Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Valence-dependent synaptic plasticity drives
approach and avoidance behavior in social context

Camilla Bellone

camilla.bel lone@unige. ch

Geneva University https://orcid.org/0000-0002-6774-6275

Pedro Espinosa
University of Geneva https://orcid.org/0000-0002-2202-8982

Benoit J. T. Girard
The University of Geneva https://orcid.org/0000-0002-3914-6483

Lorena Jourdain
University of Geneva

Mattia Lucchini
University of Geneva

Federica Campanelli
University of Geneva

valentina Tiriticco
University of Geneva

Article

Keywords:

Posted Date: July 28th, 2025

DOI: https://doi.org/10.21203/rs.3.rs-6992977/v1

License: €© ® This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Additional Declarations:
There is NO Competing Interest.

All experimental procedures involving animals were conducted in accordance with the guidelines and
regulations of the Swiss Federal Veterinary Office and were approved by the Geneva Cantonal Veterinary
Authority.


https://doi.org/10.21203/rs.3.rs-6992977/v1
https://doi.org/10.21203/rs.3.rs-6992977/v1
https://orcid.org/0000-0002-6774-6275
https://orcid.org/0000-0002-2202-8982
https://orcid.org/0000-0002-3914-6483
https://doi.org/10.21203/rs.3.rs-6992977/v1
https://creativecommons.org/licenses/by/4.0/




Title: Valence-dependent synaptic plasticity drives approach and avoidance behavior
in social context

Authors: Pedro Espinosal), Benoit Girard"), Lorena Jourdain" , Mattia Lucchini(",
Federica Campanelli"), Valentina Tiriticco)) and Camilla Bellone!" *

Affiliations: (V) University of Geneva, Department of Fundamental Neuroscience; CMU, 1 rue
Michel-Servet, 1211, Geneva, Switzerland.

*Corresponding author. Email: Camilla.Bellone@unige.ch



Abstract

Social interactions critically shape future decisions about engaging with or avoiding
conspecifics. However, how the valence of previous social experiences translates into adaptive
approach or avoidance behaviors remains unclear. Here, we identify a novel circuit from
dopamine D1 receptor (D1R)-expressing neurons in the anterior insular cortex (AIC) to D1R-
expressing neurons in the lateral nucleus accumbens (LNAc). We show that valence-specific
firing frequencies—low-frequency for reward and high-frequency for aversion—induced
distinct synaptic plasticity at these synapses.

Imposing aversive-like firing patterns during rewarding interactions disrupts plasticity and
subsequent social approach. Finally, we identify mGluR1 signaling as a critical molecular
mechanism selectively required for positive-valence learning. Together, our findings elucidate
the synaptic and molecular mechanisms by which social valence guides adaptive behavioral
decisions, highlighting frequency-dependent plasticity within a single neural circuit as a

dynamic regulator of social approach or avoidance.



Introduction

Understanding how individuals navigate social interactions is crucial for survival across
species. Central to this process is the ability to distinguish positive from negative experiences—
a concept termed social valence!. After an initial interaction, the individual assigns a valence
to the experience guiding future decisions to approach or avoid the same conspecific. The
flexibility in assigning social valence allows individuals to seek interactions that are beneficial
and avoid those that are harmful. Computing and updating social valence involves identifying
individual, learning from the experience and integrate these insights to shape behavior. The

neuronal mechanisms underlying social valence processing are still largely unknown.

Several circuits contribute to valence-guide behaviors, among which, the Nucleus accumbens
(NAc) plays an important role in guiding actions toward rewarding stimuli or away from
aversive ones?™. Its principal neurons, GABAergic medium spiny neurons (MSNs) expressing
dopamine D1 (D1R) or D2 receptors (D2R) show distinct firing patterns depending on stimulus
valence. Appetitive stimuli (e.g., sucrose or saccharin) evoke predominantly inhibitory
responses, whereas aversive stimuli (e.g., quinine) trigger excitation in a largely
nonoverlapping population®®. Only a minor subset of cells responds to both stimuli—and then
in opposite directions—revealing innate valence specificity®. Despite this general pattern, the
traditional view of strict functional segregation—DIR neurons mediating reward-driven
approach and D2R neurons driving aversion-related avoidance—has been revised. Emerging
evidence indicates that these populations can indeed cooperate rather than oppose each other,
jointly influencing behavioral outcomes!?. Furthermore, the valence encoded by the NAc can
vary based on anatomical subregions, such as rostro-caudal or medial-lateral distinctions,
further complicating the understanding of valence coding'":12,

Despite these advances, most studies on NAc valence encoding have employed gustatory,
pharmacological, or Pavlovian paradigms rather than naturalistic social interactions.
Consequently, how social experiences shape NAc circuitry to influence future social approach
or avoidance behaviors remains unclear. Recent studies highlight the anterior insular cortex
(AIC) as a critical structure within the social brain network, demonstrating that its activity and
modulation by oxytocin are crucial for social affective behavior'3. Furthermore, projections
from the insular cortex to the NAc specifically regulate social approach towards distressed
juvenile conspecifics, suggesting this pathway integrates emotional states with social

motivation'®.



Here, we identify and characterize a novel neural circuit connecting DIR glutamatergic
neurons in the AIC with DIR-MSNss in the lateral NAc (LNAc). We show that this circuit is
activated during rewarding and aversive social interactions. Crucially, we demonstrate that
AIC neurons signal rewarding and aversive social interactions through distinct firing
frequencies, which in turn drive specific forms of synaptic plasticity: low-frequency (1 Hz)
stimulation strengthens synapses by increasing the AMPA/NMDA ratio, while high-frequency
(10 Hz) stimulation promotes insertion of calcium-permeable AMPA receptors (CP-
AMPARSs). Imposing aversive-like burst stimulation during a rewarding social interaction alter
synaptic plasticity and disrupts subsequent social approach behavior, establishing a causal link
between firing patterns, synaptic plasticity, and behavior. Finally, we identify metabotropic
glutamate receptor 1 (mGluR1) as critical for the low-frequency-induced, rewarding synaptic
plasticity. Our results thus define a frequency-dependent mechanism involving mGluR1,

providing key insights into how synaptic plasticity instructs adaptive social decision-making.



Results:

Juvenile and CD1 interactions are classified as rewarding or aversive experiences.

To investigate how social valence influences subsequent behavior, we developed an assay that
reliably induces approach or avoidance in mice. In this ethologically relevant paradigm, adult
male mice initially encountered either a sex-matched juvenile, typically associated with
affiliative behaviors, or an aggressive adult CD1 mouse, known to provoke aversion. An
inanimate object served as a neutral control (Fig. 1A). Upon re-exposure in a corridor
apparatus, mice showed approach toward juveniles and avoidance of aggressive CD1 adults
(Fig. 1 B and C), an effect specific to aggressive encounters (Fig. supp 1 A—C). We quantified
interaction dynamics using DeepLabCut !° to analyze spatial features such as distance and
angle between individuals (Fig. Supp 2 A-E). Additionally, manual annotation of individual
contact bouts confirmed juveniles elicited predominantly positive interactions, while
aggressive CD1 adults elicited negative ones (Fig. 1 D—G). Applying supervised machine
learning via SImBA!6 across the entire dataset independently confirmed the rewarding nature
of juvenile encounters and the aversive quality of aggressive CD1 interactions (Fig. 1 H-J). To
further validate the rewarding and aversive properties of these stimuli, we conducted
conditioned place preference tests, which showed that juvenile mice elicited place preference,

whereas aggressive CD1 encounters induced place aversion (Fig. supp 3 A-D)

D1-expressing neurons of Lateral NAc shell (LNAc) encoded proximity regardless of the
valence.

Given the established role of DIR MSNs in encoding reward-related information and their
involvement in shaping motivated behaviors!” we next sought to determine whether these
neurons are selectively engaged during social interactions of opposing valence. To directly
assess valence-specific activity at the single-cell level, we used miniature one-photon calcium
imaging using head-mounted miniscopes in freely moving mice (Fig. 2A). This approach
allowed us to track the activity of individual D1R MSNs across social interactions of opposing
valence, providing a higher-resolution view of how these neurons encode and differentiate
between rewarding and aversive social experiences. Ca’" transients increased during social
experiences independently on the fact that the experience was rewarding or aversive (Fig. 2 B
and C). Furthermore, we found that the Ca?" activity increased when social stimuli were in
proximity to the experimental mouse or during contacts (Fig. 2 D-F), regardless of the identity
of the stimulus and of the contacts (Fig. 2 E, F, fig supp 4 and 5). Notably, 74.6% of neurons

exhibited increased activity during rewarding and aversive experiences (Fig. 2G).



Together, these findings indicate that a large proportion of D1 MSNs in the LNAc are broadly
recruited during social engagement, independent of valence, suggesting that proximity strongly
drive their activity—laying the foundation for further dissection of how valence-specific

information is encoded within this population.

AIC-NAc projecting neurons encoded the social context.

We used a neural activity-dependent labeling approach to investigate the inputs that drive D1R-
MSN activity during rewarding and aversive social experiences. We injected Fos-cre-ERT2
mice in the LNAc with a retro-AAV-FLEX-tdTomato virus and, four weeks later, exposed the
mice to non-social, rewarding, or aversive stimuli for 15 minutes, followed by tamoxifen
administration (Fig. 3A). We identified neurons activated in different rostro-caudal
subdivisions of the insular cortex (AIC, medial insular cortex - MIC, and posterior insular
cortex - PiC) and in the amygdala (Fig. 3 B, C). The insular cortex has an integrative function,
plays an essential role in salience processing and attention, and gates executive control'8. These
functions are implicated in social behavior and valence processing'®?’. Retrograde rabies
tracing from the LNAc revealed that monosynaptic input to lateral DIR-MSNs originates
exclusively from the anterior insula. (fig. supp 6, A-E). To identify the socially active neurons
in the AIC that project to the LNAc, we next used RNA scope in situ hybridization to double
label c-Fos and Drdl mRNA. We observed that 88.16% of juvenile-activated neurons and
81.4% of CDI-activated neurons were Drdl-positive (Fig. 3D). We confirmed these results
using a bicolor virus approach, injecting AAVrg-efla-DO-DIOTdTomato-eGFP in the LNAc
and labeling neurons in the AIC (Fig. 3 E-G). We reveal in the AIC a higher proportion of
D1R-positive neurons projecting to the LNAc.

AIC to LNAc¢ DIR neurons encode valence

Next, we examined Ca?* activity in D1R-positive AIC neurons projecting to the LNAc during

rewarding and aversive social interactions using miniscopes (Fig. 4A). We observed increased

Ca?* signals in these neurons during both rewarding and aversive conditions (Fig. 4 B, C).

Specifically, AIC—LNAc neurons showed elevated activity during positive and negative
social contacts, independently of proximity (Fig. 4, D-F, Fig. supp. 7 and 8), suggesting that
their activity primarily encodes social interaction rather than distance. Additionally, we found

a substantial overlap (67.5%) of neurons active across both types of social experiences (Fig.



4G). These results indicate that AIC—LNAc neurons robustly encode social interactions,

irrespective of valence, positioning them as key players in processing social information.

Valence-dependent synaptic plasticity at AIC to LNAc synapses

Given that mice adapt their behavior based on previous social experiences (Fig. 1A, supp
Fig. 1-3) and that DIR neurons in the AIC projecting to the LNAc are activated by
interactions of both positive and negative valence, we investigated whether these social
encounters leave lasting changes at AIC-to-LNAc synapses. Synaptic plasticity is widely
recognized as a cellular mechanism underlying learning, and AMPA receptor-mediated
transmission has been specifically linked to adaptive behavioral modifications?'3. We
therefore hypothesized that rewarding and aversive social interactions would induce distinct
forms of plasticity at these synapses.

To test this hypothesis, we first confirmed the specificity of projections from DIR-
expressing AIC neurons onto D1-MSNs in the LNAc. Using a dual-virus approach in D1-
Cre mice, injection of ChR2-containing virus in D1R-AIC and mCherry virus in D1R-LNAc,
we performed paired whole-cell recordings from identified D1R-positive and D1R-negative
neurons in the LNAc. We found that excitatory inputs from the AIC specifically targeted
DIR-MSNs (Fig. Supp 9), thus defining the cellular basis for a selective, top-down circuit.

We next assessed synaptic function 24 hours after social experiences by performing whole-
cell recordings from D1R-MSNs in mice previously exposed to either rewarding or aversive
conspecifics. We measured the AMPA/NMDA ratio as an indicator of synaptic strength and
evaluated the rectification index to detect the presence of calcium-permeable AMPA
receptors (CP-AMPARs)?, a signature associated with aversive learning. Rewarding
interactions selectively increased the AMPA/NMDA ratio, whereas aversive experiences
specifically enhanced AMPAR rectification (Fig. 5, D and E). These findings indicate that
distinct forms of synaptic plasticity are induced by the valence of social encounters and are
restricted to D1-positive MSNs, as neither form of plasticity was observed in neighboring
D1-negative neurons or following non-social rewarding or aversive experiences (Fig. supp

10-11).

Frequency-Specific AIC Firing Drives Valence-Dependent NAc Plasticity
To explain how distinct forms of synaptic plasticity can arise from experiences of opposite
valence, we hypothesized that differences in neuronal firing patterns might encode valence-

specific information. To test this, we first analyzed calcium signals measured with miniscopes



from D1R-MSN in the LNAc and LNAc-projecting AIC neurons using Fast Fourier Transform
(FFT). Using this approach, we observed no frequency differences in LNAc D1R-MSN activity
between rewarding and aversive interactions (supp Fig 12 A-D), suggesting these neurons
signal social engagement rather than valence. In contrast, calcium signals from AIC—LNAc
neurons showed a shift toward higher frequencies during aversive interactions compared to
rewarding ones (supp Fig 12 E-H). In vivo single-unit recordings confirmed that this shift
corresponds to increased burst firing during aversive interactions (supp Fig 14 A-E).
Additionally, a classifier trained on spike patterns accurately distinguished rewarding from
aversive experiences with high accuracy (>80%, supp Fig 14 F-G). Thus, aversive encounters
selectively enhance burst firing in AIC—LNAc neurons, creating a frequency-specific code
capable of driving valence-dependent plasticity downstream in the NAc.

To test whether the shifts in firing patterns observed in vivo are sufficient to drive the distinct
forms of synaptic plasticity induced by rewarding and aversive interactions, we applied
stimulation protocols that mimic these changes, based on widely used approaches to induce
plasticity in the NAc 272

To test whether firing patterns observed in vivo drive the distinct forms of synaptic plasticity
induced by rewarding and aversive interactions, we next used stimulation protocols that
replicate these frequencies in slices. In acute slices, we found both 1 Hz and 10 Hz
stimulation decreased the amplitude of AMPAR-EPCSc measured at -70mV (Fig. 6 A, B).
Interestingly, these forms of LTD were accompanied by different expression mechanisms.
When we look at the consequence of LTD 1 hour after the stimulation protocol, we observed
that tonic 1 Hz stimulation of AIC—NAc terminals specifically increased the
AMPA/NMDA ratio, whereas burst-patterned 10 Hz stimulation—reflecting aversive-like
firing—induced calcium-permeable AMPA receptor (CP-AMPAR) insertion and enhanced

rectification with no changes in Pair Pulse Ratio (Fig. 6 C-D).

Finally, we investigated whether the synaptic changes induced by distinct firing patterns are
stable and long-lasting in vivo. Based on our second exposure protocol, we hypothesized
that if a form of learning occurred, it would leave a trace in the form of persistent synaptic
plasticity observable 24 hours later. To test this, we expressed ChR2 in DIR-MSNs,
implanted bilateral optic fibers above the NAc, and delivered unilateral optogenetic in vivo
stimulation at 1 Hz or 10 Hz. Twenty-four hours later, ex vivo recordings confirmed that 1
Hz stimulation increased the AMPA/NMDA ratio, whereas 10 Hz stimulation enhanced

rectification compared to the ipsilaterally stimulated control (Fig. 6 E-G). Together, these



results demonstrate that frequency-specific firing patterns from AIC neurons are sufficient
to drive long-lasting, valence-dependent synaptic plasticity in the NAc, providing a direct
link between AIC firing dynamics and the synaptic modifications underlying approach and

avoidance behaviors.

Valence-dependent synaptic plasticity controls subsequent approach behavior.

We next tested whether imposing the aversive-like 10 Hz burst pattern onto AIC—LNAc
terminals during a naturally rewarding interaction could reverse both synaptic plasticity and
approach behavior (Fig. 7A-C). Experimental mice freely interacted with juvenile
conspecifics while we delivered optogenetic 10 Hz bursts to AIC terminals specifically
during interaction contacts. Control mice underwent identical interactions without light
stimulation. Importantly, light delivery alone did not alter interaction time (supp Fig 14).
Twenty-four hours later, in the approach/avoidance test, controls showed a strong preference
for the juvenile, whereas mice that experienced the 10 Hz stimulation no longer displayed
approach behavior (Fig 7 D-E). These results indicate that aversive-like burst firing imposed
during a rewarding social interaction can neutralize the positive valence of the encounter.
To investigate the causal link between the synaptic changes and the behavioral reversal, we
performed whole-cell recordings from D1-MSNs. In control mice, the AMPA/NMDA ratio
at AIC—>LNACc synapses remained elevated, consistent with the rewarding nature of juvenile
interactions. In contrast, mice receiving the aversive-like 10 Hz stimulation showed a
significantly reduced AMPA/NMDA ratio (Fig. 7F), like the profile normally seen after
aversive interactions. Although the rectification index did not differ between groups, it
correlated linearly with the avoidance index (Fig. 7 G-H), indicating that the degree of
calctum-permeable AMPAR insertion directly predicts subsequent social avoidance.
Together, these findings show that imposing aversive-like firing patterns onto AIC terminals
during a rewarding social encounter overrides the natural plasticity, abolishing subsequent
approach behavior. This establishes a direct causal link between AIC firing patterns, synaptic

plasticity, and adaptive social decision-making

Positive social valence requires mGluR1 signalling

The observation that aversive-like 10 Hz bursts can suppress the increase in AMPA/NMDA

induced by rewarding juvenile encounters suggests that distinct firing frequencies recruit



separate molecular mechanisms at AIC—LNAc synapses. Metabotropic glutamate
receptors, particularly mGluR1, are known modulators of synaptic plasticity in the NAc.
Therefore, we asked whether mGluR 1 specifically control valence-dependent plasticity. We
locally deleted mGIuR1 in the LNAc by bilaterally injecting AAV-Cre into mGluR1-
knockout (mGIuR1-KO) mice (controls received AAV-GFP; Fig. 8A). In the
approach/avoidance assay, mGluR 1-KO mice did not develop a preference for juveniles but
continued to avoid aggressive CD1 mice (Fig. 8, B-E). This indicates a specific impairment
of positive, but not negative, valence learning.

Consistent with this behavioral phenotype, whole-cell recordings from MSNs showed that
deletion of mGIuR1 did not alter the AMPA/NMDA ratio compared to controls yet
significantly increased the rectification index (Fig. 8F). This synaptic profile indicates a
default shift toward an aversion-like state, characterized by enhanced insertion of calcium-
permeable AMPARs. Together, these data show that mGIuR1 acts as a molecular gate
required for rewarding, low-frequency-induced plasticity. Its absence biases the circuit

toward aversive plasticity.

Discussion

In this study, we characterize a novel circuit linking D1R neurons in the AIC with DIR neurons
in the LNAc, active during both positive (juvenile) and negative (aggressive) social
interactions. We demonstrate that AIC neurons signal social valence through distinct firing
frequencies, driving specific forms of synaptic plasticity: low-frequency stimulation increases
the AMPA/NMDA ratio, while high-frequency stimulation inserts calcium-permeable AMPA

receptors.

The affective valence of a stimulus—the sense that something is “good” or “bad”—has both
hedonic (pleasurable vs. unpleasant) and motivational (approach-promoting vs. avoidance-
promoting) dimensions®®. Our data show that social cues (contact with a conspecific) can
acquire either positive or negative valence and thereby bias mice toward approach or
avoidance. Such flexibility is adaptive: individuals must rapidly distinguish friends from foes
and update those assignments as circumstances change.

How is this flexibility implemented in the brain? Two broad frameworks have been proposed.
The “affective-modules” view posits hard-wired circuits dedicated to either positive or

negative valence. In contrast, the “affective-modes” hypothesis argues that a single neural



module can adopt multiple affective states, its output shifting with neurochemical milieu, firing
pattern, or network context 2,

Our findings align strongly with the affective-modes account. Within one anatomically defined
pathway—DI1R neurons in the AIC projecting to D1IR MSNs in LNAc—social encounters of
opposite valence elicit distinct firing frequencies. These frequencies, in turn, drive opposite
forms of synaptic plasticity (AMPA/NMDA potentiation vs. CP-AMPAR insertion) that
predict future approach or avoidance. Thus, valence is not hard-wired into separate circuits but
dynamically encoded by the plastic state of a single circuit, which can switch between “reward”
and “aversion” modes.

Together, these results extend classic limbic theories of valence by demonstrating that
frequency-dependent plasticity within a flexible affective mode, rather than fixed circuitry,
underlies adaptive social decision-making.

The idea that the NAc might contain dedicated regions for processing either positive
(rewarding) or negative (aversive) experiences has evolved considerably over the last years.
Classic views suggested that certain subregions or neuronal populations—such as D1R or D2R
neurons—might consistently mediate positive or negative experiences’?*!. However, more
recent work supports an "affective modes" framework, proposing that these neuronal
populations are not permanently tied to one valence but can shift roles depending on the
context?’.

Our findings further refine this framework. Specifically, we observed that the very same
neurons in the D1R-expressing neurons in the LNAc become active during both positive and
negative interactions. Remarkably, what differentiates these positive versus negative
experiences is not the identity of the activated neurons, but rather the nature of the synaptic
changes occurring at their connections with the AIC.

We found that during interactions with juvenile mice, AIC neurons fire at low frequency,
inducing a form of synaptic plasticity that promotes approach behavior during subsequent
encounters. In contrast, during aggressive interactions, AIC projections to the LNAc fire at
higher frequencies, triggering a different type of plasticity that facilitates avoidance learning.
Thus, the emotional valence of social interactions appears to be determined at the synaptic
rather than neuronal level. Several critical questions remain open for future investigation.
Future studies should examine precisely how these synaptic changes translate into different
firing patterns of NAc neurons and how these patterns influence subsequent behavioral
decisions. Additionally, investigating which downstream brain regions receive signals from

these NAc neurons to generate approach or avoidance behaviors will be crucial. These future



experiments will deepen our understanding of how synaptic plasticity within fixed neural

circuits dynamically shapes social behavior.

Our results extend the understanding of synaptic plasticity mechanisms regulated by Group I
mGluRs within the NAc, particularly emphasizing the role of mGluR1 in encoding social
valence. Previous studies have established that activation of Group I mGluRs in the NAc
induces long-term depression (LTD) of excitatory synapses through retrograde
endocannabinoid signaling and internalization of AMPA receptors32-34, Moreover, increasing
mGluR signaling pharmacologically via positive allosteric modulators has demonstrated
potential in attenuating drug-seeking behaviors and reversing drug-induced physiological
changes>*°. Notably, synapse-specific roles have emerged, with distinct subtypes selectively
regulating particular afferents—mGluR 1 predominantly modulating prefrontal cortex -to-NAc
synapses and mGIuR5 governing midline thalamic-to-NAc synapses?®.

Aligned with these observations, we found that selective downregulation of mGIuR1 in the
lateral NAc (LNAc) impairs learning to approach positive social cues without disrupting
avoidance learning, indicating a unique role of mGluR1 signaling in positively-valenced
motivational encoding. Intriguingly, this prompts the open question of which synaptic
mechanisms or molecular pathways specifically underpin avoidance learning, given their
apparent independence from mGluR1 signaling in our model. Moreover, the baseline inward
rectification we observed at AIC-to-LNAc DI1R synapses—typically indicative of calcium-
permeable AMPA receptor (CP-AMPAR) enrichment—raises intriguing questions about the
specific function of mGluR1 at these versus other synaptic connections within the NAc. Given
the known role of mGluR1 in mediating CP-AMPAR removal after drug exposure, it will be
important for future studies to explore whether mGluR1 differentially regulates AMPAR
subunit composition and synaptic plasticity at distinct NAc inputs. Collectively, these data
highlight the necessity for synapse-specific analyses and underscore the potential of targeting

mGluR1 signaling pathways for therapeutic modulation of motivational disorders.
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Figure 1

Juvenile and CD1 experiences induce learned approach and avoidance behavior. (A) Mice were exposed
to an object, a juvenile, or CD1 mice for a 15-minute period of free social interaction. After 24 hours, the
animals were placed in a new arena where, following 10 minutes of free exploration with an empty
enclosure, an enclosure containing the stimuli from the previous day was introduced. (B) Time spent in
the interaction zone on day 2, with *** indicating p = 0.0002, **** denoting p < 0.0001, and p = 0.9130 for
interactions with the object. (C) Proximity to the stimulus mouse on day 2, measured as the distance
between the mouse’s nose point and the center of the enclosure; ** indicates p = 0.0013, *** represents p
=0.0001, and p = 0.3020 for the object. (D-G) Schematics showing how we manual label the contacts
and their subsequent quantification. (H-1) Classification of contacts into positive and negative categories
in preparation for training SimBA. (J) Classification of contacts by SimBA.
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Figure 2

D1-MSNs encode proximity to social stimuli, independent of experience valence. (A) Schematic of
injection and implantation sites (Scale 250uM). (B) Average activity during a rewarding experience
aligned with the first interaction. The heatmap represents the activity of individual neurons (each row
represents one neuron). (C) Average activity during an aversive experience aligned with the first
interaction. The heatmap represents the activity of individual neurons (each row represents one neuron).



(D) Schematic of a 3D heatmap representing the calcium activity in position relative to the stimuli. (E)
Heatmap showing the activity in positions relative to juvenile stimuli. (F) Heatmap showing the activity in
positions relative to CD1 stimuli. (G) Proportion of neurons that respond to social stimuli.
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Characterization of AIC-LNAc pathway. (A) Schema of the experimental protocol showing viral injection
and transgenic construct activation by 4-OH tamoxifen. (B) Quantification of cell densities from the
main brain regions projecting to the LNAc, representing the overall active inputs during free social



interaction. (C) Representative pictures of active neurons in various brain regions. One-way ANOVA was
used as the statistical test, with the following significance levels: AIC: ****p<0.0001, mIC: ****p<0.0001,
**%p=0.0002, pIC: ***p=0.0001. AMY: *p=0.0378, ***p=0.0004. n=4 per condition (prosocial, aversive,
non-social). (D) In situ hybridization for mRNA of D1R and td-Tomato, showing high correspondence
between c-fos positive cells (MRNA td-Tomato) and D1R mRNA (scale: 10 pm). n=2 for aversive and n=3
for rewarding experience. Most neurons colocalize for mRNA of td-tomato (c-fos signal) and D1R. (E)
Schematic of viral injection using a bicolor retrovirus that turns green in the presence of cre-recombinase
and remains red without it (scale: 500 um). Below, the representative picture of the injection site (F). (G)
Representative image from AIC illustrating the D1R projecting neuron subpopulation. The left picture
shows AIC with D1 positive neurons in green and D1 negative in red. The right shows a magnified view of
AIC detailing the proportion of D1 positive and negative cells. Right panel, Histogram represents the
quantification of D1 positive and negative cells in AIC, using an unpaired t-test, with **p=0.0091, n=4.
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Figure 4

D1R-AIC neurons predicts social valence. (A) Schematic of injection and implantation sites. (B)
Average activity during a rewarding experience aligned with the first interaction. The heatmap represents
the activity of individual neurons (each row represents one neuron). (C) Average activity during an
aversive experience aligned with the first interaction. The heatmap represents the activity of individual
neurons (each row represents one neuron). (D) Schematic of a 3D heatmap representing the calcium



activity in position relative to the stimuli. (E) Heatmap showing the activity in positions relative to juvenile
stimuli. (F) Heatmap showing the activity in positions relative to CD1 stimuli. (G) Proportion of neurons
that respond to social stimuli.
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Figure 5

Social valence induce specific long-term synaptic plasticity in AIC-LNAc pathway. (A) Schematic
representation of viral injection into the Lateral Nucleus Accumbens (LNAc) and Anterior Insular Cortex
(AIC). (B) Diagrammatic representation of the behavioral paradigm. (C) Schematic of patch-clam whole
cell recording protocol. (D) Bar graph showing the AMPA/NMDA ratio 24 hours post-behavioral
experiment; to the right are example traces, with **** indicating p < 0.0001. (E) Bar graph showing the
rectification index 24 hours after free interaction; to the right are example traces, with ** denoting p =
0.0094 for Aversive vs. Prosocial and ** for Aversive vs. Object p = 0.0077.
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Figure 6

Valence-dependent synaptic plasticity in the AIC — LNAc pathway is frequency-specific (A, B) Time
course of optically evoked EPSC amplitudes recorded from D1-positive AIC-to-LNAc synapses in acute
slices (whole-cell voltage clamp, =70 mV). 10 Hz (A) or 1 Hz (B) trains (gray bar) produced a long-lasting
depression (LTD). (C) Summary of the AMPA/NMDA (A/N) ratio after each stimulation protocol.
Representative AMPA (-70 mV) and NMDA (+40 mV) traces are shown on the right. **** p < 0.0001, one-
way ANOVA. (D) Rectification index (RI) for the groups in C, derived from I1-V plots; example traces are
shown on the right. *** p < 0.0005. (E) Paired-pulse ratio (PPR, 100 ms inter-stimulus interval) before
(Pre) and after (Post) the in-slice plasticity induction in the same cells shown in A-B. (F) Schematic of the
in-vivo optogenetic protocol. In the ipsilateral hemisphere, AIC terminals in the LNAc received either 10
Hz or 1 Hz stimulation; the contralateral hemisphere received only 0.1 Hz test pulses. (G) Viral strategy
and fibre placements: AAV-DIO-ChR2-eYFP injected into AIC of D1-Cre mice; optic fibres implanted above
the LNAc. (H) AMPA/NMDA ratio measured ex-vivo 24 h after the in-vivo stimulation. ** p = 0.0036; * p =
0.0292; one-way ANOVA. (1) Rectification index 24 h after in-vivo stimulation. ** p = 0.0011; *** p =



0.0001; one-way ANOVA. Numbers in bars denote individual cells. Data are mean + SEM. Scale bars: 50
pA, 10 ms.
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Figure 7

Valence-dependent synaptic plasticity is essential for learned approach behavior. (A) Schematic
indicating the site of viral injection and placement of the optical fiber. (B) Diagram detailing the protocol,
and the delivery of 10Hz optical stimulation during bouts of contact. (C) On Day 2, animals were placed
in a new arena and, after 10 minutes of free exploration with an empty enclosure, were introduced to an
enclosure containing the stimuli from the previous day. (D) Graph depicting the duration of interaction
within the zone, with **** signifying p < 0.0001 for animals that did not receive the stimulation and p =
0.8745 for animals that received the 10Hz stimulation. (E) Graph depicting the distance to stimuli, with **
indicating p = 0.0027 and p = 0.4030 for rewarding experiences with 10Hz stimulation. (F) Bar graph
showing the AMPA/NMDA ratio, with * indicating p = 0.020. (G) Bar graph showing the rectification index,
p = 0.1048. (H) A correlation graph between the rectification index and the avoidance index, calculated
as the distance during the post-test divided by the distance during the pre-test, with p = 0.0055 and R? =
0.75 (each dot represents a single animal, n = 8). A paired t-test was utilized for analyses in (D) and (E).
An unpaired t-test was employed for (F) and (G). The numbers inside the bars denote the number of cells
in each group. Data are presented as mean + SEM. Scale bars: 50 pA/10 ms.
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Figure 8

Positive social-valence plasticity requires mGIuR1 signalling. (A) Viral strategy for conditional mGIuR1
deletion: AAV-Cre was injected bilaterally into the LNAc of mGIluR1cko mice to excise Grm1 locally
(control animals received AAV-GFP). (B) Behavioural schematic. Day 1: 15-min free social interaction
with a novel juvenile conspecific or CD-1 mouse. Day 2: 10-min habituation to an empty arena followed
by 10 min with the previous stimuli in an enclosure (C). (D) Time in the interaction zone during the



rewarding paradigm. mGIluR1-cKO mice failed to develop a preference. (E) Aversive experience. Both
genotypes displayed robust avoidance of the CD-1 on Day 2, indicating intact learning of negative
valence. (F) Synaptic consequences of ablation of mGIuR1 in the LNAc: AAV-Cre in the LNAc of
mGIuR1cko mice combined with AAV-hSyn-ChR2-eYFP in the AIC. (G) Ex-vivo synaptic read-out. Left,
AMPA/NMDA ratio; right, rectification index (RI). **** p < 0.0001 (t-test, non paired). Data are mean *
SEM. Scale bars and n for electrophysiology in each panel, behavior; n = 10 per group.
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