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Animals can learn about danger by observing conspecifics, but whether and
how they acquire behaviors through positive affective states of othersis not
understood. Here we show that by observing ademonstrator, mice learn

to take actions that benefit others and that are goal-directed and flexible.
Chemogenetic silencing experiments showed that activity in hippocampal
dorsal CA1(dCA1) was required for observers to learn action-outcome
associationsin asocial context. Fiber photometry recordings revealed
inter-individual differences in dCAlactivity patterns during observation
that tracked the observer’s subsequent prosocial or selfish behavioral
propensities. Optogenetic manipulations demonstrated that the dCAl is
key during observation and can orient amouse’s actions toward prosocial
or selfish choices in future interactions. Our study provides a mouse model
of social transmission of knowledge that guides prosocial behavior and that
may be relevant for studying disorders in which the ability to learn from
others’ actions is compromised.

The ability toshareis afoundation of human evolution and represents
anotable facet of prosocial behaviors. Humans and animals often share
resources and help others, even when there are noimmediate benefits
for themselves'. Exploiting other individuals’ knowledge through
observation canlead toacquiring socially relevant behaviors, thereby
increasing social integration and cooperation*. Observational learn-
ing is a fundamental trait in many species®”. Like humans, animals
can learn to associate aversive stimuli and cues that predict danger
from others®®’, reducing the risks associated with direct experience'.
Observational learning can also involve an affective empathic response
to environment adaptation. Mice can detect and share the affective
state of others®"", which in turn can favor different forms of proso-
cial behaviors, such as consolation™, helping', harm avoidance'® and
providing rewards'"*%,

Observational fear learning, where threats are learned through
observation, recruits the cortical areas®'**° and basolateral amyg-
dala (BLA)*". Furthermore, understanding others’ aversive situations
recruits hippocampal functions to construct and remember contextual
experience, which canguide future behaviors®; however, little informa-
tionisavailable onthe neurobiology of learning that promotes behav-
iors with positive valence through socially transmitted information.

Here, we used a social decision-making (SDM) paradigm in mice
inwhich observers (OBS) can learn from demonstrators (DEM) how to
share a food reward. Through observation, mice not only learned the
nose poke-outcome association but also made more coherent choices
than after classical trial-and-error learning. Furthermore, mice dis-
played anincreased propensity to select actions resulting in food shar-
ing withinthe social context, abehavior shaped by individual variability,
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Fig. 1| Mice learn decision-making by observation. a, Experimental setup.

b,c, Number of choices (b, two-way repeated measures (RM) analysis of variance
(ANOVA), time (days) x group (DEM, OBS, metal mesh, opaque partition),
Fuz96=4,71,P<0.0001) and coherence index (c, time x group, F ;0= 2,28,
P=0.0133) of DEM and OBS tested with a metal mesh (left, n =7 dyads) or an
opaque partition (right, n = 7 dyads). *P < 0.05, **P < 0.01, **P < 0.005 versus
DEM, same condition; *P < 0.05, P < 0.01 versus OBS, opaque partition.d, Pie
charts showing the proportions of DEM and OBS below (<cutoff) and above
(>cutoff) the coherence index cutoffset to 0.20 on day 1 (left, Fisher’s exact

test, P<0.0001) and day 5 (right, P=0.206). Data (d-i) were obtained from

14 independent experiments. e,f, Number of choices on day 1 (e, two-tailed,
unpaired t-test, t =1,404, d.f. = 54, P= 0.1661) and coherence index across 5 days
of decision-making phase (f, two-way RM ANOVA, time (days) x group (OBS
<cutoff, >cutoff), F, 56 = 3,74, P= 0.0057) of OBS below (<cutoff n =12) and above
(>cutoff n =44) the coherence cutoff. NS, not significant. g, Heatmap showing

towards DEM (s)

mice preferred (white) or other choice (black) across the 5 days of SDM. Each

raw represents data from one DEM or OBS. h, Trial-by-trial preferred nose poke
choice over total number of nose pokes (n = 56 DEM-OBS dyads) and during nose
pokes 0 to 25 (inset, two-tailed, unpaired ¢-test, t =1,385, d.f. = 28, P= 0.1770)
and26to 50 (¢=2,265, d.f.=28, P=0.0314).i, Latency to respond (time between
trial start and nose poke) of DEM and OBS in the SDM (two-way RM ANOVA, time
(days) x group (DEM, OBS), F, 3,5)=16.3, P < 0.0001, n = 56 DEM-OBS dyads).

Jj, Representative images of pose estimation model in DeepLabCut (top) and
SimBA analysis for quantification of time directing toward DEM (bottom, one-
way ANOVA, F; 141 1369 = 33,20, P < 0.0001, n =13 OBS). k, OBS time spent directed
toward DEM increases over testing days (one-way RMANOVA, F; 74 2055 = 33.20,
P=0.0225,n=13 OBS).1, Correlation between DEM coherence index and OBS
time spent directing toward DEM (linear regression, r* = 0.06999). Error bars and
shading represent s.e.m. unless otherwise noted. *P < 0.05; **P < 0.01; ***P< 0.001;
NS, not significant.

familiarity and sharing behavior of the DEM. We identified neuronal
activity- and plasticity-dependent changes in the dorsal hippocampal
CA1(dCA1)following observation of prosocial behavior. Chemogenetic
and optogenetic manipulations revealed that the dCAlis adeterminant

forlearningassociations between actionsand outcomesinasocial con-
text during observation—associations that subsequently guide future
choices. Our study demonstrates that the dCAl hasacritical roleinlearn-
ingsocially transmitted information that can drive prosocial behaviors.
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Results

Mice learn decision-making by observation

To test whether mice learn how to make decisions by observing others
we used the SDM paradigm that assesses inter-individual propensi-
ties for sharing a food reward in mice'®. In an expanded operant cage,
decision-maker mice, acting as ‘demonstrators’ (DEM), using nose poke
holes, decided to take a food reward only for themselves (hereafter
labeled as a‘selfish choice’) or to share the reward (‘prosocial choice’)
withrecipient mice, acting as ‘observers’ (OBS; Fig.1a). The OBSwerein
anadjacent compartment, separated by ametal mesh, and could receive
food rewards only upon DEM choices. After 5 days in this compartment
(‘observation’; Fig. 1a), the OBS replaced their DEM and operated as
decision-makers. The OBS were allowed to act as decision-makers only
after the observation period to avoid the ‘mere presence’ effect”. In this
phase (‘decision-making’; Fig. 1a), we assessed whether mice learned
from previous observations of their partners. We compared this group
toacontrol group of mice tested with an opaque partition that allowed
auditory and olfactory but not visual stimuli.

We found that OBS made more nose pokes than their DEM and OBS
tested with the opaque partition (Fig. 1b), indicating that observation
improved the response-outcome association. Furthermore, we quanti-
fied the ability of the mice to choose and discriminate between the two
options, calculating a coherence index, where positive valuesindicate
consistent choices across days. We set a cutoffto distinguish mice that
displayed a clear (>60% of responses into one of the two nose pokes)
and coherent (choosing the same nose poke across sessions) prefer-
ence throughout the decision-making phase. We found that OBShad a
higher coherenceindex onday1thantheir DEM and the OBS tested with
the opaque partition (Fig. 1c), suggesting they had learned to perform
thetask during the observation phase. In contrast, OBS tested with the
opaque partition had a coherence index close to zero, indicating that
they performed at chance level (Fig. 1c).

We replicated the SDM several times (n=56 DEM-OBS dyads),
in males and females, in naive and control virus-injected mice (for
later manipulations) and confirmed an increased number of choices
(Extended Data Fig.1b) and coherence index (Extended DataFig.1d) in
the OBS compared to their DEM. Similar results were obtained in male
and female OBS (Extended DataFig.1c-f). Only 5 of the 56 DEM showed
apreference onday1that was maintained throughout the task (Fig. 1d);
most performed at chance level on day 1 (coherence index <0.20),
only reaching a stable performance in later daily sessions (Fig. 1d). In
contrast, most OBS (44 of the 56) already displayed consistent choices
(coherenceindex>0.20) on day 1 (Fig.1d).

We separately examined OBS with coherence indexes above or
below the cutoff (Fig. 1e,f and Extended Data Fig. 2a). Mice from both
OBS groups showed a similar number of choices on day 1 (Fig. 1e),
whichwereincreased comparedto their DEM (Extended DataFig. 2b),
indicating that they had acquired the response-outcome association;
however, the OBS group with coherence indexes below the cutoff chose
randomly between nose pokes or showed incoherent preferences on
subsequent days (Fig. 1f). These results indicate that mice developed
apreference for one of the two choices during the observation phase
and learned how to display it, without the need for initial training, in
the decision-making phase.

Analyzing trial-by-trial responses, we found that OBS chose the
less preferred nose poke fewer times than their DEM (Fig. 1g). On day
1both groups began at chance, but OBS converged on the preferred
response within 25 trials (Fig. 1h). Furthermore, we measured the
response latency, which s the time between two consecutive choices.
We found that OBS had shorter latencies than DEM throughout testing
(Fig.1i), whichis afurther indication of learning.

Finally, we examined OBS postural dynamics during the SDM
observation phase to categorize other behaviors. The OBS were
tracked using DeepLabCut?, and their behaviors were classified with
SimBA? (Fig. 1j). By inspecting postures, positions and movements,

we annotated how much time OBS spent directing toward the DEM
(facing DEM, nose-to-nose interaction and facing each other) or toward
stationary objects (DEM nose poke holes and food magazine) (Fig. 1j).
Most of the time, OBS were directed toward their DEM. Of note, the time
spent directed toward their DEM increased across days (Fig. 1k) and
correlated positively with the coherence index of their DEM (Fig. 11),
suggesting that OBS were more focused on the DEM’s ability to make
coherent choices.

We then asked whether social contact and reciprocal interaction
were necessary for observational learning. To address this point, we
tested OBS with a one-way mirrored divider allowing OBS to witness
DEM behavior, while preventing DEM from seeing OBS and compared
to OBS tested with the standard metal mesh divider allowing full bidi-
rectionalinteraction (Extended DataFig. 1k). OBSin both groups were
then tested in the decision-making with the metal mesh. We found no
differences between OBS that were tested in the observation phase
with the one-way mirror or the metal mesh (Extended Data Fig. 1,m).
These results indicate that observational learning in this paradigm
occursindependently of reciprocal social interaction and is primarily
driven by the OBS ability to witness the DEM actions and outcomes,
rather than by receiving feedback from the DEM.

Observational learning is not a manifestation of mimicry

We then asked whether OBS learning was merely imitating DEM
behavior. To answer this question, we checked whether OBS chose
the same nose poke location preferred by their DEM in the SDM
(Extended Data Fig. 3a). Using a probability tree, we found that OBS
did not necessarily prefer the nose poke location chosen by their DEM
(Extended DataFig.3b), suggesting that OBS were not strictly anchored
to the same sequence of actions witnessed during the observation
phase. Furthermore, OBS displaying a preference for the same or dif*-
ferent nose poke location did not differ in their coherence indexes
(Extended DataFig. 3c,d).

We also checked whether learning from DEM preferring nose
poking into a proximal or distant nose poke could have influenced
OBS learning. However, we found no differences in the coherence
index (Extended Data Fig. 3e), excluding the possibility of bias due to
place preference. Next, to assess the flexibility OBS have when applying
the observed behavior in a modified context, in the decision-making
phase we presented to a subgroup of OBS (20 of the 56) a nose poke
configuration that differed from the one used during the observation
phase (Extended Data Fig. 3f). Under this condition, we did not report
significant differences from the OBS presented with the same nose
poke configuration of the DEM (Extended Data Fig. 3f,g). Altogether,
these results indicate that OBS were sufficiently flexible to adapt the
observed behavior to amodified context.

Observers learn socially mediated action-reward association
Based on these results, we next examined the preference of the DEM and
OBS for prosocial or selfish choices. We previously reported that most
mice preferred to share food rewards in the same task'®. A similar prefer-
ence wasdisplayed by the DEM (30 preferred prosocial choices), as indi-
cated by positive decision preference scores (Fig. 2a,b). Similarly, most
OBSdisplayed a preference for prosocial over selfish choices. However,
unlike their DEM, this preference was already evident on day 1 of testing
and remained stable until the end (Fig. 2a,b and Extended Data Fig. 1i,j).

Consistent with the above finding that OBS made more choices
than DEM (Fig. 1b), we found, at the group level, that OBS made more
prosocial choices (Fig. 2c). This effect was specific to prosocial choices,
as their selfish choices were unchanged compared to their DEM
(Fig. 2c). Notably, not only prosocial OBS (Fig. 2d) but also selfish OBS
(Fig. 2e) made more prosocial choices than their DEM.

As OBS receive rewards only when DEM make prosocial choices
during the observation, their subsequent preference could reflect
learning a side bias, rather than the association between observed
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day1(left, chi-squared test, 58.31, d.f.=2, P < 0.0001) and day 5 (right, chi-squared
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compartment. g, Number of choices (g, two-way RM ANOVA, group (DEM with
recipient, OBS with recipient, OBS norecipient), F, 3;,=13.37, P< 0.0001). h, Pie
chart (left) showing the proportion of OBS matching (light green) or not-matching
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P=0.0004).j, Total number of prosocial and selfish choices by OBS tested with
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choices by DEM (n=6-8) and OBS (n=8-9) grouped by social rank (subordinate,
gray/dominant, red; two-way ANOVA, rank (subordinate/dominant) F 5, =1.056,
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P=0.7310).1, Following observation, OBS were tested in the decision-making
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NS, not significant.
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*P<0.05;*P< 0.01;**P< 0.001; NS, not significant.

action and its social outcome. To address this, we tested OBS in their
decision-making without a recipient (Fig. 2f) and found a decreased
number of nose pokes compared to OBS tested with arecipient (Fig. 2g).
We compared the nose poke side preference of OBS tested with no
recipient to that of their respective DEM. Of the 13 OBS in this condi-
tion, 6 matched their DEM preferred side, whereas 7 chose the opposite
(Fig.2h). Additionally, whether the DEM preferred prosocial or selfish
nose pokes did not significantly influence this matching outcome
(Fig. 2h). OBS with no recipient also showed inconsistent choice pat-
terns across sessions compared to OBS tested with recipient as well
as to DEM group (Fig. 2i). Furthermore, reward delivery to the empty
recipient compartment did not modify the behavior (Fig. 2i). Finally,
OBS with no recipient made fewer prosocial choices compared to

those with a recipient, whereas selfish choices remained unchanged
(Fig. 2j). Altogether, these data indicate that OBS choices were not
driven by side bias or sensory cues associated with reward delivery,
rather for the presence of the rewarded partner. Because removing the
recipient modifies the experienced action-outcome contingency, the
reduced prosocial bias in this condition might also reflect updating of
learned associations.

Social hierarchy among cage mates could influence prosocial
behavior?. We thus checked whether the increase in prosocial choices
was the result of observational learning or was determined by social
dominance. We assessed the social rank of each mouse using the tube
test and then OBS mice were paired to dominant or subordinate DEM
inthe SDMtask. We found that both groups of mice showed increased
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prosocial choices compared to DEM, but we did not detect any differ-
ences between dominant and subordinate OBS (Fig. 2k). This result
confirmed that observed prosocial actions could promote prosocial
behaviorin future interactions.

Next, to determine whether the increase in OBS prosocial choices
was explained by an act of reciprocity with their DEM we tested OBS
withadifferent familiar partner mouse (another cagemate; Fig.21). We
found that, similarly to OBS tested with their DEM, OBS mice showed
anincreased number of prosocial choices also when tested with a dif-
ferent familiar partner (Fig. 2m). Furthermore, there was no difference
inthe number of prosocial choices between OBS tested with their DEM
or withthe different familiar recipient (Fig. 2n). These findings indicate
that OBSflexibly generalize their learned behavior to new but familiar
social contexts.

Finally, we tested agroup of mice that, after the observation phase
with their DEM, were exposed to an unfamiliar partner during the
decision-making phase (Extended Data Fig. 4a). In this case we found
thatthe OBS with anovelrecipient displayed alower number of choices
compared to OBS that remained with their DEM (Extended Data Fig. 4c).
Moreover, OBS tested with an unfamiliar recipient displayed more
selfish preference (Extended Data Fig. 4e), consistent with the role of
familiarity in enhancing prosocial behaviors'®*.

Individual differences in observational learning
We next investigated how individual differences in social preferences
manifested following observation. We separately examined the OBS
based ontheir displayed preferences during the decision-making phase
to determine whether prosocial and selfish tendencies were associated
with distinct learning patterns (Fig. 3a). We found that prosocial OBS
made more choices than selfish OBS (Fig. 3b). The choices of prosocial
OBS were more focused, as demonstrated by a higher coherence index
(Fig.3c) and reduced time between choices (Fig. 3d) than selfish OBS.
Building upon these findings, to confirm that OBS learned the
social contingencies of the observational conditioning, we tested
whether OBS preference for prosocial or selfish choices could be trans-
ferred to other contexts. Following the SDM, the OBS were tested ina
three-chamber arena, inwhich their DEM and aninanimate object were
placed on opposite sides (Fig. 3e). In this experiment, prosocial OBS
preferred their DEM over the object, whereas selfish OBS preferred the
object (Fig.3e). When tested with anovel mouse, selfish OBS preferred
the partner over the object, indicatingintact sociability (Fig. 3e). Then,
we tested adifferent subgroup of OBSin a10-minfreesocial interaction
in a standard plastic arena, where they were allowed to interact with
their DEM partner (Fig. 3f). We found that the prosocial OBS engaged
in more and longer direct nose-to-nose contacts with their DEM than
the selfish OBS (Fig. 3f), confirming the previous observation in this
experimental setting.

Prosocial actions favor observational learning

To evaluate the contribution of all recorded behavioral parameters
and determine behavioral patterns related to OBS displaying proso-
cial or selfish preferences, we performed dimensionality reduction
using principal-component analysis (PCA) in two different cohorts of
mice. PCAincorporatingall recorded behavioral parameters identified
three principal components (PCs) explaining a substantial percent-
age of the total variance (cohort 1, 76.30%, Fig. 3g; cohort 2, 83.97%,
Extended Data Fig. 5a). Notably, PCA clearly distinguished prosocial
from selfish OBS in both cohorts (Fig. 3g and Extended Data Fig. 5a),
and we found asignificant difference in PC1values between prosocial
and selfish OBS. The major variable contributing to PC1 was the number
of prosocial choices (Fig. 3h).

Tounderstand whether a prosocial or selfish DEM could influence
the future choices of OBS we calculated the probability of OBS display-
ingapreference for prosocial choices following observing a prosocial
or selfish DEM; however, this probability did not change (Fig. 3i).

We then asked whether, more specifically, prosocial choices
couldinfluence OBS learning. To answer this question, we performed
the PCA to identify DEM and OBS using the parameters measured in
the SDM (Fig. 3j). The DEM and OBS differed in the PC1, which also,
in this case, was mainly guided by the number of prosocial choices
(Extended DataFig.5b). We then stratified DEM and OBS based on their
prosocial and selfish preferences, revealing a significant difference
in PC1 values between prosocial OBS and DEM (Fig. 3k). Therefore,
we hypothesized that the number of prosocial choices made by the
DEM could positively influence OBS learning. Indeed, we found that
the OBS coherence index correlated positively with the number of
prosocial choices, but not selfish choices, made by the DEM during the
observation phase (Fig. 3I). This observation is also supported by the
findings showing that the DEM of OBS with a coherence index above
the cutoff made more prosocial choices than the DEM of OBS with a
coherenceindex below the cutoff (Extended Data Fig. 2d). Therefore,
while overall DEM preference does not simply determine OBS behavior,
theexperience of shared rewards during observation could play akey
rolein shaping future choices.

dCAlis engaged during observed prosocial behaviors

We examined the brain regions activated by observational learn-
ing using cFos expression as a marker of neurons undergoing
learning-induced synaptic plasticity**. We compared the number of
cFos® cellsinthe OBS at the end of the SDM observation phase (Fig. 4a).
We found cFos’ cellsinseveral brainregions; however, notably, the OBS
had ahigher proportion of cFos’ cellsinthe dCAlregion than their DEM
(Fig. 4a) and their other brain regions.

We investigated dendritic spine density and morphology to
explore structural modifications possibly associated with obser-
vational learning in dCAL. Structural plasticity changes have been
observed in various learning paradigms and learning shapes neural
circuits by modifying synapses”. We morphologically analyzed the
dCAlneuronsin the DEM and OBS 6 h after the last session (day 5) of
the observation phase. Asa control, we used OBS separated from their
DEM by an opaque partition (Fig. 4b). We found dCAlspine density to
differ between the two experimental conditions (metal mesh, opaque
partition). The DEM and OBS tested with the metal mesh had a higher
spine density than those tested with the opaque partition (Fig. 4c). We
did not detect any difference in spine length and head width (Fig. 4c).
Furthermore, we found anincreased percentage of mushroomspines
inthe dCAlregion of OBS tested withthe metal mesh thanintheir DEM
and OBS tested with the opaque partition (Fig. 4d). Theseresults indi-
cate that observationinduced neuronal structural changesin the dCAL.

We then decided to assess which DEM behavior could potentially
influence the OBS learning process and activate dCAl neurons in the
OBS duringthe observation phase. Toidentify neurons activated in the
dCAl across sessions during the observation of the SDM we injected
a Cre-dependent adeno-associated virus (AAV) carrying the fluores-
centmarker mCherry into Fos***““*® mice (or ‘TRAP2’). Administering
4-hydroxytamoxifen (4-OHT) immediately before the observation
generated dCAl-activated neurons in the OBS (Fig. 4e) and we cor-
related the number of activated neurons (mCherry*) with DEM behav-
ior. We found that the number of dCA1 mCherry-expressing neurons
correlated positively with the number of DEM nose pokes associated
with prosocial choices (Fig. 4f), which could reflect the encoding of
the shared reward and/or reward-location association. We did not
find correlations with other measurements, such as food delivery to
DEM only (Fig. 4g).

dCAlisrequired for observational learning of reward and
social outcome association

Todetermine whether the dCAl has a causal rolein learning the socially
relevant contingencies of DEM actions, we used inhibitory chemogenet-
ics during the observation phase of the SDM (Fig. 5a,b). As a control,
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(DEM n=19 and OBS n =17 neurons, from four mice) or an opaque partition
(DEM n=20and OBS n =18 neurons, from four mice) during the observation
phase of the SDM (d). e, Timeline to ‘TRAP’-activated neurons during the
observation phase of the SDM and representative photomicrographs of the area
for mCherry* TRAPed cells count in the dCA1 of OBS paired to DEM with positive
(top) or negative (bottom) decision preference score. DAPI, 4’,6-diamidino-
2-phenylindole. Scale bar, 50 pm. f, Correlation between TRAP2/mCherry*

cells following the observation of the SDM and number of their DEM prosocial
responses (linear regression, n =18). g, Correlation between TRAP2/mCherry*
cells following the observation of the SDM and number of DEM selfish choices
(left), DEM total number of choices (middle) and DEM decision preference score
(right) (linear regression, n =18). Error bars and shading represent the s.e.m.
unless otherwise noted.

Fig.4|dCAlis engaged during observed prosocial behaviors. a, Left:
quantification of cFos+ cells across seven brain regions (at least three sections
perregion) in DEM (n = 8) and OBS (n =9) (two-way ANOVA, brain region x group
(DEM, OBS), F4.65 = 3.65, P= 0.0026). *P < 0.05 versus DEM; *P < 0.05 versus all
other regions of OBS. b, Left: timeline of dCAl1 neuron morphology analysis

in DEM and OBS tested with a metal mesh or an opaque partition during the
observation phase of the SDM. Right: representative images showing dendrites of
OBS and DEMin dCALl. c¢,d, Protrusion densities (left, two-way ANOVA, condition
(metal mesh, opaque partition), F, ;o) = 0.15, P= 0.0335) and spine length (right,
Fy7=1.89,P=0.1725) and head width (F ;; = 0.81, P= 0.7220) of dendritic
spines (c) and proportions of different spine types in percentage of total spines
(mushroom, stubby and thin, three-way ANOVA, group (DEM, OBS) x condition
xspinetype, F(, ;3 =7.62,P=0.0006) in dCAl of mice tested with a metal mesh
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weinjected micein the ventral hippocampal CA1 (vCAl). Mice received
anAAV carrying theinhibitory designer receptor exclusively activated
by designer drugs (DREADD) receptor hM4D or a control virus, under
CaMKIla promoter,intothe dCAlorthe vCAl (Fig. 5a). BothhM4D and
control OBS mice were injected daily with clozapine-N-oxide (CNO)
30 minbefore eachsession tosilence the dCAlor vCAlduring the entire
observation phase of the SDM (Fig. 5b). At the end of DEM performance,
hM4Diand control OBS were then tested as decision-makersin the SDM.

Chronicneuronalsilencinginthe dCAl1but not the vCAlimpaired
observationallearning (Fig. 5c,d), as the coherenceindex was lowerin
hM4D dCA10BS thanin control OBS (Fig. 5¢). In contrast, hM4D dCA1
OBS did not display any difference in the number of choices (Fig. 5c),
indicating that dCAl silencing did not affect the nose poke-outcome
association. Next, to understand the specific contribution of the dCAl,
we tested an additional group of OBS that received inhibitory DREADDs
inthe dCA1(hM4D dCA1) or mCherry (control) and were injected with
CNO for silencing only during the decision-making phase (day 1 and
2). We found no differences in the coherence index and number of
choices between hM4D dCA1 and control OBS (Fig. 5f). Therefore,
these results demonstrate that dCAlis required for the acquisition of
socially mediated action-outcome association, but not for later recall
of social memories.

Togaingreaterinsightinto therole of the dCAlin this behavior, we
checkedthe social preference of OBS after chemogenetic silencing. The
OBS inthe control group displayed a clear preference, either prosocial
orselfish,onday1(10 of 11; Fig. 5g). Instead, most hM4D dCA1 OBS (8 of
12) did not show a clear social preference (Fig. 5g), and they displayed
coherent choices only in later daily sessions suggesting that dCA1
silencing did not affect the learning of procedural aspects but rather
affected the association between DEM choices and their consequences.
Further, we found that dCAl silencing abolished the positive correla-
tionbetween the coherence index of OBS and the number of prosocial
choices made by their DEM during the observation phase (Fig. 5h).
These results indicate that the dCA1 might be necessary for the OBS
tointegrate information about the DEM choices during observation.

Then, we analyzed the hM4D dCA1l-silenced OBS based on their
displayed preference in the decision-making phase. We found that only
OBSdisplaying a preference for prosocial choices showed lower coher-
ence scores than the control OBS (Fig. 5i). We did not find differences
in other motivational behaviors such as sociability (Fig. 5j) and social
exploration (Fig. 5k) in the dCAl-silenced mice. These results suggest
that dCAlsilencing might have affected learning, particularly of those
with a propensity for prosocial choices.

Observational learning recruits distinct dCA1 neuronal
patterns

To understand the functional role of the dCA1 when observing DEM
selfish and prosocial choices, we used fiber photometry to directly

monitor neural activity in the dCA1 of OBS during the observation
phase of the SDM (Fig. 6a and Extended Data Fig. 6a). We injected a
virus carrying a genetically encoded fluorescent calcium indicator
(GCaMPé6f), under CaMKIla promoter, into the dCAl of the OBS. Then,
the OBS were tested in the decision-making phase to assess their prefer-
ence, and therecordings were analyzed based on their later preference
for prosocial or selfish choices (Fig. 6b). Using SimBA* we quantified
the number of trials in which the OBS were facing the DEM based on
their body position and could witness their nose poking. Because we
found a higher number of events wherein OBS were facing away from
DEM (Fig. 6¢), we analyzed the recordings based on the likelihood of
the OBS witnessing their DEM’s actions.

We found a suppressed and prolonged (=40 s) neural activity in
OBS time-locked to the DEM prosocial choices (Fig. 6d,f) onthe last day
of observation (day 5). This effect was not present on day 3 (Fig. 6i), indi-
cating that suppression increased when the task was likely acquired.
We did not detect a similar neuronal suppression in the selfish OBS
(Fig. 6e,f). In contrast, the selfish OBS show a rapid, transient (=5 s)
increase in neuronal activity upon DEM prosocial choices (Fig. 6e),
whichwas not detected on day 3 (Fig. 6i).

Furthermore, the neuronal patterns we identified in prosocial
and selfish OBS on day 5 were not present when the OBS were not fac-
ing DEM upon nose poking for food sharing (Fig. 6g,h). Because OBS
received a food reward both when facing or facing away from DEM,
these results suggest that dCAl neuronal activity does not depend on
reward delivery or consumption per se, but rather it is related to the
predictionorthe value of the reward, associated withthe DEM action,
or to differential behavioral responses of the OBS following shared
reward. These results are in line with the above findings showing that
dCAlactivity correlates with number of shared rewards (Fig. 4f). Fur-
thermore, these neuronal patterns in prosocial and selfish OBS were
evident only upon DEM prosocial but not selfish choices (Fig. 6j).
Notably, differential levels of dCAl neural activity correlated positively
with OBS decision preference scores (Fig. 6k).

Previous studies have found that dorsal CA2, and not CAl, is
important for socially relevant forms of memory**%. Thus, to inves-
tigate the specificity of CAl expression of the calcium indicator in
the neural recordings we co-stained for a known CA2 pyramidal
neurons marker, which showed no overlap with GCaMP expression
(Extended Data Fig. 6b). Hippocampal CA2 also present dense pro-
jections to CA1°*?!, Thus, to assess the involvement of CA2 during
observation of social behaviors we injected OBS Fos**'“*** mice witha
retro-AAV-hSynl-dlox-tdTomato-dlox to label active population of cells
connected tothe CAl (Extended DataFig. 6¢c).In addition to activation
within the CAllocal network, we also detected activated cells in the CA2
(Extended Data Fig. 6¢)***°. All these results suggest that task learning
during observation manifests as distinct dCAl neural signatures that
correspond to different behavioral outcomesin the decision-making.

Fig. 5| dCAlisrequired for observational learning of reward and social
outcome association. a, Inhibitory DREADDs receptors (AAV-CaMKIla-hM4D-
mCherry) or control (AAV-CaMKIla-mCherry) were expressed in the dCAl and
vCA1 of OBS mice. Number of transduced cells in dCAl and vCAl (two-tailed,
unpaired ¢-test, t = 0.328, d.f. =19, P= 0.7461). b, Control and CAl-silenced mice
receivedi.p. CNO injection before daily session of the observation phase of

the SDM, and then were tested in the decision-making phase without CNO. c,
Coherence index (left, two-way RMANOVA, group, F; ,; = 7.46, P= 0.0125; control
n=11,hM4D n =13) and number of choices (right, time (days) x group (hM4D,
control), F 4 =1.26, P=0.2903, hM4D n =13; control n = 11) of dCAl-silenced
and control OBS during observation. d, Coherence index (left, F; ;)= 0.53,
P=0.4756; control n =9, hM4D n =10) and number of choices (right, F, ¢4, = 9.94,
P=0.9603, hM4D n =10; control n = 8) of vCAl-silenced OBS and control OBS
during observation. e, Control and dCAl-silenced OBS received i.p. CNO injection
before day 1and 2 of the decision-making phase of the SDM. f, Coherence index
(left, time (days) x group (hM4D, control), F, 45)=0.27,P=0.8934,hM4Dn=7;
control n=7) and number of choices (right, F, 45, = 0.60, P=0.6616). g, Decision

preference scores of control (n =11) and hM4D dCA1 (n =13) OBS. h, Correlation
between coherence index of control (n =11) and hM4D dCA1 (n =13) OBS on day
1of'the decision-making phase of the SDM and number of their DEM prosocial
choices (linear regression). i, Coherence index of control OBS and hM4D dCA1
OBS grouped by prosocial (control n =7, hM4D dCA1n = 6) and selfish (control
n=5,hM4D dCAln = 6) preference (two-way RMANOVA, group, F 39 = 8.62,
P=0.0008, time, F, ;,,=28.79, P< 0.0001). Inset: average coherence index during
the decision-making phase of the SDM of control and hM4D mice grouped by
prosocial and selfish preference (one-way ANOVA, F, 55, = 5.85, P= 0.0099).

Jj, Preference index of OBS mice tested in the three-chamber test with their DEM
and with aninanimate object (two-tailed unpaired t-test, ¢ = 0.1257,d.f. =17,
P=0.9014).k, Social exploration on control and hM4D OBS toward their DEM
during the 5 days of observation phase of the SDM (two-way RM ANOVA, time
(days) x group (hM4D, control), F, ;5= 0.17, P=0.9496, hM4D n=9; control n=8).
#P<0.05 versus hM4D selfish, *P < 0.05, **P < 0.01 versus control. Error bars

and shading represent the s.e.m. unless otherwise noted. *P < 0.05; **P < 0.01;
***P < 0.001; NS, not significant.
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Todirectly determine whether the different neuronal patternsin
prosocial and selfish OBS play a causal role in observational learning,
we first used reversible optogeneticinhibition of dCAl neuronsinthe
OBS specifically only following DEM prosocial choices, during the last
3 days of observation (Fig. 7a). The dCAl pyramidal neurons of the OBS
wereinjected withaninhibitory opsin (stGtACR2). Guided by the fiber
photometry experiment, we set the photo inhibition for 40 s after DEM
prosocial choices (Fig. 7b) and found that all stGtACR2 OBS displayed
apreference for prosocial choices (Fig. 7¢).

To further explore whether dCA1 neuronal dynamics underlying
observation of prosocial actions play a causal role in biasing subse-
quent choices, weinjected an excitatory opsininto the dCA1 (hChR2).
The OBS received optogenetic activation of the dCAl neurons upon
DEM prosocial choices (Fig. 7b). Most hChR2 OBS displayed a prefer-
ence for selfish choices (Fig. 7c) and, at the group level, showed anega-
tive decision preference score (Fig. 7d). Indeed, the hChR2 OBS made
fewer prosocial choices compared to the stGtACR2 OBS (Fig. 7e). Thus,
these results show that specific inhibition of dCAl activity (stGtACR2
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Fig. 6 | dCAlneuronal patterns of observed prosocial choices. a,b, Expression
of GCaMPé6fin the dCA1(a, left). Scale bar 500 pm. OBS were injected with a virus
encoding GCaMP6f (AAV-CaMKIla-GCaMPé6f) in the dCAl and recorded during
the observation phase of the SDM (a, right). Recordings were analyzed separately
for OBS displaying prosocial (n = 7 mice) or selfish (n = 5 mice) preference in

the decision-making phase (b). c, Number of trials in which OBS faced or faced
away from DEM (two-tailed unpaired t-test, t =2.099, d.f. =22, P=0.0475,n =12
mice). d,e, Representation of GCaMPé6f fluorescence changes in the dCA1 of
prosocial OBS (d) and selfish OBS (e) time-locked to prosocial choices of DEM
day 5 of observation when facing DEM during nose poking. f, Quantification

of GCaMPéf fluorescence changes within 5 s (left, two-tailed unpaired ¢-test,
t=3.098, d.f.=159, P=0.0023, prosocial OBS n = 81 trials from seven mice,
selfish OBS n = 80 trials from five mice) and 20 s (right, t = 5.534, d.f. = 148,
P<0.0001, prosocial OBS n = 75 trials from seven mice, selfish OBS n = 75 trials

OBS z-score

from five mice) following DEM prosocial choice. g,h, Representation of GCaMP6f
fluorescence changes in the dCA1 of prosocial OBS (g, n =130 trials from seven
mice) and selfish OBS (h, n =134 trials from five mice) time-locked to prosocial
choices of DEM day 5 of observation when facing away from DEM during nose
poking. i, Quantification of GCaMPé6f fluorescence changes upon DEM prosocial
choice between day 3 and day 5 (day 3 n =27, day 5 n = 75 trials) in prosocial OBS
(left, t=4.210, d.f.=101, P < 0.0001, from n =7 mice) and selfish OBS (right,
t=3.488,d.f.=117, P=0.0007, day 3 n =39, day 5 n = 80 trials, from n =5 mice).

Jj, GCaMPéf fluorescence changes in the dCA1 of prosocial (left, n =125 trials from
seven mice) and selfish OBS (right, pokes OBS, n = 83 trials from five mice) in
response to DEM selfish nose. k, Correlation between OBS decision preference
score (orange, prosocial, and blue, selfish) and OBS mean z-score (0-20 s)
following DEM prosocial choices (simple linear regression, = 0.6371, P= 0.0019,
n=12mice). Error bars and shading represent the s.e.m. unless otherwise noted.

Nature Neuroscience


http://www.nature.com/natureneuroscience

Article

https://doi.org/10.1038/s41593-026-02292-2

a : b bem prosocial choice (]
1 .
DEM OBS ! OBS  DEM + light [ Prosocial
aﬁhﬁ % ! g—»% B Selfish
I o
1
e St R
1
Actor Recipient : Actor Recipient | OBS control OBS stGtACR2 ~ OBS hChR2
Blue light Rel_‘?éaﬁ? i 0BS hChR2
OBS - stGtACR2 (D CIID Gl G Gl &l Gl & &b & !
OBs-hChr2 (D (D GED GID G G G G &b & E OBS StGtACR2
SDMday 1 2 3 4 5'1 2 3 4 5 I
Time (s) 10 20 30 40 50
d © e
Control stGtACR2 hChR2 s
1.0 7 2 10 * 250 4 — OBS control
o d — OBS hChR2
1) 2 o5 @
c5 05 s © g 200 | —— OBS stGtACR2 < Control
% 2 :'_3 0 L3 prosocial
[T 5] S < 150 + + preference
O] 0+ & & -0 8o *
< < -0.5 = =
n o c 2e
@ o S o0 58 1007
(o) ~0.5 4 0 : O o
£ -0 o o
e Q & 50 -
a o} <«— Control
1.0 - selfish
' T T T T T T T T T T T T T T (o] T T T T ] preference
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 50 100 150 200 250
Days Number of choices
f 9 oy OBS 0BS facing DEM h OBS StGtACR2  OBS hChR2
< 100 - M Control choice  facing 80 60 —
< NS
= [l StGtACR2 NS DEM N = ok
S 80 - [ hChr2 . 60 R
5 ° s | 2
L ) £ 40 A
EE 7] et [ ]
c 8 40 4 =
o
S . © E ./.
o @ OBS control -5 @ 20 -
.g ® OBS hChR2 20 g L
o ® OBS stGtACR2 st o S
[
23] 0 T T T 0] T T T T
3 4 5 On Off On Off
Days

Fig. 7| Optogenetic manipulation of dCAl activity during observation causally
shapes prosocial behavior. a, Optogenetic activation (hChR2) or inhibition
(stGtACR2) in the bilateral dCA1 of OBS during observation of prosocial choices
from day 3to 5. OBS were then tested for 5 days in the SDM without manipulations.
b, Following DEM prosocial choice and concurrent reward delivery OBS received
5sof photo stimulation (hChR2) or 40 s of photo inhibition (stGtACR2).

c,d, Number of OBS (¢, chi-squared test, 6.653, d.f.= 2, P= 0.0376) showing
preference for prosocial and selfish choices, and decision preference scores

of control (n = 8), stGtACR2 (n =7) and hChR2 (n = 6) OBS (d) during the 5 days

of the decision-making phase of the SDM (two-way RM ANOVA, group x time,
Fu76=28.79,P=0.0012; inset: average decision preference of the last 3 days of the
decision-making phase, one-way ANOVA, F, ;5,=3.73, P= 0.0440). e, Cumulative

number of prosocial choices (two-way RM ANOVA, group x time, F 7474533, = 4.07,
P<0.0001) inhChR2 (n = 6), and stGtACR2 (n = 7) OBS compared to control OBS
(n=8) grouped by preference (prosocial, selfish) during the 5 days of the decision-
making phase of the SDM. f, Quantification of control, stGtACR2 and hChR2

OBS behaviors during the observation phase of the SDM (two-way RM ANOVA,
group (control, hChR2 and stGtACR2), F, 5= 10.03, P= 0.0015). g, Number of
DEM prosocial choices (in %) witnessed by OBS (control OBS n=8, OBShChR2
n=6,0BSstGtACR2 n=7) over 3 days of optogenetic manipulations (two-way RM
ANOVA, group x time, F 4 35 = 2.76, P=0.0420). h, Time spent (in %) facing DEM
during ‘light on”and ‘light off’ periods in and stGtACR2 (two-tailed paired ¢-test,
t=1.168,d.f.=8,P=0.2763,n=9) and hChR2 OBS mice (¢ = 5.274,d.f.=5,P=0.0033
n=6).Dataareshownasmean*s.e.m.*P<0.05;*P<0.01; NS, not significant.

OBS) after DEM prosocial choices promoted prosocial behavior in
the OBS, while dCA1 activation (hChR2 OBS) following these events
produced opposite effects and biased the OBS toward selfish choices
(Fig.7d).Furthermore, we quantified other OBS behaviors during the
optogenetic manipulation, and we found that hChR2 OBS showed
reduced time spent facing their DEM (Fig. 7f), also during DEM choices,
resulting in reduced number of witnessed DEM nose poking (Fig. 7g);
however, time facing the DEM could be reestablished during light
off periods in hChR2 OBS (Fig. 7h). Together, these results indicate
that distinct dCA1l activity patterns during observation of prosocial
actions causally shape a bias for prosocial or selfish choices in future
social interactions.

Discussion
Our study showed that mice learn the association between an action
andits social consequences through socially transmitted information,

similar to what happens in observational threat learning. We show
that this behavior is goal-directed and flexible. We investigated the
neurobiology of observational learning by establishinga procedurein
which micelearntoshare food rewards by observing a conspecific. We
found that the dCAlis required for observational learning; itinduced
plasticity-dependent changes and engaged neuronal activity that differ
according to mice behavior in future social interactions.

The variability in observational learning was influenced by the
DEM’s willingness to share rewards, with OBS learning positively corre-
lating with DEM prosocial behavior; however, OBS did not simply mirror
their model, suggesting arole for individual propensity. In this sense,
our study revealed that OBS mice exhibit a general tendency to make
more prosocial choices than their DEM, even when they had primarily
witnessed selfish DEM, and irrespective of their hierarchical (subordi-
nate) status. This challenges previous work suggesting dominance pre-
dicts prosociality'®and indicates that eveninfrequent prosocial actions
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provide sufficient information for behavioral plasticity, potentially
representing an adaptive mechanism that promotes social cohesion
regardless of hierarchical position. Of note, OBS choice patternis not
strictly determined by the DEM behavior. Instead, our results suggest
thattwointerrelated mechanisms may be at play: (1) repeated vicarious
experience of reward could strengthen the association between DEM
actionandits positive outcome for the OBS, reinforcing the value of the
prosocial option through associative learning mechanisms; and (2) the
social contextin whichrewards are shared may generally increase the
motivating appeal of prosocial options, thereby leading OBS to favor
these choices when they subsequently make decisions themselves. In
both scenarios, the social context enhances the salience of prosocial
outcomes, supporting faster and more robust learning. Nevertheless,
therole ofindividual variability and context-dependent learning pro-
cessesinthe shaping of observed behavior remains acomplexinterplay
todissect.Inaddition to variability linked to DEM behavior, we did not
observe sex differences in observational learning, despite previous
reports in direct reinforcement setting’®. This apparent discrepancy
may reflect differences in how social information is processed or uti-
lized by each sex. Observational learning could provide additional
social cues or contextual information that enable female mice to over-
come more conservative decision-making tendencies.

What neural mechanism underlies the differences between mice
that engage in prosocial behavior and others that do not? Our study
found distinct patterns of dCAl neuronal activity during observation of
social behaviors that correlated with preferences in future social inter-
actions. The number of prosocial choices made by the DEM correlated
positively with the levels of dCA1 neuronal activation and plasticity
changes. Theseresults are consistent with arecent study showing that
the dorsal hippocampus regulate helping behavior®, aform of proso-
cial, empathy-driven, behavior, in mice. This convergence of evidence
suggests that the hippocampus may serve as an interface between
cognitive processing and emotional networks underlying prosocial
decision-making. Accumulating evidence shows how the hippocam-
pusis required also to recall socially acquired information related to
aversive stimulus®**, which, in turn, supports survival through danger
avoidance®. In our study, dCAl inactivation impaired the acquisi-
tion but not the later recall of information during decision-making.
Furthermore, our findings point to a crucial role for the dCA1, but not
dCA2 and vCAlin the acquisition of social behaviors, which indicates
the involvement of a neural pathway that could be distinct from the
oneactivated for social memory>>*’; however, our data do not exclude
the potentialinvolvement of CA2 or ventral areas of the hippocampus,
which may be more engaged during earlier observation stages when
social recognition memory is critical, rather thanin later phases when
the task has been largely acquired.

Prosocial tendencies observed across diverse animal taxa points
toanadaptive basis for such behaviors®. Experimental evidence dem-
onstrates that some mammals, including rodents, display sponta-
neous prosocial behaviors even in the absence of previous specific
training'">¥, In this light, our finding that chemogenetic silencing of
dCAl during observational learning selectively impaired the acquisi-
tioninindividuals displaying preference for prosocial choices (and not
those displaying preference for selfish) may reflect individual variabil-
ity that may take into account other factors that shape the predisposi-
tion for flexible expressions of prosociality. Our findings align with
recent work® demonstrating that dCAl neurons selectively represent
reward expectationinsocial contexts and maintain dynamicrepresen-
tations of social identities. Together, these studies suggest that the
dorsal hippocampus could contain neurons for processing socially
relevantinformation and rewards, which may be particularly crucial for
acquisition of prosocial actions, also through observational learning.

Our study extends previous results showing that, among social
and nonsocial factors”'®*, neurobiological determinants could define
how prosocial behaviors are acquired and subsequently displayed.

A subpopulation of BLA neurons projecting into the prefrontal cor-
tex (PFC) is involved in encoding the social values of rewards for self
and others'®. Therefore, a shared circuit, encompassing the PFC,
the BLA and the hippocampus, could represent the neural basis for
learning social behaviors, either by self-experience or observation.
The differential engagement of this neural circuitry may thus repre-
sent a key substrate through which social learning can guide future
social interactions.

While chemogenetic prolonged inhibition established dCAlrolein
the observation phase, targeted optogenetic manipulationsidentified
critical temporal windows for dCA1 contribution. Neuronal recordings
revealed complex patterns where prosocial OBS showed reduced dCA1
activity specifically following witnessing prosocial choices on day 5,
but not day 3. This selective reduction in activity does not preclude
broader dCAlengagement during observationallearning, as evidenced
byincreased cFos expression and enhanced synaptic plasticity. These
complementary approaches reveal that dCAl activity during observa-
tionis necessary for encoding socially structured contingencies, and
thatits temporal dynamics shape subsequent choice biases.

Similar region-specific hippocampal activity has been reported
in goal-directed behaviors®. Dorsal and ventral hippocampal regions
exhibited distinct activity patterns during operant training with dCA1
activity declined, whereas vCAlactivity progressively following reward
delivery. Although with differencesinlatencies, related tolonger delays
retrieving food rewards, in our study, we observed sustained dCA1
suppression in prosocial OBS following witnessed prosocial choices,
contrasting with the transient activation found in selfish OBS, suggest-
ing potential differential engagement of hippocampal circuitry based
onsocial preference. These findings align with human neuroimaging
datashowingthat, using a dictator game, socially adaptive value-based
choices were associated with different degrees of hippocampus activ-
ity suppression*’, Together, we showed complementary roles of hip-
pocampal subregionsin goal-directed behaviors, with dCAl supporting
socially transmitted information acquisition and vCAl enabling sub-
sequent execution of learned behaviors.

The OBS displayed behavioral flexibility rather than simpleimita-
tion, adapting their behavior when task features changed (relocation of
nose poke holes) and generalizingit across conditions, including part-
ner identity (familiar versus unfamiliar) and presence versus absence
ofarecipient. The lack of side-specific copying indicates that OBS did
not merely reproduce the DEM’s motor patternbutinstead learned that
certain actions have consequences for a social partner. This learning
can be explained within standard associative mechanisms. Our find-
ings suggest that the dCAl allows flexible adaptation of the observed
behavior to guide future choices under novel circumstances. These
results extend previous findings on rodent observational learning,
demonstrating the flexibility and adaptability of this behavior to chang-
ing environmental conditions*. In this frame, our findings add a new
facet supporting a role for the dCAl in forming a cognitive map*,
whichis not limited to physical space but involves other spaces, such
as the social one®,

Overall, our study characterized the role of the dCAl in learning
action-outcome contingency in a social context using a different
perspective: the point of view of the OBS or partner. Our results have
noteworthy implications for studying neuropsychiatric, psychopatho-
logical and neurodevelopmental conditions that are often associated
with sociallearning impairments that could limit the capacity to form
and sustain interpersonal relationshipsin our society.
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Methods

Mice

All procedures were approved by the Italian Ministry of Health (permit
nos. 191/2020-PR and 200/22-PR) and local Animal Use Committee
and were conducted in accordance with the Guide for the Care and
Use of Laboratory Animals of the National Institutes of Health and the
European Community Council Directives. Routine veterinary care and
animals’maintenance was provided by dedicated and trained person-
nel. We used 3-6-month-old male and female C57BL/6) animals. For
targeted recombinationinactive populations (TRAP) experiments, we
used 2-6-month-old male and female second-generation of fos-TRAP
mice (Fos2A-iCreER;TRAP2, RRID:IMSR JAX:030323). Distinct cohorts
of naive mice were used for each experiment. Animals were housed
twoto four per cageinaclimate-controlled facility (22 + 2 °C), withad
libitum access to food and water throughout, and with a12-hlight-dark
cycle (19:00-7:00 schedule). Experiments were run during the light
phase (within 10:00-17:00). All mice were handled on alternate days
during the week preceding the first behavioral testing.

Behavioral paradigms

Social decision-making task. Experimental setup. Experiments were
conducted in a standard operant chamber (the actor/DEM compart-
ment, length24 cm x width 20 cm x height 18.5 cm; ENV-307W-CT; Med
Associates) fused with a custom-made small triangle-shaped chamber
(the recipient/OBS compartment, length 18 cm x width14 cm x height
18.5 cm). The separation wall between the two compartments consisted
of a metal mesh with 1cm holes that allowed social exploration and
nose-to-nose interaction. The DEM compartment was equipped with
two nose poke holes and a food magazine between them, for deliv-
ery of food rewards (14 mg; Test Diet, 5-TUL). The OBS compartment
presented only a food magazine connected to a food dispenser. In
the opaque partition condition, the metal mesh was replaced with an
opaque plastic partition, and in the one-way mirror condition with a
transparent plastic partition with adhesive one-way mirror film of the
same size dividing DEM and OBS during the SDM observation phase.
The setup was placed inside a sound attenuating cubicle (ENV-022V,
Med Associates) homogeneously and dimly lit (6 + 1lux) to minimize
gradientsin light, temperature, sound and other environmental condi-
tions that could produce aside preference. All the setup was controlled
by custom scripts writtenin MED-PCIV (Med Associates). Furthermore,
adigital camera (Imaging Source, DMK 22AUCO03 monochrome) was
placed ontop of the setup torecord the test using abehavioral tracking
system (Anymaze 7.3, Stoelting).

Task design. The task was adapted from a previous study. Each cage,
containing both DEM and OBS, hosted two to four mice for at least 2
weeks before the experiment. All DEM-OBS pairs were composed by
cage mates. Animals were mildly food-restricted to 90-95% of their
baseline weight to encourage task engagementin theinitial phase and.
During the SDM observation phase, DEM could determine whether to
receive a food reward for themselves (the selfish choice), or to allo-
cate the reward also to the OBS (the prosocial choice) (Fig. 1a). Both
choices were reinforced on a fixed ratio of 1, such that one nose poke
either to the left or the right side corresponded to one food reward
delivery. After one nose poke, an intertrial interval of 5s occurred,
in which both nose poke holes were inactive, and DEM could retrieve
afood pellet. During the SDM observation phase, OBS were passive
players, only receiving food rewards upon DEM choices. In this phase,
DEM were tested for 5 days in 40-min sessions and were always paired
with the same OBS throughout the experiment. During the SDM
decision-making phase, OBS were placed in the DEM compartment
and tested using the same two-choice scheme previously used for the
DEM for 5 days in 40-min sessions. Nose poke holes associated with
prosocial and selfish choices were counterbalanced across DEM and
OBS and were never changed across test sessions for the same mouse.

The location of the prosocial choice (nose poke configuration) was
maintained the same across the 10 days of testing (observation and
decision-making phase) for each DEM-OBS dyad. To test OBS with a
different nose poke configuration the location of the prosocial choice
was moved to the opposite side during the decision-making phase to
test OBS flexibility.

Analyses. The number of nose poke responses was counted by the
MED-PC software (MED-PC V, Med Associates) and then imported
by using the MED-PC to Excel tool (Med Associates) into a Microsoft
Excel spreadsheet. To quantify individual preference for prosocial
over selfish choices, we calculated a decision preference score, as
(number of prosocial choices — number of selfish choices)/total num-
ber of choices. To measure learning in DEM and OBS we used a coher-
ence index, calculated as (number of responses on preferred nose
poke — number of responses on the other nose poke)/total number of
nose pokesresponses. The coherence index provides a quantification
of coherence of the social preference displayed in subsequent ses-
sions throughout the task. Video images were analyzed a posteriori
for scoring exploratory behavior using Anymaze 7.3 (Stoelting) and
Boris 8.22.14 (University of Turin)**. By using Anymaze, we measured
the time spent by OBS in social exploration in an area proximal to the
compartment where the DEM were present.

Automatic markerless pose estimation and behavioral classification.
To build the DeepLabCut (DLC) model, 1,517 frames were extracted
from 33 videos and labeled using the graphical user interface (GUI),
providing animals’ bodyparts (we tracked six points per animal, con-
sisting of nose, left and right ears, center, tail base and tail end) and
identities (DEM and OBS). Frame extraction was conducted through
k-means or uniform method. A multi-animal dataset containing 95%
of total frames was created to train the model. To evaluate and test
the dataset, the remaining 5% of the total frames were used. The DLC
model was locally trained with an NVIDIA GPU GeForce GTX1650 Ti. The
multi-animal model/network (dlcrnet_ms5) was trained for 100,000
iterations as suggested by Lauer et al.”2. The pose estimation data
were imported to SimBA for further analysis and video files (mp4)
with animals’ identities for visually evaluating the model’s efficiency.
Inthe case of identity swaps, videos were manually refined in the DLC
GUI (refine tracklets), predictions were filtered and further used for
generating the necessary CSVfiles.

After extracting tracking data (CSV files) from the DLC, videos
containing OBS and DEM were analyzed for further behavioral classifi-
cationusing SimBA. We used SimBA region of interest (ROI) and direc-
tionality tools” to make a proxy calculation for estimating whether the
OBS was directed toward the DEM or toward user-defined ROIs in the
DEM compartment. To do this SimBA required pose estimation tracking
ofthe two earsand the nose of each animal, and the center coordinate
ofthe ROIs. Specific ROIs drawnin the DEM compartmentincluded the
‘interaction area’, DEM nose poke holes and DEM food magazine. Fur-
thermore, SimBA estimated the time OBS spent directed toward DEM
and the time DEM and OBS spent directed toward each other (Fig. 1j).

Three-chamber task. For assessing sociability in control and
dCAl-silenced OBS mice were tested inastandard three-chamber socia-
bility cage (Ugo Basile, 60 x 40 x 22cm) equipped with transparent PVC
walls and two cups that could host either amouse or an object (15 cmin
height, diameter 7 cm). After each test, the apparatus was cleaned with
50% ethanol and allowed to air dry. All test stages were carried under
dimly lit (6 +11ux). A digital camera (Imaging Source, DMK 22AUC03
monochrome) was placed above the apparatus torecord the test using
a behavioral tracking system (Anymaze 7.3, Stoelting). Habituation
(10 min) to the apparatus with empty cups occurred on the test day.
After the habituation, the sociability/social preference phase (10 min)
started, and the OBS had the possibility to investigate both sides of the
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chamber where either an unfamiliar object, built with Duplo blocks
(Lego), or an unfamiliar mouse were placed inside the cups.

For testing OBS preferences in a different experimental setting
following the SDM the original partner (DEM) of the OBS was placedin
oneofthe cupsatoneside of the apparatus, whereas the other cup con-
tained an object. The day after, as a control, anovel unfamiliar partner,
was placedinto one of the cups, while the other contained anew object.
Here, OBS were tested for afurther 10 minto assess the preference for
the new partner over the object. At the end of the procedure, mice were
returned to their home cage.

Social interaction task. The social interaction task was conductedina
standard rat cage (Tecniplast, 425 x 266 x 185 mm, floor area, 800 cm?).
First, mice were singularly habituated to the arena (identical to the
test arena) for 30 min and then were simultaneously placed in the
testarenafor 10 min free interaction. The test was performedinside a
sound-proof cubicle (Ugo Basile fear-conditioning cubicle, outer size
of 52 x 62 x 58cm, internal size of 39 x 47 x 49cm) in dim light condi-
tions (15 lux). The test was recorded using a digital camera (Imaging
Source, DMK 22AUCO03 monochrome) and then manually scored using
the software Boris (v.8.22.14, University of Turin). At the end of the
procedure, mice were returned to their home cage.

Tube test. We assessed social hierarchy before the SDM test using a
transparent Plexiglas tube test (30 cmlength, 3 cminternal diameter).
For habituation, the tube was placed in the home cage for 3 consecu-
tive days, followed by 2 days of training, where each mouse completed
tentrials of traversing the tube, with gentle guidance when necessary.
Duringtesting, two mice were simultaneously released from opposite
ends of the tube. The first mouse to retreat by placing both rear paws
outside the tube was designated the ‘loser’ while the other was recorded
asthe‘winner. The tube was cleaned with 50% ethanol between trials.
Mice were tested in around-robin tournament format, with each pair of
cage matestested in consecutive trials, while alternating their starting
sides. Testing continued daily until rank stability was achieved for at
least 4 consecutive days.

Stereotaxic surgeries

Viral vectors. AAV5-CamKIla-mCherry (114469-AAV5, 100 pl at titer
>7 x 10 vg mI™), AAV5-CamKlla-hM4D(Gi)-mCherry (50477-AAVS5,
100 pl at titer >3 x 102 vg ml™), AAV5-hSyn-DIO-mCherry (50459-AAVS,
100 pl at titer =7 x 102 vg ml™") and AAV1-CamKIl.GcaMPéf.
WPRE.SV40 (100834-AAV1, 100 pl at titer =1 x 10" vg ml™) and
AAVI-CamKIla-stGtACR2-FusionRed (105669-AAV1, 100 pl at titer
>1x10" vg ml™) were purchased from Addgene. AAVI-CaMKIlla-hCh
R2(H134R)-mCherry (v204-1 titer 6.5 x 10 vg mI™) and AAV-retro
/2-hSynl-dlox-tdTomato(rev)-dlox-WPRE-bGHp(A) (v284-retro titer
>8.5 x10” vg mI™) were purchased from the Viral Vector Facility of the
Neuroscience Center Zurich.

Surgical procedures. C57BL/6) mice were naive and 2 months old at
thetime of surgery. Allmice were anesthetized with a mix ofisoflurane/
oxygen 2%/1.5% by inhalation and mounted onto astereotaxic apparatus
(Stoelting) linked to a digital micromanipulator. Brain coordinates of
viralinjection were chosen following the mouse brain atlas*: dCAl, anter-
oposterior (AP):—2mm, mediolateral (ML): +1.5 mm, dorsoventral (DV):
-1.3 mm;vCAl, AP:-3.16 mm, ML: £3.10 mm, DV: -4.30 mm. The volume
of AAVinjectionwas 400 nl (injectionrate 0.2 pl min™) per hemisphere.
Weinfused the virus through a10-pul Hamiltonsyringe. After infusion, the
pipette was keptin place for 3 min (diffusiontime) and slowly withdrawn.
After virus injection, mice were allowed 4 weeks to recover and for the
viral transgenes to adequately express before behavioral experiments.

For fiber photometry and optogenetic experiments, a 10-pl Ham-
ilton syringe was lowered into the dCA1 (DV, —1.30 mm from the skull)
and 400 nl of virus was injected (0.2 pl min™) using a syringe pump

(Harvard Apparatus). After infusion, the pipette was kept in place for
anadditional 3 min and then slowly withdrawn. A multimode fiberoptic
cannula (200-pum core, 0.39 NA for fiber photometry or 0.50 NA for
optogenetics, -2 mm,RWD) wasimplanted 0.10 mm above theinjection
site (DV, -1.20 mm from the skull). The implant was secured to the skull
with Super-Bond Universal kit (KOS8E). After surgery mice were allowed to
recover for 4 weeks and for virus expression before the experiment began.

Fiber photometry recordings

Toassesstheactivity of dCAlneurons during the SDM observation phase,
the fluorescence signal emitted by GCaMP6f-expressing neurons was
recorded using fiber photometry. Experiments were performed witha
one-site, two-color Fiber Photometry System (Doric Lenses) measuring
both the 405 nm isosbestic and 465 nm calcium dependent GCaMP6f
fluorescence onasingle photodetector. Signals wererecorded at12 kHz
using the built-in lock-in mode (Doric Neuroscience Studio). In brief,
405 nm and 465 nm fiber-coupled-LEDs were sinusoidally modulated
at 531and 211 Hz, respectively, passed through an excitation filter and
focusedintoa400-pm fiber (NA 0.48) coupled to the mouse optic fiber
implant. Emitted light was collected through the same fiber, passed
through an emission filter and detected by a photoreceiver module.
Animals were habituated to the patch cord once a day for 10 min for
3 days before the beginning of the behavioral experiment. Med-PC
system (Med-PC V Software Suite, Med Associates) generated TTLs to
time-stamp specific events (nose pokes, food receptacle entries and pel-
let deliveries). Acquired data files were processed with custom-written
codes in Python. First, we applied the AF/F (signal - control)/con-
trol x 100)*. We used the isosbestic channel for normalization. To ana-
lyze traces around the demonstrator nose poke (PSTH analysis), we
studied the deviation of the AF/F signal fromits mean (z-score) extracted
inepochs of +40 saround nose pokes. Data preparation for AF/Finvolved
thefollowing stages. (1) Cutting the photometry signal by 5 sat the start
and5sattheend. (2) Settingintervals with artifactsintherecordings to
NaN. (3) Low-pass filtering the photometry traces using a zero-phase
moving average forward-backward linear digital filter. The filter’s win-
dow size was 100 data points for theisosbestic control trace and for the
signaltrace (equivalent to1.660 s). Thefilter was applied independently
to each continuous section of the recordings. (4) Fitting the isosbestic
control channel to the signal channel using a least-squares polynomial
fit of degree 1. Subsequently, the fitted and smoothed control channel
was linearly interpolated at the exact time points where the signal was
sampled sothat AF/F could be precisely computed. Finally, before PSTH
analysis, we performed linear interpolation of the trace to align each
epoch to the same +40 s time points around nose poke events; epochs
withartifacts (NaN values) within the +40 s where removed.

Optogenetic manipulations

During behavioral testing, fiberoptic cannulae were connected to patch
cords (Doric Lenses), which were in turn connected to blue (447 nm)
LED (Prizmatix) using a 1x2 intensity division fiberoptic rotary joint
Prizmatix) located above the cubicle containing the testing arena.
LED power was adjusted such that the light exiting the fiberoptic cable
was approximately 4.5 mW. For photo-inhibition experiments we used
continuousbluelight and LED stimulations were controlled by amicro-
controller board (PulserPlus, Prizmatix). For photo-stimulation experi-
ments we used either 5-s continuous light pulses or 30-Hz, 5-ms pulses
ofbluelight. Animals were habituated to the patch cord once aday for
10 min inside a standard mouse cage for 3 days before the beginning
ofthe behavioral experiment.

Quantification of cFos-positive cells

DEM and OBS mice were tested in the SDM task for 5 days. On the last
day ofthe SDM observation phase (day 5), mice were killed 90 min after
the session and brains were collected and processed forimmunohisto-
chemical detection of cFos protein. All cells were counted bilaterally
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from two to four coronal sections for each brain area. Images were
analyzed using Fiji-ImageJ and cFos-positive nuclei were calculated
as cells per mm?, by dividing the number of the nuclei, automatically
calculated by the software, per slide area.

Spine morphology analysis

For confocal imaging of dendritic spines, neurons were labeled with
Dil stain (1,I-dioctadecyl-3,3,3’,3"-tetramethylindocarbocyanine per-
chlorate (‘Dil’; DilC18(3); Invitrogen, D282), a fluorescent lipophilic
carbocyanine dye. Dil labeling procedure was performed as previously
described”. Dil solid crystals were applied using a thin needle by lightly
touching the ROl on both sides of a 3-mm brain piece comprising the
dorsal hippocampus prepared after cardiac perfusion, 6 h following
thelastbehavioral SDM session, with 1.5% PFAin 0.1 M phosphate buffer
(PB).Dildye was left to diffuse for1dayin the dark atroom temperature,
and thenslices were post-fixed with4%PFAin 0.1 MPB for 45 minat4 °C.
The first slice containing the Dil crystals were discarded and 200-pm
slices were then obtained using a vibratome and collected in PB. Slices
were then mounted on Superfrost glass slides (Thermo Fisher) with the
histology mounting medium Fluoroshield (Sigma-Aldrich, F6182-20ML)
for confocal imaging. Fluorescence images were acquired by using
Zeiss Confocal LSM900 system with a sequential acquisition setting at
1,024 x 1,024 pixels resolution at 561 nm channel. Z-stacks of 0.45-pm
steps were takenand, for each dendritic spine, length, width, and neck
were manually measured using Fiji (ImageJ software). These measure-
ments were used to classify dendritic spinesinto three categories (thin,
stubby and mushroom). For each neuron, at least three dendrites that
were at no morethan200 pm distance from the neuronsoma, for atotal
dendriticlength of about 200-400 pm, was considered. In particular,
the length and the ratio between the width of head and the width of
neck (Wh:Wn) were used as parameters for the classification as fol-
lows: protrusions having a length of more than 3 pm were considered
as filopodia, the others as spines; spines with a Wh:Wn ratio >1.7 were
considered mushrooms; spines with a Wh:Wn ratio <1.7 were divided
into stubby (shorter than1pum) and thin (longer than1 pm). Protrusions
with alength >3 um were qualified as filopodia and protrusions over
5 umwere excluded from the analysis. Confocal imaging was performed
onabalanced number of stained neurons of the two hemispheres.

Drugs

For hM4D activation we used intraperitoneal (i.p.) administration of
CNO dihydrochloride (water soluble) (HB6149, HelloBio) dissolved
in physiological saline (0.9% NaCl) at a dose of 3 mg kg™ in a volume
of 10 ml, 30 min before the behavioral experiments. All mice (control
CNO and hM4D CNO) receivedi.p. CNO injections.

Forlabeling TRAPed neurons, 4-hydroxytamoxifen (4-OHT) (Hel-
loBio, HB6040) was first dissolved in pure ethanol, and 50-pl aliquots
of the 20 mg ml™ stock were stored in the freezer (20 °C). Then, the
aliquots were further diluted in corn oil (Sigma, cat. no. s259853 and
$5007) to achieve afinal concentration of 10 mg ml™. Thei.p. injections
of 4-OHT were administered on days 4 and 5,immediately before start-
ing the SDM task at a dosage of 50 mg kg™. Mice injected with 4-OHT
were tested during 2h-long sessions. The longer 2-h sessionsinthe TRAP
experiments were specifically designed to ensure optimal labeling of
task-relevantneurons, as4-OHT has alonger temporal window of action
compared to standard 40-min testing sessions.

Notably, while the sessions were longer, our behavioral data show
that most task engagement occurred within the first hour, similar to
whatwe reported in our previous work'. Seven days after the observa-
tion phase of the SDM task, mice were killed for tissue slice preparation
and immunohistochemistry.

Tissue slice preparation and immunohistochemistry
Mice were transcardially perfused with 40 ml of 0.1 M phosphate buff-
ered saline (PBS) and then with cold paraformaldehyde (PFA; 4% in PBS

1x). The brain was removed from the skull and post-fixed with 4% PFAin
PBSfor2-6 hat4 °C. The brainwassliced into 50-pum coronal sections
using avibratome 1000 Plus Sectioning System (3M). To examine cFos
expression, brainslices were permeabilized in 0.5% Triton X-100in PBS
(0.3% T-PBS) for 30 min at room temperature (RT) while shaking. After
permeabilization, brain slices were blocked with 0.5% Triton X-100 in
PBS (0.1% T-PBS) supplemented with 4% normal goat serum (NGS) for
2 h at RT, while shaking. After permeabilization and blocking, slices
were incubated with anti-cFos antibody in 0.5% T-PBS supplemented
with 4% NGS overnight at 4 °C, while shaking. The appropriate Alexa
Fluor-conjugated secondary antibody in 0.5% T-PBS with 4% NGS was
appliedfor2 hatRT followed by 15 min nuclei staining with the fluores-
cent dye DAPI (1:50,000 in PBS; Thermo Fisher Scientific).

To detect the viral expression of mCherry, stGtACR2-FusionRed,
hChR2-mCherry in dCAl neurons, brain slices were incubated in 1%
Triton X-100 in PBS (1% T-PBS) supplemented with 10% NGS for1-2 h
at RT, shaking. After permeabilization and blocking, slices were incu-
bated with anti-dsRED polyclonal antibody in 0.3% PBS (0.3% T-PBS)
supplemented with 1% NGS overnight at RT or 48 h at 4 °C, shaking.
The appropriate Alexa Fluor-conjugated secondary in 0.3% PBS (0.3%
T-PBS) with1% NGS was applied for 2 h at RT followed by nuclei staining
with DAPI. To visualize the viral expression of hM4D and GCaMPé6f and
fiber placement, dCA1-and vCAl-containing brainslices were acquired
with a Nanozoomer S60 (Hamamatsu), using constant settings, or an
Axiovert 200M microscope (Zeiss).

Antibodies

Forimmunohistochemistry analyses, the following primary antibodies
were used: rabbit anti-cFos (cat. no. 2250, Cell Signaling, dilution 1:500),
rabbitanti-DsRed (cat. no. 632496, Takara; dilution 1:1,000) and rabbit
anti-PCP4 (cat. no. HPA005792; Sigma-Aldrich; dilution 1:200). The
following secondary antibodies were used: goat anti-rabbit-Alexa488
(cat. no. A-11034, Invitrogen; dilution 1:1,000) and goat anti-mouse
Alexa647 (cat.no. A-21235, Invitrogen; dilution 1:1,000).

Statistics and reproducibility

No statistical methods were used to predetermine sample sizes, but
sample size was selected based on previous experience and estimation
from related studies™. Animals were randomly assigned to control
and manipulation groups. Experimenters were not blinded during
data acquisition, but all analyses were performed with blinding to the
experimental conditions. Two mice were excluded from data collection
because they showed little motivation to engage in nose poke responses
(fewer than ten total pokes), two were excluded because viral expres-
sion patterns were not appropriate (outside the target region) and two
were excluded due to fiber misplacement and loss. Statistical analyses
and figure plotting were performed using Prism v.9 (GraphPad). Data
are reported as mean * s.e.m. Statistical methods used in this study
include two-way RM ANOVA and one-way ANOVA followed by Bonfer-
roni or Tukey corrections, and Wilcoxon matched-pairs signed-rank
tests, as appropriate. Single-variable comparisons were made using
two-tailed paired and unpaired ¢-tests. Mice were assigned to prosocial
or selfish groups using one-sample ¢-tests compared to chance (50%).
Theaccepted value for significance was P < 0.05. PCAincorporated the
following parameters: number of prosocial and selfish responses, deci-
sion preference score and latency to respond in the SDM, nose-to-nose
contact, body and anogenital sniffing, self-grooming and time spentin
the three chamber areas (familiar, unfamiliar and object). Sample sizes
and statistical testsarereportedin the figure legends. Data distribution
was tested using the D’Agostino and Pearson normality test. The experi-
mentsreportedinthiswork wererepeatedindependently at least two to
four times. For theinitial validation of SDM task we replicated the experi-
ment 14 times, which included both naive and virus-injected mice. All
exact statistical Pvalues canbe foundinthe Source Datafiles. Individual
data points are shownin the figures to reveal the data distribution.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Allsourcedatausedtogeneratethefiguresareavailableathttps://doi.org/
10.6084/m9.figshare.31443760 (ref. 48).

Code availability
Custom-written analysis code is available upon request and it will be
released in aseparate publication.
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Extended Data Fig. 1| Female and male mice learn social decisions through
others’ observation. a, Experimental setup. b, c, Mean number of choices
across days in the SDM of DEM and OBS (b, two-way RM ANOVA, time (days) x
group (DEM, OBS), F 4 440, = 32.59, P< 0.0001, n = 56 dyads) and OBS grouped
by sex (c, time (days) x group (males, females), F, »,5,=2.72, P= 0.0308, males
n =38, femalesn=18).d, Individual curves of coherence index of DEM and OBS
across days in the SDM (two-way RM ANOVA, time (days) x group (DEM, OBS),
F4,440=24.2,P<0.0001, n =56 dyads). Bold curve represents group mean.
Inset, average coherence index of DEM and OBS on day 1in the SDM (two-tailed
unpaired t-test, t = 8.471,df =110, P < 0.0001). e, f, Coherence index across
daysinthe SDM of DEM and OBS grouped by males (two-way RM ANOVA, time
(days) x group (DEM, OBS), F, 296 = 18.2, P < 0.0001, n = 38 dyads) and females
(Fu 13 =7.01,P<0.0001, n=18dyads). g, h, Latency to respond (time between
trial start and nose poke) of females (g, two-way RM ANOVA, time (days) x group
(DEM, OBS), F 4 0¢) = 6.05, P=0.0002, n =14 DEM, n =12 OBS dyads) and males

(h, F (4200 =11.03,P< 0.0001, n =22 DEM, n =30 OBS) DEM and OBS across days
inthe SDM.1i,j, Number of female (i) and male (j) DEM (top) and OBS (bottom)
with preference for prosocial (orange) or selfish choice (blue) or with coherence
index below the cut-off (dark gray). k, Coherence index in the decision-making
phase of the SDM of OBS mice tested with the metal mesh (n = 8) or a one-way
mirror (n=7;two-way RM ANOVA, time (days) x group (OBS, metal mesh, one-way
mirror), F, 5, =1,011, P= 0.4106).1, Mean number of choices across daysin the
SDM of DEM and OBS tested with a metal mesh (left) or aone-way mirror (right,
two-way RM ANOVA, time (days) x group (DEM and OBS metal mesh, DEM and
OBS one-way mirror), F ;104 = 2.00, P=0.0306).*P < 0.05 DEM vs OBS. Data
shownasmean ts.e.m.*P<0.05,**P < 0.001. NS not significant. # compared to
OBS opaque partition. m, Total number of prosocial choices made by DEM tested
with metal mesh or a one-way mirror (two-tailed unpaired t-test, t =2.083, df=7.70,
P=0.0719, DEM with the metal mesh n = 8, DEM one-way mirror n=7). Error bars
and shading represent the s.e.m. unless otherwise noted.
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location (same location, n = 33, different location, n =23). e, Coherence index
of OBS showing preference for left (distant location, n = 22) or right (proximal
location, n = 34) nose poke hole (two-way RM ANOVA, time (days) x group
(distant, proximal location). f, g, Coherence index (f, two-way RM ANOVA, time
(days) x group (same, different), F, ,;,,= 0.32, P= 0.8604) and pie charts (g,
two-sided chi-square test, 0.42, df =1, P= 0.5140) for prosocial (orange) or selfish
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different nose poke (different, n = 20). Error bars and shading represent the s.e.m.
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Statistics

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

Confirmed

>
~
Q

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
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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  Behavioral data was acquired using Anymaze v. 6.02 (Stoelting) and MED PC-V v. 5.15 (MedAssociates). Fiber photometry data was acquired
using signal processor (Doric)

Data analysis Behavioral data were analyzed using Anymaze v. 6.2 (Stoelting), Boris v.8.6.5 (Unito), DeeplLabCut (https://github.com/DeeplLabCut/
DeeplabCut) and SimBA (https://github.com/sgoldenlab/simba).
Fiber photometry data were processed and analyzed using a custom-written MatLab code that will available before publication.
c-Fos expression was quantified using Fiji v. 2.5.0.
Figures were plotted using GraphPad Prism 9.

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
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All source data used to generate the figures are available at: 10.6084/m9.figshare.31443760
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Reporting on sex and gender n/a

Reporting on race, ethnicity, or n/a
other socially relevant

groupings

Population characteristics n/a
Recruitment n/a
Ethics oversight n/a

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

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to predetermine sample size. Sample size was determined based on our experience and the sample size
used in related research and literature (References: 8, 18).

Data exclusions  Two mouse was excluded from data collection because it showed little motivation to engage in nose poke responses (fewer than 10 total
pokes), two were excluded because viral expression patterns were not appropriate (outside the target region) and two were excluded due to
fiber misplacement and loss. OBS and DEM were trained in pairs however in few cases we could not quantify data due to technical problems
related to c-Fos antibody and immunoistochemistry procedures.

Replication All the experiments were reproduced in at least two independent experiment in different cohort of animals.

Randomization  Within each cage, mice were randomly selected and assigned to DEM or OBS groups, and to control or hM4D groups, and to control or
stGtACR2 or hChR2, in the SDM task.

Blinding Data collection were not performed blind to the conditions of experiments. Data analyses was performed by experimenters blind to the
manipulations.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies |Z| D ChlIP-seq
Eukaryotic cell lines |Z| D Flow cytometry
Palaeontology and archaeology |Z| D MRI-based neuroimaging

Animals and other organisms
Clinical data
Dual use research of concern
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Antibodies

Antibodies used For immunohistochemistry analyses, the following primary antibodies were used: rabbit anti-cFos (#2250, Cell Signaling, dilution
1:500) rabbit anti-DsRed (632496, Takara; dilution: 1:1,000), and rabbit anti-PCP4 (HPA0O05792; Sigma-Aldrich; dilution 1:200). The
following secondary antibodies were used: goat anti-rabbit-Alexa488 (A-11034, Invitrogen; dilution: 1:1,000) and goat anti-mouse
Alexab47 (A-21235, Invitrogen; dilution: 1:1,000).
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Validation Quality control information and relevant citations are available at manufacturer’s website:
anti-cFos (#2250, Cell Signaling) https://www.cellsignal.com/datasheet.jsp?productld=2250&images=1&size=A4
anti-DsRed (632496, Takara) https://www.takarabio.com/learning-centers/gene-function/fluorescent-proteins/fluorescent-protein-
antibody-citations/rfp-antibody-citations);
anti-PCP4 (HPA005792; Sigma-Aldrich) https://www.sigmaaldrich.com/IT/en/product/sigma/hpa0057927?
srsltid=AfmBOoqlyWwevYsodX7hWdkT_n4nKZEozj3iRkZbfLOJtPpVXKsdO5Wm

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals C57BL6/J and Fos2A-iCreER;TRAP2 male and female mice, two to five months old. Animals were housed two to four per cage in a
climate-controlled facility (temperature 2242 °C, humidity 45-65% ), with ad libitum access to food and water throughout, and with a
12-hour light/dark cycle (7pm/7am schedule).

Wild animals This study did not involve wild animals.

Reporting on sex We tested males and females mice in the SDM in 14 independent experiments (Figure 1 and Extended Data Fig.1). For the initial
assessment (Extended Data Fig.1) data have been shown separated between males and females. Since we did not detect any
difference in observational learning, data from males and females have been pooled in later experiments.

Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight All procedures were approved by the Italian Ministry of Health (permits n. 191/2020-PR and 200/2022-PR) and local Animal Use

Committee and were conducted in accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes
of Health and the European Community Council Directives

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

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Authentication Describe-any-atuthentication-procedures for-each-seed stock used-or-novel-genotype-generated.-Describe-any-experiments-used-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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