMP-1 treatment in the PL affects both the exploration of 
social cues signaling reward availability and the patterns of pur-
suit within social networks (chasing). To discern whether these 
effects stem specifically from dysfunctional neuronal plasticity 
rather than acute impairment of neuronal activity, we conducted 
chemogenetic experiments.

We used an ultrapotent pharmacologically selective actuator mod-
ule (PSAM)–pharmacologically selective effector molecule (PSEM) 
system (Fig. 7A), which allows to alter neuronal activity for at least 
120 min (45). We silenced the excitatory, calcium- and calmodulin-
dependent protein kinase II (CaMKII)–expressing neurons in the PL 
and performed the studies on mice using social information about 
the reward to navigate in a novel environment, as previously de-
scribed (Fig. 6A). We measured the effects of the intervention both 
during the neuronal silencing and after it has ceased to see whether 
the longitudinal effects on reshaping of social network present in the 
TIMP-1–treated animals are also present in this case.

We demonstrate that silencing excitatory neurons in the PL 
(SDD-PSEM) selectively impairs interest in social olfactory cues in-
dicating a reward. This is evidenced by the reduced preference for 
the bottle rewarded in scout mice compared to the control group 
(SDD-vehicle, animals injected with saline instead of the PSEM, Fig. 
7B). There are no differences in the exploratory activity between the 
groups (Fig. 7C). However, in contrast to the plasticity-related effects 
of TIMP-1, neuronal silencing does not prevent reshaping of the 
chasing patterns caused by the presentation of social cue indicating 
a sucrose reward in the long run. To test that, we calculated the fre-
quency of chasing under both the SDD-vehicle and SDD-PSEM con-
ditions in comparison to the baseline period after the chemogenetic 
intervention has ceased (6 to 12 hours after PSEM injection). To 
evaluate the direct impact of the chemogenetic intervention, we also 
looked at chasing in the 2-hour period of neuronal manipulation 
(right after PSEM injection), but as expected, such a short time is not 
sufficient for animals to show any changes in social network (fig. S7, 
A to C). The analysis of the broader, 6-hour period after the injec-
tions reveals that the reshaping of chasing patterns start appearing in 
the SDD-vehicle group already at this point but not yet in the PSEM-
manipulated animals (fig. S7, D to F), which are then explicit after 6 
to 12 hours after the intraperitoneal injections (Fig. 7F).

Thus, although deficits of the synaptic plasticity disrupt chasing 
patterns within the social network (Fig. 6, D, G, and J), short-term 
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Fig. 5. Disrupting synaptic plasticity in the PL impairs social cue–related changes in the social network. (A) Timeline of the experimental protocol. First, we tested 
the response of mice to the olfactory cues from an SDD (SDD CTRL), and then the mice were stereotaxically injected with NPs gradually releasing TIMP-1 and thus impair-
ing neuronal plasticity in the PL. After 5 days of recovery, mice were retested in the Eco-HAB (SDD TIMP-1). (B) In the familiar environment, TIMP-1 injection to the PL does 
not change the preference for the olfactory cues from a rewarded mouse when compared to the trial before surgery, (C) nor does it change exploratory activity of mice. 
(D to F) TIMP-1 (SDD TIMP-1) disrupts the intensification in chasing between the before and after periods observed under the (SDD CTRL) condition. (G and H) Spectral 
analysis of the network revealed a more egalitarian (without a clear leader), however, similarly consistent group structure in comparison to the previous experiment, both 
before (SDD CTRL) and after TIMP-1 treatment (SDD TIMP-1). The measures in (B) and (C) were calculated as for the corresponding data in Fig. 1. **P < 0.01. Data in the bar 
graphs are shown as means ± SE. Values for individual subjects are presented on the heatmap (right to the bar plots), squares in each row represent data for the same 
mouse, and columns represent trials, sorted by the control condition.
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Fig. 6. Social olfactory information helps to find the reward in a novel environment; the process requires intact plasticity in the PL. (A) Schematic of the experiment. 
During habituation (IA and IIA), we placed additional water bottles in both Eco-HABs. After 72 hours (IA), two mice from Eco-HAB I were moved to the intact Eco-HAB II (IIB), 
leaving the rest of the group behind (IB). One bottle in the novel Eco-HAB II contained 10% sucrose, the other tap water (SDD-vehicle); in the control group, both bottles 
contained water (WDD-vehicle). After 24 hours, the two scouts were moved out, the bottles cleaned and refilled with water, and the rest of the group was moved into the 
Eco-HAB II (IIC). (B) Newcomer mice prefer drinking from the bottle in the compartment where the scout mice were rewarded (WDD-vehicle versus SDD-vehicle). Injection of 
TIMP-1 decreases that preference (SDD–TIMP-1). (C) The exploratory activity is unchanged between the WDD-CTRL and SDD-CTRL conditions. Meanwhile, SDD–TIMP-1 mice 
show a decrease in this parameter in comparison with both those groups. (D to G) In the SDD-CTRL and SDD–TIMP-1, chasing intensifies upon introduction to the new envi-
ronment, which is not the case in the WDD-CTRL. However, the overall chasing is diminished in the SDD TIMP-1 group. (H to J) Spectral analysis of the social networks in 
WDD-CTRL and SDD-CTRL groups reveals that they are stratified and have clear leaders. The animals that contribute the most to the composition of the social network before 
the change of the habitat are the ones that contribute the most after. In the SDD–TIMP-1 mice, the structure of the social network is unstable and scrambled. *P < 0.05; 
***P < 0.001. Data in the bar graphs are means ± SE. Values for individuals in (B) to (C) are presented on the heatmap in accordance with the order of bars and sorted.
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changes in neuronal activity do not affect this behavior. Together, 
our findings suggest that intact neuronal plasticity in the PL is cru-
cial for maintaining social structure within the group, as observed in 
our experiments conducted in the novel Eco-HAB environment 
(Figs. 6 and 7).

DISCUSSION
We show that mice eagerly explore social olfactory cues left by their 
rewarded conspecifics and can distinguish between neutral and 
reward-related social odors, regardless of the reward type. Further-
more, the olfactory information left by a rewarded mouse helps other 
individuals navigate in a novel environment. In addition, we show that 
olfactory cues from well-known, familiar conspecifics suffice for the 
transfer of information about the reward. This observation is in line 
with the social information transmission theory, according to which, 
in a novel environment, animals with no direct experience heavily rely 
on social cues (46). Consistently, we observed that, after the two scout 

mice had been patrolling and scent marking the novel environment, 
the rest of the mice, subsequently moved into the Eco-HAB, preferred 
drinking from the bottles that were rewarding for their peers. The ef-
fects of gaining preference for the things liked by the members of one’s 
social group are well documented in humans (47). The presented ex-
perimental approach opens previously unexplored avenues for investi-
gation of such phenomena and enables a better understanding of their 
neural basis in well-controlled rodent experiments.

Notably, a critical aspect of this process is the ability of mice to 
distinguish and respond differently to the scents of familiar conspe-
cifics. Rodents, in particular, are known to recognize the social 
scents of individuals they have been housed with (15, 48–53), re-
gardless of genetic relatedness (54). These scents are thought to con-
sist of unique signature mixtures, rather than simple pheromones 
(51, 52, 55–59). The complex volatile profiles each mouse produces 
play a critical role in their ability to recognize others. Notably, a 
change in the scent of a familiar individual—potentially induced by 
exposure to a new environment, such as a novel cage—often prompts 

Fig. 7. Silencing of the excitatory CaMKII-expressing cells in the PL impairs social learning but does not prevent the changes in chasing behavior. (A) We silenced 
excitatory cells in the PL with ultrapotent chemogenetics (PSAM-PSEM system). Animals were injected with a vector expressing PSAM under the CaMKII promoter in the 
PL and subjected to the novel environment Eco-HAB experiment after 3 weeks. The artificial chloride ion channels were activated with an intraperitoneal injection of PSEM 
for ~120 min when animals were put into the new environment with social cues indicating a reward. (B) Mice with silenced PL neurons (SDD-PSEM) display a lower level 
of preference for drinking from the bottle in the compartment where the scouts were rewarded in comparison to the control, saline-injected group (SDD-vehicle). 
(C) Exploratory activity is not affected by the brain manipulation. (D to F) Longitudinal patterns of chasing behavior measured after the chemogenetic intervention has 
ceased (6 to 12 hours after PSEM injection). The frequency of chasing increased upon the presentation of the social cues indicating a sucrose reward under both SDD 
vehicle and SDD PSEM conditions in comparison to the baseline period, showing that acute reduction in neuronal activity in the PL has no impact on reshaping of social 
networks. *P < 0.05; **P < 0.01; ***P < 0.001. Data in the bar graphs are shown as means ± SE. Values for individual subjects in (B) and (C) are presented on the heatmap 
(right to the bar plots) in accordance with the order of bars; each group is sorted.
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close examination by other mice (54). Given this, the influence of a 
social scent from an animal that drank water cannot be disregarded. 
To account for the potential impact of novelty, we simultaneously 
presented subjects with two familiar social scents: one from an ani-
mal that drank water and another from an animal that consumed 
sucrose and cheese or had been exposed to a female. The same pro-
tocol was applied under the control conditions, where the social 
scents were from two different familiar animals exposed to neutral 
stimuli. Despite both demonstrators encountering novelty, the test 
subjects reliably alter their behavior in response to the scent of the 
animal subjected to the experimental condition, even in cases where 
metabolic changes are unlikely to play a role, such as exposure to a 
female. Thus, the differential responses of the test subjects suggest 
that the behavioral shifts are driven primarily by the demonstrator’s 
experience, conveyed through olfactory cues released by the dem-
onstrator, rather than by metabolic by-products or general novelty.

Furthermore, social learning relies on efficient social communi-
cation (60) and social information processing (61). We have devel-
oped a method of tracking social interactions between individual 
mice living in a group in the Eco-HAB by tracing chasings through 
the corridors of the system. We chose to measure chasing because it 
is a type of social interaction by definition voluntarily initiated by a 
mouse, which chooses to trail another and thus gets direct access to 
the olfactory cues of a trailed individual. Getting olfactory cues 
through sniffing the anogenital area of other individuals is an im-
portant source of information in mice (62). Because changes in 
chasing behavior show high individual variability, they may play a 
role in social communication. Moreover, except for information 
seeking, chasing is also a form of dominant behavior (63–68). Nota-
bly, the presence of social sucrose reward–related olfactory cues in 
the environment increases chasing. The degree to which chasing in-
creases reflects individual differences in social status within the 
group. Thus, it is likely that the chasing behavior has two compo-
nents: information seeking and expression of dominance over other 
mice (65, 66).

To have an independent measure of social dominance, we com-
pared the level of chasing of individual mice with dominance status 
determined by the U-tube test and found a positive correlation be-
tween the two measures. However, we acknowledge that the latter 
may be considered a suboptimal method for assessing dominance 
hierarchy as it forces animals to compete in a constrained environ-
ment. Studies have shown that tube test results have weak correla-
tion with actual dominance as measured by agonistic interactions 
such as fighting (69, 70). In addition, in the spacious and variable 
environment of the Eco-HAB, animals rarely exhibit overt aggres-
sion due to the ample space available for individuals to hide or avoid 
one another. Consequently, such interactions are infrequent. There-
fore, incorporating other reliable measures of dominance, such as 
territoriality, would be beneficial in future studies to fully under-
stand the role of chasing behavior in the Eco-HAB.

We used spectral analysis of the chasing data to identify the ani-
mals that contribute the most to the formation of the social network. 
Although we are aware of the existence of other measures of this 
property, such as the steepness coefficient based on David’s scores, we 
find it unsuitable for the analyzed behavior of mice. We argue that 
this may be because the chasings are not aggressive behavior (as op-
posed to direct fights that end with a clear win or loss) and their func-
tional meaning can be manifold, with information passing as a more 
fundamental function. We also note that the steepness coefficient is 

quite insensitive to changes in the social network detectable by other 
means (figs. S7 to S11).

It is noteworthy that the presented social network distribution in 
mice tested in Eco-HAB shows similarities with social networks ob-
served in human research (71). Tracking individual differences in the 
positions occupied within the social network can be very useful for 
increasing our understanding of associated behaviors, as well as for 
modeling their impairments (72). Here, we show how to analyze 
them with the use of seminaturalistic experiments performed in the 
Eco-HAB system. The term “seminaturalistic” refers to the fact that 
the testing environment was designed to mimic crucial characteris-
tics of the murine natural habitats (38, 73). Specifically, it consists of 
multiple burrow-imitating cages, each with two corridors leading in 
and out, as found in the field studies of rodents (74–76). In addition, 
the mice are kept in groups but are not subjected to the presence of 
individuals they do not wish to interact with; thus, the setup allows 
for the formation of voluntary relationships between the animals. 
Moreover, the design of the environment permits substantial social 
and exploratory activity, as the mice can visit different parts of the 
enclosure, and allows for comparable variability in territory occupa-
tion compared to standard behavioral tests or housing cages available 
in most animal facilities. Although this setup is not identical to natu-
ral conditions, we argue that its design effectively mimics key charac-
teristics of natural habitats, enabling the mice to exhibit species-typical 
behaviors. In most of the classical tests of sociability, randomly cho-
sen pairs of mice are tested, which can increase variability of the re-
sults and blur the conclusions. In contrast, longitudinal observation 
of mice in Eco-HAB enables tracking of complex, voluntary, and dy-
namic interactions, thus far exceeding the limits of what can be stud-
ied in the conventional approaches to measuring social behavior.

A notable limitation of our studies is the variability observed at 
both the individual and group levels. Experimental murine social 
systems exhibit differences within and across treatments; some co-
horts display more despotic behaviors, whereas others are more 
egalitarian. This variability complicates efforts to investigate the 
consistency of observed effects, similar to challenges faced in field 
studies. However, we posit that this natural variability presents a 
valuable opportunity to study these phenomena directly, which are 
often overlooked in traditional behavioral experiments. Our study is 
among the few that uses an automated methodology to focus on 
individual variability as a central research topic, rather than treating 
it merely as a confounding factor in group data analyses.

Moreover, even when selecting groups of mice that share the same 
genotype and come from the same colony, we find substantial differ-
ences in their social structures. Individual mice also exhibit varied 
responses to environmental changes. Consequently, our study em-
phasizes the individual behavioral changes that arise when mice are 
exposed to the scent of a familiar conspecific that has experienced 
rewarding stimuli (whether food-related or otherwise) within a com-
plex social context. Although this complexity poses challenges for 
interpretation, it effectively mirrors real-world conditions. Further-
more, our findings suggest that genetic similarity alone does not ac-
count for most of the variability in group structures. We acknowledge, 
however, that studies examining individual variability necessitate 
extensive replication to ensure scientific rigor. Further investigations 
are essential to fully unravel the complexities of the behaviors dis-
cussed and the intricacies of the social systems formed by mice.

The PFC is essential for successful navigation through a complex 
social world, both in humans and in other social species, especially 
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the dorsomedial PFC and medial PFC have been implicated in the 
monitoring of emotions and actions in self and others (23, 77–81). 
The functional homolog of these regions in rodents is the dorsome-
dial PFC, including the anterior cingulate cortex and the PL (24).

We show that disrupting neuroplasticity in the PL with TIMP-1 
results in reduced response to social olfactory cues indicating a re-
ward, under novel conditions. This is in line with the earlier study 
showing that the PL neurons selectively respond to social olfactory 
cues (48). Neuronal plasticity in this structure has been also shown 
indispensable for the maintenance of social structure (24, 65, 82). 
The NPs used in the experiments gradually released TIMP-1 over 
several days (83), leading to a prolonged impairment in the updat-
ing of neuronal connectivity in the PL. We show that such a pro-
longed, TIMP-1–induced impairment of neuronal plasticity in the 
PL results in not only markedly diminished interest in seeking social 
reward–related olfactory cues in novel environment but also dis-
rupted patterns of chasing after other animals in the presence of 
such cues in both familiar and novel environments. In contrast, 
brief chemogenetic silencing of the PL only leads to the former. This 
result points to the conclusion that the ongoing adjustment of the 
neuronal connectivity within the PL might be critical for maintaining 
social structure. This is also in line with the recent rodent studies, 
which have shown that learning and experience-dependent synaptic 
plasticity in the PFC are critical for social rank status (24, 61). Nota-
bly, impairing neuronal plasticity in the PL strongly decreased the 
overall number of chasings performed in the brain-manipulated 
groups even before the social cues indicating a reward were pre-
sented in the environment. Furthermore, impairing the plasticity 
disrupted how the structure of the social network changes in re-
sponse to information about a sucrose reward being present in 
the environment. However, the considerable general decrease in 
chasing in these experimental groups makes this result hard to 
interpret unequivocally.

The presented behavioral approach can be further used to study 
mechanisms of social learning, in particular social learning strate-
gies (60). Reward learning, in contrast to threat learning, is more 
dependent on when and from whom one learns to optimize behav-
ior (61, 84). As searching for a reward is an investment, being able to 
estimate the effort needed to get it and the attractiveness of the 
bounty are important. Thus, the reliability and accessibility of the 
source of knowledge is key.

MATERIALS AND METHODS
Subjects
Animals were treated according to the ethical standards of the Euro-
pean Union (directive no. 2010/63/UE) and respective Polish regula-
tions. All the experiments were preapproved by the Local Ethics 
Committee no. 1 in Warsaw, Poland, ethics permit no. 740/2018 with 
the following extensions. C57BL/6 male mice were bred in the Ani-
mal House of Nencki Institute of Experimental Biology, Polish Acad-
emy of Sciences, or Mossakowski Medical Research Centre, Polish 
Academy of Sciences. Because of the large groups of mice required for 
the behavioral tests presented in this manuscript (12 to 15 for each 
experimental condition), we conducted the experiments using only 
one sex. Whenever possible, the experiments were conducted in a 
way enabling within subject comparisons. These decisions were made 
to comply with the 3R (Replacement, Reduction, and Refinement) 
guidelines and recommendations of the local ethics committee, which 

aim to minimize animal use in research. We acknowledge that this 
approach may limit the extrapolation of the results to female subjects. 
Therefore, further research is necessary to explore potential sex-
specific differences and validate these findings more comprehensive-
ly. Experiments were performed in 12 cohorts of mice, with each 
main experiment being replicated twice. The animals entered the ex-
periments when 2 to 3 months old. They were littermates derived 
from several breeding pairs. The mice were transferred to the animal 
room at least 2 weeks before the experiments started and put in 
groups of 12 to 15 in one cage (56 cm by 34 cm by 20 cm) with an 
enriched environment (tubes, shelters, ad nesting materials). The in-
formation on n of animals used and how many cohorts of animals per 
cages were used in the particular experiments can be found in the 
experiment’s description and table S1. Reported n is sometimes 
smaller than 12 to 15 due to the animals with nonqualified bilateral 
injections removed from the analysis and demonstrators/scouts per-
manently removed from the cohorts; for details, please see the ex-
perimental protocols below. Mice were kept under a 12-hour/12-hour 
light/dark cycle. The cages were cleaned once per week.

RFID tagging
Glass-coated radio frequency identification (RFID) microtranspon-
ders (9.5 mm in length and 2.2 mm in diameter, RFIP Ltd.) were 
sterilized in 70% ethanol, dried on a paper towel, loaded into the 
syringes, and injected subcutaneously into the subjects anesthetized 
with isoflurane. Each transponder had a unique number that could 
be registered by the Eco-HAB antennas when animals pass through 
its corridors. After injections, mice were put together into one home 
cage and moved back to the experimental room. On the next day, 
the presence and the position of the transporters under the animals’ 
skin were additionally verified.

Poly(dl-lactide-co-glycolide) NPs containing TIMP-1 or BSA
To gradually release TIMP-1 in the PL of the tested animals, we used 
poly(dl-lactide-co-glycolide) (PLGA) NPs loaded with the protein 
[under the control condition bovine serum albumin (BSA), Sigma-
Aldrich]. The NPs were prepared according to the protocol described 
by Chaturvedi et al. (83). Briefly, NPs were prepared in the process of 
multiple emulsifications and evaporations [molecular weight (MW) 
45,000 to 75,000, copolymer ratio: 50:50, Sigma-Aldrich]. One hun-
dred milligrams of PLGA was dissolved in 5 ml of dichloromethane 
and 4 ml of dimethyl tartaric acid (Sigma-Aldrich). In the next step, 
1 mg of TIMP-1 or BSA was dissolved in 500 μl of Milli-Q water. The 
protein solution was mixed with dichloromethane containing PLGA, 
sonicated, and emulsified in 1% polyvinyl alcohol (on average, MW 
30,000 to 70,000, Sigma-Aldrich). In addition, fluorescein isothio-
cyanate (FITC) was added to easily localize the place of NP’s delivery 
in the brain. Subsequently, the solution was stirred at room tempera-
ture overnight to evaporate dichloromethane. Next, the NPs were 
centrifuged at 10,000g, washed three times with Milli-Q, dissolved in 
phosphate-buffered saline (PBS), and stored at 4°C.

Chemogenetics
We used the chemogenetic system using PSAMs engaged by engineered 
agonists and PSEMs, which provides high substrate-ligand selectivity 
while keeping the functional effects typical for the ion channel to which 
the PSAMs are combined (45, 85, 86). We induced the CAMKII-
dependent expression of the PSAM in the pyramidal cells of the PL via 
the inhibitory construct AAV-CamKII-PSAM4-GlyR-IRES-EGFP 
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(Addgene). The viral vector was injected into the animals’ brains bilater-
ally (250 to 300 nl per site) before the start of the experimental proce-
dures. To manipulate neuronal activity in situ, mice that were kept in the 
Eco-HAB were briefly taken out of the territory and intraperitoneally 
injected with the PSEM solution (uPSEM 792, 1 mg/kg body mass, in 
saline, Tocris). Next, animals were placed back into the Eco-HAB and 
subjected to testing of spontaneous behaviors, as described in the fol-
lowing sections. After the experiments, the injection sites were verified, 
and only the animals that were correctly bilaterally injected into the PL 
were included in the analysis.

Stereotaxic surgeries
All tools were sterilized in 70% ethanol before the surgical proce-
dures. Mice were anesthetized by isoflurane inhalation (started at 
5% and reduced to 2 to 1.5% of isoflurane) and placed in a stereo-
taxic apparatus (Kopf Instruments) on a heating pad (37.8°C). The 
mice were subcutaneously injected with an analgesic (Butomidor, 
Richter, 1:20 in saline, 2.5 ml/kg), and reflexes were checked to en-
sure the absence of pain. To protect the animals’ eyes from drying, 
we used a moisturizing gel (Carbomerum, Vidisic). Ear bars were 
put into place, and the scalp was shaved. The skin on the skull was 
cut to expose bregma. NanoFil 35-gauge needles were used to bilat-
erally inject NPs into the PL [coordinates: anterior-posterior (AP), 
+1.8 mm; lateral-medial (LM), ±0.92 mm; and dorsal-ventral (DV), 
−1.67 mm; at a 20° angle]. The delivery was controlled by the Micro 
Syringe Pump (World Precision Instruments, 500 nl of total volume, 
100 nl/min). To let the NPs diffuse, the needle was left in the brain 
for an additional 5 min after the injection. Afterward, the incision 
was sutured (Dafilon, C0935204) and lubricated with the analgesic 
lignocainum hydrochloricum (10 mg, Polfa). The mice received 
subcutaneous injections of anti-inflammatory medication (Tolfedine, 
Vetoquinol, 4 mg/kg) and a wide-spectrum antibiotic (Baytril 2.5%, 
Bayer, 1:3 in saline, 5 ml/kg). Then, mice were placed in cages 
warmed with a heating pad and singly housed for the next 5 days to 
allow for full recovery.

Perfusions and verification of TIMP-1 and PSAM injections
After the end of behavioral testing, mice injected with the NPs re-
leasing TIMP-1 or BSA, as well as the PSAM-injected animals, were 
anesthetized with an intraperitoneal injection of sodium pentobar-
bital (100 mg/kg, dissolved in PBS) and transcardially perfused 
with 80 ml of ice-cold PBS followed by 60 ml of 4% paraformalde-
hyde (PFA) in PBS (4°C). The brains were isolated and placed over-
night in 4% PFA in PBS (4°C). Then, the brains were moved to a 
30% sucrose solution in PBS for 2 to 3 days (4°C) for cryoprotec-
tion. Afterward, the brains were cut on a cryostat into 50-μm-thick 
coronal slices. The slices were then washed in PBS and placed on 
the microscope glass slides, and the fluorescence of FITC encapsu-
lated in NPs or enhanced green fluorescent protein (EGFP) ex-
pressed in the PSAM-positive neurons was imaged under the Nikon 
Eclipse Ni microscope.

Eco-HAB system
The Eco-HAB is a fully automated, open-source system for testing so-
cial behavior in group-housed mice living under the 12-hour/12-hour 
dark/light cycle (38). The system comprises four polycarbonate 
compartments (30 cm by 30 cm by 18 cm) connected with tube-
shaped corridors (inner diameter of 36 mm and outer diameter of 
40 mm) and covered with a stainless steel grid lid. In two of four 

compartments, mice have access to food and water (ad libitum); the 
other two compartments have a separate space for presentation of the 
olfactory stimuli (in a corner, behind a perforated partition) or putting 
additional bottles. Access to all compartments, olfactory stimuli, and 
additional bottles is unrestricted and voluntary. All housing elements 
can be autoclaved and disinfected with 70% alcohol. To record the 
movement of the animals within the Eco-HAB, the corridors are 
equipped with circular RFID antennas registering transponders’ num-
bers. The data from the antennas are collected by a dedicated elec-
tronic system, which sends them to the computer. Eco-HAB measures 
were computed with the custom scripts of the pyEcoHAB library. The 
following behavioral measures were analyzed. In a familiar environ-
ment, approach to social odor was measured as a proportion of visits 
to the compartments with olfactory stimuli (reward:neutral or 
neutral:neutral, depending on the experiment) and normalized by di-
viding by the same proportion from the preceding dark phase (when 
no olfactory stimuli were present in the compartments). In the ex-
periments performed in a novel environment, preference for the bot-
tle (reward:neutral or neutral:neutral) in which scout mice were 
presented with a reward was measured as a ratio of the time spent 
drinking in the compartments with olfactory stimuli during the first 
hour of the experiment (reward:neutral or neutral:neutral). In the 
chemogenetic experiments, the preference for the bottle was mea-
sured throughout the neural manipulation period, that is, 120 min 
after the intraperitoneal injection of the PSEM. Chasings were mea-
sured based on the number of events when mice chased after one an-
other through the corridors of the Eco-HAB system. Specifically, 
chasing was defined as an event when one mouse entered a corridor 
(activation of the entrance antenna by mouse A), followed by another 
mouse (activation of the entrance antenna by mouse B) before the first 
left the tube (activation of the exit antenna by mouse A and subse-
quently by mouse B), and when both mice left the corridor in the same 
order and in the same direction. Notably, the behavior was not catego-
rized as chasing when the two animals backed up to the cage they 
originally came from or passed one another in the corridor. The exact 
order of antenna activations required for the behavior to meet the 
definition of chasing is illustrated in fig. S2. For the analysis of within-
cohort changes in chasing patterns, raw values were used.

Testing response to social olfactory cues indicating a reward 
in a familiar environment
The mice were put into the Eco-HAB system at the beginning of the 
dark phase. Animals were habituated to the testing environment for 
48 to 72 hours (habituation phase). Then, two mice randomly cho-
sen without regard to their social status, which was neither known 
nor investigated at the time, were housed in the individual cages 
(17 cm by 23 cm by 13 cm) for the next 24 hours (isolation phase). 
They were offered either a neutral novel stimulus or rewarding novel 
stimulus. Namely, consummatory stimuli included (i) tap water or 
a 10% sucrose solution (Sigma-Aldrich) and (ii) tap water or a 10% 
liquid cheddar cheese solution (Kong Easy Treat). In a nonfood 
stimuli variant of the experiment, we used presentation of neutral, 
fresh bedding behind the perforated partition or presentation of a 
female (in proestrus) behind the perforated partition. Food was 
freely available throughout this period. Fist-sized portions of bed-
ding soiled with urine and fecal matter from the separated mice 
were used as social olfactory cues. For the next 12 hours, it was put 
behind the perforated partitions in the Eco-HAB system to avoid 
spreading it throughout the cages while maintaining unrestricted 
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sniffing. The separated mice were never put back into the original 
cohorts to avoid potential impact on social networks and confound-
ing the conclusions regarding the presentation of social scents. Each 
cohort was tested twice; in the first trial, both separated mice had 
access to tap water, and in the second trial, the same mice were iso-
lated and one of them had access to a reward while the neutral stim-
ulus. The experiment with a 10% sucrose solution was repeated 
twice in two independent cohorts of mice. The cohort used for the 
replication was then rehoused in the animal facility for 2 weeks and 
then reused for the experiment with female exposure. Additional 
cohort was used for the fatty reward experiment. The design of the 
experiment with TIMP-1 released into the PL was performed fol-
lowing the same protocol. Similarly, the mice were tested twice: be-
fore and after brain manipulation (5 days after NP injection). As 
previously described, in both trials, the same pair of mice was iso-
lated to produce social olfactory cues. Please note that, in experi-
ments presented in Fig. 1, one mouse had to be excluded from the 
experiments due to health problems with fore-tooth overgrowth 
that might have affected its social behavior.

Testing response to social olfactory cues indicating a reward 
in a novel environment
The main experiment was repeated twice (WDD versus SDD condi-
tions). We tested the following cohorts of mice: WDD-vehicle (one 
mouse had to be excluded from the analysis because it had not 
drunk water), SDD-vehicle, SDD–TIMP-1 (two mice died after the 
surgeries), and WDD rep/SDD rep (within subject condition, as de-
scribed with the previous experiments). Within subject design was 
not feasible in the brain manipulation experiment, due to the need 
of performing vehicle control. The mice were injected with NPs con-
taining TIMP-1 or BSA (vehicle) 5 days before the start of the ex-
perimental procedures. In behavioral testing, two opposite Eco-HAB 
compartments offered access to the additional bottles through a 
short (8 cm long) tube, equipped with an RFID antenna to register 
the drinking time of each mouse. As in the previous experiments, 
the mice were put into the Eco-HAB system (Eco-HAB I) at the be-
ginning of the dark phase. They were habituating to the environ-
ment for the next 72 hours (habituation phase). Then, two mice 
randomly chosen without regard to their social status, which was 
neither known nor investigated at that time, were moved into a new, 
clean Eco-HAB system (Eco-HAB II), in which the only bottles ac-
cessible were the ones with the antennas monitoring the drinking 
behavior. In the reward (SDD) trials, the scout mice had access to 
tap water in one compartment and to a 10% sucrose solution in the 
opposite compartment of the Eco-HAB II. In the control (WDD) 
trials, both bottles were filled with tap water. After 24 hours of the 
Isolation phase, the two scout mice were removed, and the bottles 
were replaced with the ones containing fresh tap water. The scouts 
were never put back into the original cohorts to avoid potential im-
pact on social networks and confounding the conclusions regarding 
the presentation of social scents. Then, the rest of the group, which 
until now had inhabited the original Eco-HAB I, was transferred to 
Eco-HAB II for 12 hours (testing phase).

Longitudinal observation of social structure formation in 
the Eco-HAB
To observe how social structure is formed, we tested the voluntary 
behavior of mice in the simple housing experiments, in which ani-
mals inhabited Eco-HAB, without any additional changes to the 

testing environment. Two cohorts of mice (each n = 12) were placed 
into the Eco-HAB system, and their behavior was measured for 4 days.

Dominance tests
To assess the relationship between social structure and dominance 
hierarchy, we tested the subjects from one of the cohorts form the 
longitudinal observation of social structure formation in the Eco-
HAB and U-tube tests. Following the observation of the social 
structure in the Eco-HAB system, the mice were subjected to the 
U-tube dominance test. Mice were placed in single cages and tested 
in all possible pairwise combinations. The mice from the currently 
tested pair were placed at the opposite ends of the U-shaped tube 
(1 m in length and 42 mm in diameter) and allowed to interact. 
When one mouse pushed the other out, it won a given bout. We 
tested all pairs and calculated the number of wins for each subject 
as a measure of dominance.

Social network analysis
To analyze the social network formed by a given cohort of mice, we 
assessed the number of chasings for each pair of mice, i.e., the num-
ber of chasings of mouse A by mouse B for A ≠ B. In a cohort con-
sisting of N mice, we thus obtained an N(N − 1)–element vector of 
chasings. Distributions of the number of chasings within pairs of 
mice under a given condition were analyzed using the Kolmogorov-
Smirnov test. In the dot plots showing the chasing behavior before 
and after the social stimuli presentation for each mouse (log scale), 
data points with undefined log values are not shown. To identify 
subsets of mice that give dominant and independent contributions 
to the chasing pattern, we used singular value theorem. To this end, 
spectral analysis was performed on the chasing matrix X, whose en-
tries are defined in the following way: XAB is equal to the number of 
chasings of mouse A by mouse B for A ≠ B and XAB = 0 for A = B. We 
calculated the eigenvalues and eigenvectors of the matrix XTX. The 
square root of a given eigenvalue corresponds to the number of 
chasings performed within an independent subset of mice and the 
squares of the components of the corresponding eigenvectors give 
relative contributions of respective mice to this eigenvalue. In par-
ticular, if one of the components of such an eigenvector is much 
larger than the other, then we conclude that a single mouse corre-
sponding to this component is primarily responsible for an inde-
pendent contribution to chasings. The comparison of the steepness 
coefficients was performed by calculating the right-tailed P value for 
the larger measured steepness value in N = 2000 synthetic random 
win-loss matrices with an additional condition that their steepness 
is at least equal to the smaller measured steepness. The randomiza-
tion procedure is described by de Vries et al. (87). This part of the 
analysis was performed in Wolfram Mathematica.

Statistical analyses
For statistical analyses, the normality of data distributions was as-
sessed with the D’Agostino-Pearson omnibus normality test. Datasets 
that passed the normality tests were further analyzed using Student’s 
t test for independent or paired samples, depending on the particular 
type of comparison. For the datasets that did not pass the criterion of 
normality required for performing parametric analyses, the Mann-
Whitney or Wilcoxon matched-pairs signed-rank tests were used. 
The correlation was calculated by the Pearson correlation test. 
To compare the distributions of chasing behavior across differ-
ent experimental conditions, we used the Kolmogorov-Smirnov test 
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to analyze the distributions of values within two respective vectors. 
The criterion for statistical significance was a probability level of 
P < 0.05. This part of the analysis was performed with the use of the 
GraphPad Prism 10.2.3 software and Wolfram Mathematica. Statisti-
cal details for all experiments are described in table S1.

Supplementary Materials
This PDF file includes:
Figs. S1 to S11
Table S1

REFERENCES AND NOTES
	 1.	H . S. Kaplan, P. L. Hooper, M. Gurven, The evolutionary and ecological roots of human 

social organization. Philos. Trans. R Soc. London Ser. B Biol. Sci. 364, 3289–3299 (2009).
	 2.	C . R. von Rueden, D. Redhead, R. O’Gorman, H. Kaplan, M. Gurven, The dynamics of men’s 

cooperation and social status in a small-scale society. Proc. R. Soc. London Ser. B 286, 
20191367 (2019).

	 3.	L . J. N. Brent, S. W. C. Chang, J.-F. Gariépy, M. L. Platt, The neuroethology of friendship: 
Neuroethology of friendship. Ann. N. Y. Acad. Sci. 1316, 1–17 (2014).

	 4.	 S. M. Reader, Animal social learning: Associations and adaptations. F1000Res 5, 2120 (2016).
	 5.	 A. Pérez-Escudero, G. G. de Polavieja, Adversity magnifies the importance of social 

information in decision-making. J. R. Soc. Interface 14, 20170748 (2017).
	 6.	D . H. Gire, V. Kapoor, A. Arrighi-Allisan, A. Seminara, V. N. Murthy, Mice develop efficient 

strategies for foraging and navigation using complex natural stimuli. Curr. Biol. 26, 
1261–1273 (2016).

	 7.	 W. Lee, E. Yang, J. P. Curley, Foraging dynamics are associated with social status and 
context in mouse social hierarchies. PeerJ 6, e5617 (2018).

	 8.	C . Márquez, S. M. Rennie, D. F. Costa, M. A. Moita, Prosocial choice in rats depends on 
food-seeking behavior displayed by recipients. Curr. Biol. 25, 1736–1745 (2015).

	 9.	D . J. Langford, S. E. Crager, Z. Shehzad, S. B. Smith, S. G. Sotocinal, J. S. Levenstadt,  
M. L. Chanda, D. J. Levitin, J. S. Mogil, Social modulation of pain as evidence for empathy 
in mice. Science 312, 1967–1970 (2006).

	 10.	C . E. Jones, M. H. Monfils, Dominance status predicts social fear transmission in laboratory 
rats. Anim. Cogn. 19, 1051–1069 (2016).

	 11.	 Y. Han, R. Bruls, E. Soyman, R. M. Thomas, V. Pentaraki, N. Jelinek, M. Heinemans, I. Bassez, 
S. Verschooren, I. Pruis, T. Van Lierde, N. Carrillo, V. Gazzola, M. Carrillo, C. Keysers, 
Bidirectional cingulate-dependent danger information transfer across rats. PLoS Biol. 17, 
e3000524 (2019).

	 12.	D . Jeon, S. Kim, M. Chetana, D. Jo, H. E. Ruley, S.-Y. Lin, D. Rabah, J.-P. Kinet, H.-S. Shin, 
Observational fear learning involves affective pain system and Cav1.2 Ca2+ channels in 
ACC. Nat. Neurosci. 13, 482–488 (2010).

	 13.	 J. A. Lloyd, Social structure and reproduction in two freelygrowing populations of house 
mice (Mus musculus L.). Anim. Behav. 23, 413–424 (1975).

	 14.	 Y. Beny-Shefer, N. Zilkha, Y. Lavi-Avnon, N. Bezalel, I. Rogachev, A. Brandis, M. Dayan,  
T. Kimchi, Nucleus accumbens dopamine signaling regulates sexual preference for 
females in male mice. Cell Rep. 21, 3079–3088 (2017).

	 15.	H . Arakawa, D. C. Blanchard, K. Arakawa, C. Dunlap, R. J. Blanchard, Scent marking 
behavior as an odorant communication in mice. Neurosci. Behav. Rev. 32, 1236–1248 
(2008).

	 16.	 Y. Li, R. Kim, Y. S. Cho, W. S. Song, D. Kim, K. Kim, J. D. Roh, C. Chung, H. Park, E. Yang,  
S.-J. Kim, J. Ko, H. Kim, M.-H. Kim, Y.-C. Bae, E. Kim, Lrfn2-mutant mice display suppressed 
synaptic plasticity and inhibitory synapse development and abnormal social 
communication and startle response. J. Neurosci. 38, 5872–5887 (2018).

	 17.	 R. L. Sprott, “Fear communication” via odor in inbred mice. Psychol. Rep. 25, 263–268 (1969).
	 18.	 J. L. Hurst, Urine marking in populations of wild house mice Mus domesticus rutty.  

I. Communication between males. Anim. Behav. 40, 209–222 (1990).
	 19.	 J. W. Scott, D. W. Pfaff, Behavioral and electrophysiological responses of female mice to 

male urine odors. Physiol. Behav. 5, 407–411 (1970).
	 20.	L . K. Bicks, H. Koike, S. Akbarian, H. Morishita, Prefrontal cortex and social cognition in 

mouse and man. Front. Psychol. 6, 1805 (2015).
	 21.	 M. Demolliens, F. Isbaine, S. Takerkart, P. Huguet, D. Boussaoud, Social and asocial 

prefrontal cortex neurons: A new look at social facilitation and the social brain. Soc. Cogn. 
Affect. Neurosci. 12, 1241–1248 (2017).

	 22.	 W. Ito, A. Morozov, Prefrontal-amygdala plasticity enabled by observational fear. 
Neuropsychopharmacol. 44, 1778–1787 (2019).

	 23.	D . Scheggia, F. Managò, F. Maltese, S. Bruni, M. Nigro, D. Dautan, P. Latuske, G. Contarini, 
M. Gomez-Gonzalo, L. M. Requie, V. Ferretti, G. Castellani, D. Mauro, A. Bonavia,  
G. Carmignoto, O. Yizhar, F. Papaleo, Somatostatin interneurons in the prefrontal cortex 
control affective state discrimination in mice. Nat. Neurosci. 23, 47–60 (2020).

	 24.	 F. Wang, J. Zhu, H. Zhu, Q. Zhang, Z. Lin, H. Hu, Bidirectional control of social hierarchy by 
synaptic efficacy in medial prefrontal cortex. Science 334, 693–697 (2011).

	 25.	 M. Loureiro, R. Achargui, J. Flakowski, R. Van Zessen, T. Stefanelli, V. Pascoli, C. Lüscher, 
Social transmission of food safety depends on synaptic plasticity in the prefrontal cortex. 
Science 364, 991–995 (2019).

	 26.	 O. Yizhar, D. R. Levy, The social dilemma: Prefrontal control of mammalian sociability. Curr. 
Opin. Neurobiol. 68, 67–75 (2021).

	 27.	 A. J. Murray, M. U. Woloszynowska-Fraser, L. Ansel-Bollepalli, K. L. H. Cole, A. Foggetti,  
B. Crouch, G. Riedel, P. Wulff, Parvalbumin-positive interneurons of the prefrontal cortex 
support working memory and cognitive flexibility. Sci. Rep. 5, 16778 (2015).

	 28.	 J. Passecker, N. Mikus, H. Malagon-Vina, P. Anner, J. Dimidschstein, G. Fishell, G. Dorffner,  
T. Klausberger, Activity of prefrontal neurons predict future choices during gambling. 
Neuron 101, 152–164.e7 (2019).

	 29.	 B. K. Attwood, J.-M. Bourgognon, S. Patel, M. Mucha, E. Schiavon, A. E. Skrzypiec,  
K. W. Young, S. Shiosaka, M. Korostynski, M. Piechota, R. Przewlocki, R. Pawlak, Neuropsin 
cleaves EphB2 in the amygdala to control anxiety. Nature 473, 372–375 (2011).

	 30.	 P. Okulski, T. M. Jay, J. Jaworski, K. Duniec, J. Dzwonek, F. A. Konopacki, G. M. Wilczynski,  
A. Sánchez-Capelo, J. Mallet, L. Kaczmarek, TIMP-1 abolishes MMP-9-dependent 
long-lasting long-term potentiation in the prefrontal cortex. Biol. Psychiatry 62, 359–362 
(2007).

	 31.	D . R. Bach, A. Tzovara, J. Vunder, Blocking human fear memory with the matrix 
metalloproteinase inhibitor doxycycline. Mol. Psychiatry 23, 1584–1589 (2018).

	 32.	D . R. Bach, M. Näf, M. Deutschmann, S. K. Tyagarajan, B. B. Quednow, Threat memory 
reminder under matrix metalloproteinase 9 inhibitor doxycycline globally reduces 
subsequent memory plasticity. J. Neurosci. 39, 9424–9434 (2019).

	 33.	 S. Rivera, E. Tremblay, S. Timsit, O. Canals, Y. Ben-Ari, M. Khrestchatisky, Tissue inhibitor of 
metalloproteinases-1 (TIMP-1) is differentially induced in neurons and astrocytes after 
seizures: Evidence for developmental, immediate early gene, and lesion response.  
J. Neurosci. 17, 4223–4235 (1997).

	 34.	C . Vaillant, M. Didier-Bazès, A. Hutter, M.-F. Belin, N. Thomasset, Spatiotemporal 
expression patterns of metalloproteinases and their inhibitors in the postnatal 
developing rat cerebellum. J. Neurosci. 19, 4994–5004 (1999).

	 35.	 A. Ould-yahoui, E. Tremblay, O. Sbai, L. Ferhat, A. Bernard, E. Charrat, Y. Gueye, N. H. Lim,  
K. Brew, J.-J. Risso, V. Dive, M. Khrestchatisky, S. Rivera, A new role for TIMP-1 in 
modulating neurite outgrowth and morphology of cortical neurons. PLOS ONE 4, e8289 
(2009).

	 36.	 M. Dziembowska, J. Wlodarczyk, MMP9: A novel function in synaptic plasticity. Int. J. 
Biochem. Cell Biol. 44, 709–713 (2012).

	 37.	T . Gorkiewicz, M. Balcerzyk, L. Kaczmarek, E. Knapska, Matrix metalloproteinase 9 
(MMP-9) is indispensable for long term potentiation in the central and basal but not in 
the lateral nucleus of the amygdala. Front. Cell. Neurosci. 9, 73 (2015).

	 38.	 A. Puścian, S. Łęski, G. Kasprowicz, M. Winiarski, J. Borowska, T. Nikolaev, P. M. Boguszewski, 
H.-P. Lipp, E. Knapska, Eco-HAB as a fully automated and ecologically relevant assessment 
of social impairments in mouse models of autism. eLife 5, e19532 (2016).

	 39.	 M. Lund, Social mechanisms and social structure in rats and mice. Ecol. Bull. 19, 255–260 (1975).
	 40.	C . M. Williamson, B. Franks, J. P. Curley, Mouse social network dynamics and community 

structure are associated with plasticity-related brain gene expression. Front. Behav. 
Neurosci. 10, 152 (2016).

	 41.	C . C. Vogt, M. N. Zipple, D. D. Sprockett, C. H. Miller, S. X. Hardy, M. K. Arthur,  
A. M. Greenstein, M. S. Colvin, L. M. Michel, A. H. Moeller, M. J. Sheehan, Female behavior 
drives the formation of distinct social structures in C57BL/6J versus wild-derived outbred 
mice in field enclosures. BMC Biol. 22, 35 (2024).

	 42.	 M. J. Fuxjager, B. Knaebe, C. A. Marler, A single testosterone pulse rapidly reduces urinary 
marking behaviour in subordinate, but not dominant, white-footed mice. Anim. Behav. 
100, 8–14 (2015).

	 43.	 M. A. Kleshchev, L. V. Osadchuk, Social domination and reproductive success in male 
laboratory mice (Mus musculus). J. Evol. Biochem. Phys. 50, 227–233 (2014).

	 44.	 S. Hayashi, Development and diversity of social structure in male mice. J. Ethol. 11, 77–82 
(1993).

	 45.	C . J. Magnus, P. H. Lee, J. Bonaventura, R. Zemla, J. L. Gomez, M. H. Ramirez, X. Hu,  
A. Galvan, J. Basu, M. Michaelides, S. M. Sternson, Ultrapotent chemogenetics for research 
and potential clinical applications. Science 364, eaav5282 (2019).

	 46.	 J. Duboscq, V. Romano, A. MacIntosh, C. Sueur, Social information transmission in 
animals: Lessons from studies of diffusion. Front. Psychol. 7, 1174 (2016).

	 47.	 A. Bandura, Social Learning Theory (Prentice Hall, 1977).
	 48.	D . R. Levy, T. Tamir, M. Kaufman, A. Parabucki, A. Weissbrod, E. Schneidman, O. Yizhar, 

Dynamics of social representation in the mouse prefrontal cortex. Nat. Neurosci. 22, 
2013–2022 (2019).

	 49.	 S. H. de la Zerda, S. Netser, H. Magalnik, M. Briller, D. Marzan, S. Glatt, Y. Abergel,  
S. Wagner, Social recognition in laboratory mice requires integration of behaviorally-
induced somatosensory, auditory and olfactory cues. Psychoneuroendocrinology 143, 
105859 (2022).



Winiarski et al., Sci. Adv. 11, eadm7255 (2025)     3 January 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

16 of 16

	 50.	 J. Hurst, “Making sense of scents: Reducing aggression and uncontrolled variation in 
laboratory mice” (National Centre for the Replacement, Refinement and Reduction of 
Animals in Research, 2005).

	 51.	 S. A. Cheetham, M. D. Thom, F. Jury, W. E. R. Ollier, R. J. Beynon, J. L. Hurst, The genetic 
basis of individual-recognition signals in the mouse. Curr. Biol. 17, 1771–1777 (2007).

	 52.	 S. A. Roberts, M. C. Prescott, A. J. Davidson, L. McLean, R. J. Beynon, J. L. Hurst, Individual 
odour signatures that mice learn are shaped by involatile major urinary proteins (MUPs). 
BMC Biol. 16, 48 (2018).

	 53.	 Y. Li, M. Swerdloff, T. She, A. Rahman, N. Sharma, R. Shah, M. Castellano, D. Mogel, J. Wu,  
A. Ahmed, J. San Miguel, J. Cohn, N. Shah, R. L. Ramos, G. H. Otazu, Robust odor 
identification in novel olfactory environments in mice. Nat. Commun. 14, 673 (2023).

	 54.	 J. Noack, K. Richter, G. Laube, H. A. Haghgoo, R. W. Veh, M. Engelmann, Different 
importance of the volatile and non-volatile fractions of an olfactory signature for 
individual social recognition in rats versus mice and short-term versus long-term 
memory. Neurobiol. Learn. Mem. 94, 568–575 (2010).

	 55.	 P. A. Brennan, K. M. Kendrick, Mammalian social odours: Attraction and individual 
recognition. Philos. Trans. R. Soc. London Ser. B. Biol. Sci. 361, 2061–2078 (2006).

	 56.	T . D. Wyatt, Pheromones and signature mixtures: Defining species-wide signals and 
variable cues for identity in both invertebrates and vertebrates. J. Comp. Physiol. A. 
Neuroethol. Sens. Neural. Behav. Physiol. 196, 685–700 (2010).

	 57.	 Y. Ben-Shaul, Extracting social information from chemosensory cues: Consideration of 
several scenarios and their functional implications. Front. Neurosci. 9, 439 (2015).

	 58.	 A. Kahan, Y. Ben-Shaul, Extracting behaviorally relevant traits from natural stimuli: 
Benefits of combinatorial representations at the accessory olfactory bulb. PLOS Comput. 
Biol. 12, e1004798 (2016).

	 59.	 R. Stopková, T. Matějková, A. Dodoková, P. Talacko, P. Zacek, R. Sedlacek, J. Piálek,  
P. Stopka, Variation in mouse chemical signals is genetically controlled and 
environmentally modulated. Sci. Rep. 13, 8573 (2023).

	 60.	 A. Olsson, E. Knapska, B. Lindström, The neural and computational systems of social 
learning. Nat. Rev. Neurosci. 21, 197–212 (2020).

	 61.	C . Parkinson, A. M. Kleinbaum, T. Wheatley, Spontaneous neural encoding of social 
network position. Nat. Hum. Behav. 1, 0072 (2017).

	 62.	 R. Łopucki, D. Schimrosczyk, Recognition of interspecific familiar versus unfamiliar 
odours among bank voles and yellow-necked mice. Acta Theriologica 48, 167–176 (2003).

	 63.	N . K. Sandnabba, Predatory aggression in male mice selectively bred for isolation-
induced intermale aggression. Behav. Genet. 25, 361–366 (1995).

	 64.	 W. E. Crusio, F. Sluyter, R. T. Gerlai, S. Pietropaolo, Eds., Behavioral Genetics of the Mouse: 
Volume 1: Genetics of Behavioral Phenotypes, vol. 1 of Cambridge Handbooks in Behavioral 
Genetics (Cambridge Univ. Press, 2013).

	 65.	 F. Wang, H. W. Kessels, H. Hu, The mouse that roared: Neural mechanisms of social 
hierarchy. Trends Neurosci. 37, 674–682 (2014).

	 66.	I .-H. Choe, J. Byun, K. K. Kim, S. Park, I. Kim, J. Jeong, H.-S. Shin, Mice in social conflict show 
rule-observance behavior enhancing long-term benefit. Nat. Commun. 8, 1176 (2017).

	 67.	 R. Bell, H. Hobson, Effects of (–)-pindolol and SDZ 216-525 on social and agonistic 
behavior in mice. Pharmacol. Biochem. Behav. 46, 873–880 (1993).

	 68.	 K. Chen, D. P. Holschneider, W. Wu, I. Rebrin, J. C. Shih, A spontaneous point mutation 
produces monoamine oxidase A/B knock-out mice with greatly elevated monoamines 
and anxiety-like behavior. J. Biol. Chem. 279, 39645–39652 (2004).

	 69.	 A. J. Barabas, J. R. Lucas, M. A. Erasmus, H.-W. Cheng, B. N. Gaskill, Who’s the boss? 
Assessing convergent validity of aggression based dominance measures in male 
laboratory mice, Mus musculus. Front. Vet. Sci. 8, 695948 (2021).

	 70.	 J. A. Varholick, J. D. Bailoo, A. Jenkins, B. Voelkl, H. Würbel, A systematic review and 
meta-analysis of the relationship between social dominance status and common 
behavioral phenotypes in male laboratory mice. Front. Behav. Neurosci. 14, 624036 
(2021).

	71.	 R. K.-W. Lee, T.-A. Hoang, E.-P. Lim, Discovering hidden topical hubs and  
authorities across multiple online social networks. IEEE Trans. Knowl. Data Eng. 33, 
70–84 (2021).

	 72.	 B. Wild, D. M. Dormagen, A. Zachariae, M. L. Smith, K. S. Traynor, D. Brockmann,  
I. D. Couzin, T. Landgraf, Social networks predict the life and death of honey bees. Nat. 
Commun. 12, 1110 (2021).

	 73.	 A. Puścian, E. Knapska, Blueprints for measuring natural behavior. iScience 25, 104635 
(2022).

	 74.	 J. N. Weber, B. K. Peterson, H. E. Hoekstra, Discrete genetic modules are responsible for 
complex burrow evolution in Peromyscus mice. Nature 493, 402–405 (2013).

	 75.	N . Adams, R. Boice, Mouse (Mus) burrows: Effects of age, strain, and domestication. Anim. 
Learn. Behav. 9, 140–144 (1981).

	 76.	N . Adams, R. Boice, A longitudinal study of dominance in an outdoor colony of domestic 
rats. J. Comp. Psychol. 97, 24–33 (1983).

	 77.	 Y. Minagawa-Kawai, S. Matsuoka, I. Dan, N. Naoi, K. Nakamura, S. Kojima, Prefrontal 
activation associated with social attachment: Facial-emotion recognition in mothers and 
infants. Cereb. Cortex 19, 284–292 (2009).

	 78.	 S. Kumar, R. Hultman, D. Hughes, N. Michel, B. M. Katz, K. Dzirasa, Prefrontal cortex 
reactivity underlies trait vulnerability to chronic social defeat stress. Nat. Commun. 5, 
4537 (2014).

	 79.	 J. Ko, Neuroanatomical substrates of rodent social behavior: The medial prefrontal cortex 
and its projection patterns. Front Neural Circuits 11, 41 (2017).

	 80.	E . A. Amadei, Z. V. Johnson, Y. J. Kwon, A. C. Shpiner, V. Saravanan, W. D. Mays, S. J. Ryan,  
H. Walum, D. G. Rainnie, L. J. Young, R. C. Liu, Dynamic corticostriatal activity biases social 
bonding in monogamous female prairie voles. Nature 546, 297–301 (2017).

	 81.	 Q. Sun, X. Li, A. Li, J. Zhang, Z. Ding, H. Gong, Q. Luo, Ventral hippocampal-prefrontal 
interaction affects social behavior via parvalbumin positive neurons in the medial 
prefrontal cortex. iScience 23, 100894 (2020).

	 82.	L . K. Bicks, M. Peng, A. Taub, S. Akbarian, H. Morishita, An adolescent sensitive period for 
social dominance hierarchy plasticity is regulated by cortical plasticity modulators in 
mice. Front Neural Circuits 15, 676308 (2021).

	 83.	 M. Chaturvedi, Y. Molino, B. Sreedhar, M. Khrestchatisky, L. Kaczmarek, Tissue inhibitor of 
matrix metalloproteinases-1 loaded poly(lactic-co-glycolic acid) nanoparticles for 
delivery across the blood-brain barrier. Int. J. Nanomedicine 9, 575–588 (2014).

	 84.	 R. L. Kendal, N. J. Boogert, L. Rendell, K. N. Laland, M. Webster, P. L. Jones, Social learning 
strategies: Bridge-building between fields. Trends Cogn. Sci. 22, 651–665 (2018).

	 85.	 S. M. Sternson, B. L. Roth, Chemogenetic tools to interrogate brain functions. Annu. Rev. 
Neurosci. 37, 387–407 (2014).

	 86.	D . Atasoy, S. M. Sternson, Chemogenetic tools for causal cellular and neuronal biology. 
Physiol. Rev. 98, 391–418 (2018).

	 87.	H . de Vries, J. M. G. Stevens, H. Vervaecke, Measuring and testing the steepness of 
dominance hierarchies. Anim. Behav. 71, 585–592 (2006).

Acknowledgments 
Funding: The project was supported by the grant from the National Science Center, Poland 
(2017/27/B/NZ4/02025), and European Research Council Starting Grant (H 415148). E.K., A.P., 
and A.M. were supported by the “BRAINCITY–Centre of Excellence for Neural Plasticity and 
Brain Disorders” project of the Polish Foundation for Science. A.P. and A.Y. were supported by 
the Sonata grant from the National Science Center, Poland (2020/39/D/NZ4/01785). L.M. and 
D.K.W. were supported by the grant from the National Science Center, Poland (2013/08/W/
NZ4/00691). D.K.W. was supported by the Foundation for Polish Science (FNP) project 
Bio-inspired Artificial Neural Networks POIR.04.04.00-00-14DE/18-00. M.C. was supported by 
Preludium grant number 2013/09/N/NZ3/03527 from the National Science Centre, Poland. 
M.C. also acknowledges support from the “Mobilność Plus” fellowship from the Polish Ministry 
of Science and Higher Education grant number 1291/MOB/IV/2015/0. Author contributions: 
M.W.: Conceptualization, data curation, formal analysis, investigation, methodology, 
visualization, writing—original draft preparation, and writing—review and editing. A.M.: 
Formal analysis, investigation, and visualization. A.Y.: Formal analysis, investigation, and 
visualization. J.B.: Formal analysis and investigation. M.R.W.: Investigation. J.J.-S.: Formal 
analysis, software, and visualization. L.K.: Formal analysis and investigation. L.M.: 
Conceptualization, writing—review and editing, validation, and project administration. M.C.: 
Conceptualization, investigation, methodology, resources, funding acquisition, validation, 
formal analysis, and project administration. D.K.W.: Writing—review and editing, methodology, 
and formal analysis. K.T.: Writing—original draft preparation, formal analysis, and visualization. 
A.P.: Writing—original draft preparation, conceptualization, investigation, writing—review and 
editing, methodology, funding acquisition, validation, supervision, formal analysis, and project 
administration. E.K.: Writing—original draft preparation, conceptualization, writing—review 
and editing, methodology, funding acquisition, validation, supervision, formal analysis, and 
project administration. Competing interests: The authors declare that they have no 
competing interests. Data and materials availability: All data needed to evaluate the 
conclusions in the paper are present in the paper and/or the Supplementary Materials. The 
raw data and Mathematica scripts for analysis of social networks are available in the online 
repository Zenodo at the following link: https://tinyurl.com/3cukfen5 (DOI:10.5281/
zenodo.12739587).

Submitted 6 November 2023 
Accepted 18 November 2024 
Published 3 January 2025 
10.1126/sciadv.adm7255

https://tinyurl.com/3cukfen5
http://dx.doi.org/10.5281/zenodo.12739587
http://dx.doi.org/10.5281/zenodo.12739587

	Information sharing within a social network is key to behavioral flexibility—Lessons from mice tested under seminaturalistic conditions
	INTRODUCTION
	RESULTS
	The scent of a sucrose-rewarded mouse attracts other mice
	Response to information about reward depends on the position in the social network
	The scent of a rewarded mouse attracts other mice regardless of the type of reward
	Disrupted synaptic plasticity in the PL prevents the reshaping of social networks
	Social olfactory information helps to navigate a novel environment
	Acute silencing of the PL impairs the response to socially cued reward but not chasing

	DISCUSSION
	MATERIALS AND METHODS
	Subjects
	RFID tagging
	Poly(dl-lactide-co-glycolide) NPs containing TIMP-1 or BSA
	Chemogenetics
	Stereotaxic surgeries
	Perfusions and verification of TIMP-1 and PSAM injections
	Eco-HAB system
	Testing response to social olfactory cues indicating a reward in a familiar environment
	Testing response to social olfactory cues indicating a reward in a novel environment
	Longitudinal observation of social structure formation in the Eco-HAB
	Dominance tests
	Social network analysis
	Statistical analyses

	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments


