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A population of Insula neurons encodes for
social preference only after acute social
isolation in mice

Christelle Glangetas 1 , Adriane Guillaumin 1, Elodie Ladevèze1,
Anaelle Braine1, Manon Gauthier1,2, Léa Bonamy 1, Evelyne Doudnikoff1,
Thibault Dhellemmes1, Marc Landry 1, Erwan Bézard 1, Stephanie Caille3,
Anne Taupignon1, Jérôme Baufreton 1 & François Georges 1

The Insula functions as a multisensory relay involved in socio-emotional pro-
cessing with projections to sensory, cognitive, emotional, and motivational
regions. Notably, the interhemispheric projection from the Insula to the con-
tralateral Insula is a robust yet underexplored connection. Using viral-based
tracing neuroanatomy, ex vivo and in vivo electrophysiology, in vivo fiber
photometry along with targeted circuit manipulation, we elucidated the nat-
ure and role of InsulaIns communication in social and anxiety processing in
mice. In this study, we 1) characterized the anatomical andmolecular profile of
the InsulaIns neurons, 2) demonstrated that stimulation of this neuronal sub-
population induces excitation in the Insula interhemispheric circuit, 3)
revealed that InsulaIns neurons are essential for social discrimination after 24 h
of isolation inmalemice. In conclusion, our findings highlight InsulaIns neurons
as a distinct class of neurons within the insula and offer new insights into the
neuronal mechanisms underlying social behavior.

The Insular Cortex is classically described as an integrator of multi-
modal sensory signals coming from external cues (the environment)
and internal cues (the body changes). For example, Insula responds
to auditory or tactile cues1 and cardiac interoceptive signals2. Inter-
acting with novel individuals is an experience that leads to the inte-
gration of signals from both interoceptive and exteroceptive
sources. Recently, it has been shown that some Insula cells respond
to social interaction3. Interestingly these “social-on” cells solely
represent a subset of Insula neurons that remained unexplored. In
physiological situations, Insula neurons are engaged in social inter-
action and notably in social affective behaviors4–9. For example, it has
been highlighted that Insula neurons projecting to the nucleus
accumbens core regulate the social approach to stressed juvenile
rats8. Autism spectrum Disorders (ASD) and Anxiety Disorders are
pathologies with sensory integration defects that have been asso-
ciated with dysfunction of the Insula1,10–13. An Insula maturation

deficit was detected in a mouse model of ASD which is notably
characterized by social interaction deficits, leading to an alteration in
the integration of sensory information within the Insula1. Moreover,
clinical studies show an Insula overactivation in anxious patients10,14.
Altogether, these studies suggest that Insula is well-positioned to
integrate and participate in regulating socio-emotional processing.
Indeed, the Insula shares multiple projections with sensory and
interoceptive regions (sensory cortex, thalamus, olfactory bulb),
with cognitive regions (medial prefrontal cortex, orbitofrontal cor-
tex), emotional territories (amygdala, bed nucleus of the stria ter-
minalis), and motivation-associated structures (ventral tegmental
area, nucleus accumbens)15.

A strong but understudied projection is the Insula interhemi-
spheric projection to the contralateral Insula16, which will be referred
to as InsulaIns throughout the manuscript. As alteration in interhemi-
spheric communication is associated with a social deficit17–20, we
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postulated that Insula interhemispheric communication may be
enrolled in social behavior processes.

Recent evidence points toward a crucial role of cortical inter-
hemispheric communication in complex cognitive and emotional
processing. For example, individuals with high anxiety levels present
an altered interhemispheric communication in reaction to the pre-
sentation of emotional images21. Acrossmammalian evolution, cortical
interhemispheric communication occurs notably through the corpus
callosum22. Alterations in callosal fiber integrity have been observed in
several pathological conditions as in patients with strokes, multiple
sclerosis, schizophrenia, or ASD23,24. Despite recent advances in Insula
participation in social behavior, the anatomical and molecular profile
and the role of the Insula interhemispheric circuit in this socio-
emotional processing remained poorly understood.

We hypothesized that Insula interhemispheric communication is
essential to regulate social interactions and anxiety phenotype, and
alteration in this communicationwould lead to social impairments and
maladaptive anxiety behavior. To define the critical, yet unknown role
of the Insula interhemispheric circuit, we used a combination of
innovative neurotechniques, ex vivo and in vivo electrophysiology,
in vivo fiber photometry and behavioral assays coupled with selective
genetic neuron ablation and circuit manipulation in mice. This study
was developed around 3 specific objectives: (i) Anatomical and mole-
cular characterization of InsulaIns neurons, (ii) Synaptic and circuit
properties of Insula interhemispheric communication, (iii) Role of
Insula interhemispheric communication in social interaction and
anxiety-related behaviors in mice.

Results
InsulaIns neurons represent a unique subpopulation of the Insula
We first confirmed that Insula project to multiple brain regions by
using an anterograde monosynaptic viral approach (Supplementary
Fig. 1a). Interestingly, we observed a strong bilateral innervation to the
dorsolateral part of the bed nucleus of the stria terminalis (dlBNST),
the Central Amygdala (CeA), and contralateral labeling to the Insula
(Supplementary Fig. 1b–f). Next, we injected a retrograde mono-
synaptic virus into the Insula of AI9-dTomato mice (rAAV2-retro-CAG-
cre virus; Fig. 1a). We detected tomato-positive neurons in the con-
tralateral Insula, indicating the presence of InsulaIns neurons that
represent the homotopic connection (Fig. 1b and Supplementary
Fig. 1g). We quantified that 85.92 ± 2.64% of cortical contralateral
labeling was located in the homotopic cortical region and
14.08 ± 2.64% in heterotopic cortical regions (Fig. 1c, d and Supple-
mentary Fig. 1h). More precisely, we noted 44% of homotopic labeling
in the intermediate Insula, 43% in the posterior Insula, and 13% in the
anterior Insula (Fig. 1e). InsulaIns neurons were mainly located in layer
II/III (Fig. 1f). We found 70.93% of InsulaIns neurons in layer II/III and
29.07% in layer V/VI. Interestingly, the expression of the rAAV2-retro-
CAG-cre virus was visible twoweeks after the injection in Ai9-dTomato
mice exhibiting a similar pattern of expression as observed after a
4-week delay. (Supplementary Fig. 1i).

To identify the projection targets of this Insula to-Insula circuit,
we first mapped InsulaIns neuron outputs, by injecting a retrograde
monosynaptic virus (rAAV2-retro-CAG-Cre) in the contralateral Insula
coupled with an anterograde monosynaptic virus (AAV1-phSyn1(S)-
FLEX_tdTomato-T2A-SypEGFP-WPRE) injection in the ipsilateral Insula
(Fig. 1g). We demonstrated that InsulaIns neurons also projected sig-
nificantly to the dlBNST (ovBNST and juxtaBNST) and theCeA (Fig. 1h, i
and Supplementary Fig. 2a, b). In addition, we targeted the same
InsulaIns neuron downstream outputs by injecting the retrograde
monosynaptic virus in the contralateral Insula (Supplementary
Fig. 2c–h, o) or in the CeA (Supplementary Fig. 2i–n, p) with the
anterogrademonosynaptic virus in the ipsilateral Insula.We confirmed
that CeA-projecting Insula neurons also innervate both the dlBNST and
the contralateral Insula (Supplementary Fig. 2l–p).

We next used the expression of the transcription factors Ctip2
and Satb2 to characterize the molecular profile of InsulaIns neurons.
The transcription factors Ctip2 and Satb2 have been identified as a
key regulator of cortical development and are involved in the
determination of neuronal identity during brain development25. We
demonstrated that Ctip2 and Satb2 are strongly expressed in all
layers of the insular cortex in adult mice (Supplementary Fig. 3a, b).
InsulaIns neurons identified with tomato labeling specifically coloca-
lized with Satb2 molecular marker without any colocalization with
Ctip2 (Tomato+/Satb2+ colocalization: 96.13 ± 1.91%, Fig. 2a, b). We
next investigated whether InsulaIns subpopulation presented a
unique molecular and electrophysiological signature. We injected a
retrograde monosynaptic tracer, the cholera toxin b (CTb) in the
contralateral Insula, in the tail of the striatum, or in the BLA (Sup-
plementary Fig. 4a–d). We found that InsulaIns neurons and Insula
neurons projecting to the tail of the striatum (InsulaTail Striatum) are
mainly Satb2+ and Ctip2-, while those projecting to the BLA (InsulaBLA

mainly express the Ctip2+ molecular marker (Supplementary
Fig. 4e–j). We next compared the passive and active membrane
properties of InsulaIns and InsulaTail Striatum pyramidal neurons using ex
vivo electrophysiology (Supplementary Fig. 5a, b). No distinctions in
the active or passive electrophysiological properties of these two
neuronal subpopulations could be observed (Supplementary
Fig. 5c–k). We next determined whether InsulaIns neurons are exclu-
sively pyramidal neurons or if they could be GABAergic projection
neurons. No colocalization of Insula interhemispheric neurons with
parvalbumin (PV) or glutamic acid decarboxylase (GAD67) staining
was detected (Supplementary Fig. 3c–e), thereby confirming with
their electrophysiological properties that these InsulaIns neurons
belong to the category of excitatory pyramidal neurons.

By using in vivo electrophysiology in anaesthetized mice, we
functionally confirmed the reciprocal connectivity between both
Insula (Fig. 2c–e). Indeed, we recorded typical antidromic responses
characterized by a collision test and, or high-frequency stimulation
tests evoked by the electrical stimulation of their terminals in the
contralateral Insula (Fig. 2c, d). Interestingly, we observed a large
variability in the latencies of antidromic responses (ranging from 3 to
30ms; Fig. 2e). Oneparameter influencing the actionpotential velocity
conduction is the degree of myelination. Intriguingly, the Insula is a
unique and specific cortical region that poorly expresses the myelin
basic protein (MBP), an oligodendrocyte protein essential for the
myelin wrapping of axons in adult mice (Fig. 2f). By using the double
viral approach to identify InsulaIns neurons (with GFP labeling) coupled
with electron microscopy preparation, we showed that all InsulaIns

neurons observed had unmyelinated axons passing through the cor-
pus callosum or the anterior commissure (Fig. 2h, i; 0 GFP+ myelinated
axons out of n = 59 GFP+ neurons, N = 4 mice).

Altogether, we identified a new neuronal subpopulation in the
Insula, the InsulaIns neurons, corresponding to the interhemispheric
pyramidal subpopulation. This subpopulation expresses themolecular
marker Satb2, exhibits bilateral projections to both dlBNST and CeA, is
primarily situated in layer II/III, and has the peculiarity of having
unmyelinated axons.

InsulaIns neurons provide a synaptic-excitatory drive on the
Insula interhemispheric circuit
We demonstrated that InsulaIns neurons make asymmetric synapses,
which are excitatory in function, with the contralateral Insula, the CeA,
and the dlBNST (Fig. 3a–d). Insula to CeA and dlBNST synapses have
been previously described26–30. However, the Insula to Insula synapses
remained poorly characterized. Studies that have functionally studied
interhemispheric synaptic transmission havemainly studied themotor
cortex and have demonstrated the importance of inhibition of the
contralateral cortex in the executionof lateralizedmovements31–33. The
Insula is involved in integrating exteroceptive and interoceptive
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signals, contralateral inhibition does not seem necessary for the
execution of emotional tasks. To complete our anatomical data, we
tested the hypothesis that Insula stimulationmay trigger an excitation
in the contralateral Insula side by using ex vivo and in vivo electro-
physiology in mice. First, we recorded contralateral Insula pyramidal
neuron responses evoked by ipsilateral Insula optogenetic stimulation
by using ex vivo electrophysiology (Fig. 3e–g). All the Insula neurons

that we recorded were located in a dense zone of eYFP fibers and all of
them respond to the Insula contralateral optogenetic stimulation. We
found that 87.5% of the total recorded Insula pyramidal neurons
respond by an excitation followed by inhibition to the ipsilateral Insula
fiber optogenetic stimulation while 12.5% of these pyramidal neurons
respond only by an excitation (Fig. 3h–j; EPSC amplitude -267.9 ± 41.64
pA; IPSC amplitude 582.1 ± 125.9 pA). In addition, only inhibitory
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current is blocked by TTX and 4AP pharmacological cocktail bath
application suggesting that excitatory transmission is monosynaptic
while inhibitory current is polysynaptic (Fig. 3k; EPSC amplitude in
aCSF: −242.8 ± 59.29 pA; EPSC amplitude in TTX + 4AP:
−247.3 ± 101.8 pA; IPSC amplitude in aCSF: 508.2 ± 123.4pA; IPSC
amplitude in TTX + 4AP: 5.167 ± 5.02 pA). IPSC response latency is also
delayed compared to EPSC response latency (EPSC latency:
1.88 ± 0.22ms; IPSC latency: 4.46 ± 0.25ms, Fig. 3l). Thesedata suggest
that activation of InsulaIns neurons drives monosynaptic excitation on

Insula contralateral pyramidal neurons followed by a polysynaptic
feedforward inhibition.

Secondly, to decipher the net in vivo integrative effect of Insula
interhemispheric transmission, we performed in vivo electro-
physiology in anaesthetized mice (Fig. 3m). We observed that 32.73%
of all contralateral Insula recorded neurons respond to ipsilateral
Insula electrical stimulation (Fig. 3p). These Insula-responsive neurons
are characterized by a half-action potentialwidth of 1.08 ±0.03ms and
a spontaneous firing frequency of 0.78 ±0.13 Hz (Fig. 3n, o). Insula

Fig. 1 | Anatomical characterization of an Insula interhemispheric neuronal
subpopulation. a, g Experimental design. b Representative epifluorescent image
of a coronal slice of brain injected with a rAAV2-retro-CAG-Cre retrograde virus in
the ipsilateral insula in Ai9-dTomato mouse (scale 500 µm) with a high magnifica-
tion of contralateral labeling in Insula (example of the mouse N2, scale 25 µm).
c, d Quantification of contralateral labeling in Insula (homotopic labeling) and
other cortical regions (heterotopic labeling) in 4 mice (N1, N2, N3, N4).
e, f Quantification of contralateral labeling in the homotopic Insula subregions (e),
and layers (f) (n = 506 neurons, 4 mice). h, i immunofluorescence confocal images
showing the InsulaIns main projections identified by synaptophysin-eGFP puncta(h)

and its quantification (i) (N = 3mice). amdBNST anteromedialdorsal bed nucleus of
the stria terminalis, amvBNST anteromedialventral bed nucleus of the stria termi-
nalis, ovBNSToval-BNST, juxta-BNST juxtacapsular BNST, a.c. anterior commissure,
cc corpus callosum, BLA basolateral amygdala, CeC/CeL central and lateral part of
the central amygdala, CeM medial part of the central amygdala, DLS dorsolateral
striatum,DMSdorsomedial striatum, VS ventral striatum, TS tail of the striatum, Ins
Insula, Som Somatosensory cortex,M1 primaryMotor cortex,M2 secondaryMotor
cortex, mPFC medial Prefrontal cortex, n number of neurons, N number of mice.
Data are presented as mean values ± SEM.

Fig. 2 | Molecular and electrophysiological characterization of InsulaIns neu-
rons. a Immunofluorescence confocal images showing InsulaIns neurons (tomato
labeling), insula Satb2 staining (yellow labeling), insula Ctip2 labeling (green
labeling), and the overlay at low (top, scale 100 µm) and high magnification (bot-
tom, scale 25 µm).At thebottom,white arrows showexamples of Tomato andSatb2
colocalizations. b Quantification of Tomato, Satb2, and Ctip2 colocalization in the
Insula. c, g Experimental design. d Representative traces showing a collision test
and a high-frequency stimulation protocol for an Insula interhemispheric neuron
projecting to the other Insula. eHistogramof the onset latencyof Insula antidromic

responses. fRepresentative epifluorescent image at low (left, scale bar 500 µm) and
high magnification (right, 150 µm) of MBP staining (gray labeling) and InsulaIns

neurons (tomato labeling, N = 3 mice). h, i Representative image obtained with
electron microscopy showing immunogold GFP labeling of unmyelinated InsulaIns

axons passing through the corpus callosum (h) or the anterior commissure (i)
(green arrow, N = 4mice). The white arrow shows an example of a myelinated axon
(scale 500nm). Rec recording, MBP myelin basic protein, n number of neurons, N
number of mice. Data are presented as mean values ± SEM.
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interhemispheric neuronal stimulation triggered excitatory responses
on the contralateral Insula neurons with 10.61 ± 1.715ms response
latency (Fig. 3q–s). Remarkably, wedidn’t record in vivo Insulaneurons
that present both orthodromic and antidromic responses evoked by
the contralateral Insula electrical stimulation.

Together, these results suggest that interhemispheric Insula
neurons contact both excitatory and inhibitory contralateral Insula
neurons, and feed-forward inhibitionwas activatedwithin ~2.5ms after

the onset of excitation in both cell types, creating a precise temporal
excitation in the Insula network.

Genetic selective ablation of InsulaIns communication disrupts
social preference following 24 h of social isolation
Todeterminewhether InsulaIns neuronsplay a role in social interaction,
wemeasuredmouse social interactionwith a three-chamber social test
in two different housing conditions associated with a caspase viral
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approach strategy to selectively lesion InsulaIns neurons (Fig. 4a, b).
Indeed, previous studies have shown that structures involved in the
Insula interhemispheric network are recruited and display plastic
adaptive neuronal responses after 24 h of isolation such as the dorsal
raphe nucleus or the dlBNST34,35. To elucidate whether InsulaIns neu-
rons are crucial to develop adaptive social behavior after social isola-
tion, we assessed social preference in group-housed conditions, 24 h
and 2 weeks after social isolation in the control group mice and the
caspase group. In two groups of mice, we injected a retrograde
monosynaptic virus (rAAV2-retro-CAG-Cre) in twomain outputs of the
insula interhemispheric neurons (contralateral Insula and ipsilateral
CeA) and an AAV-Flex-taCaspase-TEVp (caspase mice) or the control
virus (AAV-Flex-eGFP; control mice) in the ipsilateral Insula (Fig. 4a).
We first confirmed that the caspase viral strategy specifically lesioned
InsulaIns neurons as illustrated in the histological control example and
quantified by NeuN fluorescence density in layer II/III of Insula
(Fig. 4c–e). NeuN fluorescence density is specifically decreased in the
layer II/III of the Insula caspase injection site compared to its con-
tralateral Insula control site (Insula control site NeuN density:
44.15 ± 2.37; Insula caspase injection site NeuN density: 34.01 ± 2.86)
without altering other proximal cortical regions as the somatosensory
cortex (NeuN density in Somatosensory cortex control site:
31.28 ± 2.33; NeuN density in the other Somatosensory cortex site:
33.96 ± 0.91, Two-tailed paired t-Test t(8) = 1.101, p >0.05). Under the
group-housed condition, both control and caspase mice spent more
time around the social enclosure compared to the object enclosure
without differences in the three-chamber test (Fig. 4f, time spent
around for ctrl: object 58.60 ± 6.84 s vs social 138.51 ± 9.86 s; caspase:
object 58.83 ± 5.51 s vs social 133.43 ± 10.07 s; Two Way repeated
measure Anova, zone × virus interaction effect F(1,24) = 0.08521,
p >0.05; zone main effect F(1,24) = 72.09, p <0.0001; no virus main
effect, F (1,24) = 0.1018, p >0.05). Control and caspase male mice
developed a social preference in the group-housed condition indi-
cated by a social preference ratio >0.5 (Fig. 4g; ctrl social preference
ratio: 0.70 ± 0.03 and caspase social preference ratio 0.69 ±0.03; ctrl
vs caspase social preference ratio, Mann–Whitney U = 72, p >0.05).
They spent a similar amountof time in the social zone (Fig. 4h, i; time in
the social zone for ctrl: 46.17 ± 3.29%; for caspase: 44.48 ± 3.36%; two-
tailed unpaired t-test, t(24) = 0.3591, p >0.05; mean social bout dura-
tion for ctrl: 8.23 ± 0.84%; for caspase: 6.93 ± 0.86%; two-tailed
unpaired t-test, t(24) = 1.077). Both groups displayed the same
amount of time in grooming and rearing during the social interaction
test (Fig. 4j, k; grooming: ctrl 2.52 ± 0.66% vs caspase 2.34 ±0.41%,
Mann–Whitney test, U = 71, p > 0.05; rearing: ctrl 4.05 ± 0.53% vs cas-
pase 4.203 ±0.63%, two-tailed unpaired t-test, t(24) = 0.1831, p > 0.05)

We next tested how social isolation affects attention to social
stimuli in InsulaIns lesioned male mice. After 24 h of social isolation,
control mice spent more time around the social enclosure compared
to the object enclosurewhile caspasemice spent the same time around

both enclosures (Fig. 4l, time spent around for ctrl: object
76.53 ± 4.77 s vs social 126.35 ± 7.44 s; caspase: object 91.14 ± 7.17 s vs
social 95.77 ± 8.04 s). Control group mice still presented social pre-
ference after 24 h of isolation contrary to caspase mice (Fig. 4m; ctrl
social preference ratio: 0.62 ±0.02 and caspase social preference ratio
0.51 ± 0.03). Caspasemice spent less time in the social zone compared
to control mice only after 24 h of social isolation (Fig. 4n; time in the
social zone for ctrl: 42.11 ± 2.48%; for caspase: 31.92 ± 2.68%). Therewas
no difference in the mean social bout duration between groups
(Fig. 4o; mean social bout duration for ctrl: 6.79 ±0.78 s; for caspase:
5.34 ±0.62 s; Two-tailed unpaired t-test, t(24) = 1.420 p >0.05). No
changewas observed in the time spent in grooming and rearing during
social interaction test (Fig. 4p, q; grooming: ctrl 1.52 ± 0.26% vs caspase
1.67 ± 0.40% two-tailed unpaired t-test, t(24) = 0.3293, p >0.05; rear-
ing: ctrl 6.35 ± 0.94% vs caspase 6.24 ± 1.30%, Mann–Whitney test,
U = 67, p > 0.05). However, 5min before the behavioral testing (during
the isolationperiod), wenoted an increase in grooming time in caspase
mice compared to control mice only after 24 h of social isolation
without changes in rearing and distance travelled (Supplementary
Fig. 6a–f, in group-housed condition, grooming duration: ctrl
2.52 ± 0.65% vs caspase 1.93 ± 0.43%; Mann–Whitney test, U = 78,
p >0.05; rearing duration: ctrl 9.74 ± 1.94% vs caspase 8.31 ± 1.91%,
Mann–Whitney test, U = 68, p >0.05; distance travelled: ctrl
2423 ± 186.1 cm vs caspase 2328 ± 138.8 cm, two-tailed unpaired t-test
t(24) = 0.3997, p >0.05; in 24 h isolated condition: grooming duration:
ctrl 0.66 ±0.28% vs caspase 1.85 ± 0.51%; rearing duration: ctrl
15.27 ± 2.82% vs caspase 13.47 ± 2.12%, Mann–Whitney test, U = 71,
p >0.05; distance travelled: ctrl 2646 ± 184.4 cm vs caspase
2580 ± 208.1 cm, two-tailed unpaired t-test t(24) = 0.2394, p >0.05).
Interestingly, we found no behavioral differences between control and
caspase female mice in the social interaction test, both in group-
housed conditions and after 24h of social isolation. (Supplementary
Fig. 6g–r, group-housed condition: Supplementary Fig. 6g, time spent
around for ctrl: object 60.53 ± 6.9 s vs social 97.11 ± 11.61 s; caspase:
object 66.12 ± 3.85 s vs social 87.58 ± 5.04; TwoWay repeated measure
Anova, No zone x virus interaction effect F(1,20) = 0.8371, p > 0.05;
zone main effect F(1,20) = 12.34, p = 0.002; no virus main effect, F
(1,20) = 0.05715,p > 0.05; Supplementary Fig. 6h, ctrl social preference
ratio: 0.61 ± 0.04 and caspase social preference ratio 0.57 ± 0.02; ctrl
vs caspase social preference ratio, Two-tailed unpaired-test,
t(10) = 0.8803, p >0.05; One sample Wilcoxon test for ctrl: W = 17,
p >0.05, and caspase:W = 19, p = >0.05; Supplementary Fig. 6i; time in
the social zone for ctrl: 32.37 ± 3.87%; for caspase: 29.19 ± 1.68%; two-
tailed unpaired t-test, t(10) = 0.753, p >0.05; Supplementary Fig. 6j–l;
grooming: ctrl 0.98 ±0.52% vs caspase 0.69 ±0.35%, Mann–Whitney
test, U = 17, p > 0.05; rearing: ctrl 3.69 ± 1.04% vs caspase 2.44 ±0.55%,
Mann–Whitney test, U = 12, p >0.05; travelled distance: ctrl
2321 ± 178.3 cm vs caspase 2514 ± 141 cm, two-tailed unpaired t-test,
t(10) = 0.8482, p >0.05); in 24 h isolated condition: Supplementary

Fig. 3 | Functional characterization of InsulaIns circuit. a–c Representative ima-
ges of immunogold GFP labeling obtained with electron microscopy showing
asymmetric synapses (at white arrows) for Insula to Insula synapses (a), Insula to
CeA synapses (b), and Insula to dlBNST synapses (scale bar: 150nm, N = 4 mice).
d Schematic representation of insula interhemispheric circuit. e Ex vivo electro-
physiological experimental design. f, g Representative example of a histological
control showing insula fibers expressing the Channelrhodopsin (green labeling)
projecting to the contralateral insula and insula recorded neurons filled with bio-
cytin (tomato labeling) at low (f, scale bar: 150 µm) and high magnification (scale
bar: 25 µm). hQuantification of contralateral Insula pyramidal neuron responses to
ipsilateral insula optogenetic stimulation. i Representative traces of evoked ESPC
recorded at −80mV and IPSC recorded at 0mV in Insula pyramidal neuron before
(top) and after TTX + 4AP bath application (bottom). j, k Group mean of evoked
PSC amplitude of Insula pyramidal neurons (j) and after TTX + 4AP (k, IPSC
amplitude aCSF vs TTX+ 4AP: Wilcoxon test W = 21, p =0.0313; EPSC amplitude

aCSF vs TTX + 4AP: Wilcoxon test W = 1; p >0.05). l Group mean of PSC response
latency of Insula pyramidal neurons (Mann–Whitney test U = 2, p <0.0001).
m Experimental design (top) and cartography of stimulation and recording sites in
the insula (bottom). n, o. Group mean of AP width (n) and spontaneous firing rate
(o) of all the recorded insula neurons (Mann–Whitney test, U = 147.5, p =0.0006).
p Quantification of insula-responsive neurons to the electrical stimulation of the
contralateral insula. q Typical PSTH and raster show a contralateral Insula-evoked
excitatory response of an Insula neuron. Electrical stimulus at 0ms, with 5ms bin
width. rHeatmapplot of Z-scored PSTH traces for each individual responsive Insula
neuron to an Insula contralateral electrical stimulation. The electrical stimulus is
represented by a vertical black line at 0ms. s Mean Z-score of PSTH over all
responsive insula cells. Stim stimulation, Rec recording, PSC postsynaptic current,
EPSCexcitatoryPSC, IPSC inhibitory PSC, AP actionpotential. Data are presented as
mean values ± SEM. *p <0.05, ***p <0.001.
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Fig. 6m, time spent around for ctrl: object 61.42 ± 10.32 s vs social
78.922 ± 12.37 s; caspase: object 47.14 ± 7.74 vs social 86.61 ± 5.99; Two
Way repeated measure Anova, no zone x virus interaction effect
F(1,10) = 0.9601, p > 0.05; zonemain effect F(1,10) = 6.461, p =0.02; no
virus main effect, F (1,10) = 0.2079, p >0.05; Supplementary Fig. 6n,
ctrl social preference ratio: 0.56 ±0.06 and caspase social preference
ratio 0.65 ± 0.05; ctrl vs caspase social preference ratio, Two-tailed

unpaired-test, t(10) = 1.250,p >0.05;One sampleWilcoxon test for ctrl:
W = 11, p >0.05, and caspase: W = 21, p <0.05; Supplementary Fig. 6o;
time in the social zone for ctrl: 26.31 ± 4.12%; for caspase: 28.87 ± 2%;
Mann–Whitney test, U = 12, p >0.05; Supplementary Fig. 6p–r;
grooming: ctrl 0.91 ± 0.38% vs caspase 0.91 ± 0.42%, two-tailed
unpaired t-test t(10) = 0.006513, p >0.05; rearing: ctrl 6.68 ± 1.4% vs
caspase 7.02 ±0.37%, two-tailed unpaired t-test, t(10) = 0.2307,
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p >0.05; travelled distance: ctrl 2848 ± 255.7 cm vs caspase
2678 ± 318.4 cm, two-tailed unpaired t-test, t(10) = 0.4169, p > 0.05). In
addition, we observed no difference in social interaction between
control and caspasemale and femalemiceafter chronic social isolation
(Supplementary Fig. 7a–c, time spent around for ctrl: object
45.02 ± 3.73 s vs social 72.12 ± 7.95 s; caspase: object 51.92 ± 5.37 s vs
social 67.6 ± 5.13 s; TwoWay repeated measure Anova, no zone x virus
interaction effect F(1,16) = 0.7738, p >0.05; zone main effect
F(1,16) = 10.84, p =0.0046; no virus main effect, F (1,16) = 0.05875,
p >0.05; Supplementary Fig. 7b, ctrl social preference ratio:
0.61 ± 0.03 and caspase social preference ratio 0.57 ± 0.04; ctrl vs
caspase social preference ratio, Two-tailed unpaired-test,
t(16) = 0.8416, p >0.05; Supplementary Fig. 7c; time in the social zone
for ctrl: 24.04 ± 2.65%; for caspase: 22.53 ± 1.71%; Mann–Whitney test
U = 37, p >0.05).

Moreover, we also used an inhibitory chemogenetic viral
approach to manipulate InsulaIns neurons during social behavior in
group-housed mice, or in 24-hour or 2-week isolated male and female
mice (Fig. 5a, b). We performed an intraperitoneal injection of CNO
(1mg/kg) 30min before the social behavior test. There were no dif-
ferences in social behavior when we decreased the excitability of
InsulaIns mice during the three-chamber social test in group-housed
neither in 24 h nor 2-week social isolation conditions (Fig. 5c–g; group-
housed condition, Fig. 5c, time spent around for ctrl: object
48.38 ± 5.21 s vs social 82.94 ± 5.24 s; caspase: object 46.78 ± 2.17 s vs
social 90.21 ± 6.66 s; Two Way repeated measure Anova, no zone x
virus interaction effect F(1,36) = 0.6834, p >0.05; zone main effect
F(1,36) = 52.81, p < 0.0001; no virus main effect, F (1,36) = 0.2794,
p >0.05; Fig. 5d; ctrl social preference ratio 0.63 ±0.03 and caspase
social preference ratio 0.65 ± 0.02; ctrl vs caspase social preference
ratio, two-tailed unpaired t-test, t(18) = 0.4427, p > 0.05; 24 h isolated
condition, Fig. 5e, time spent around for ctrl: object 37.65 ± 1.68 s vs
social 70.59 ± 5.28 s; hM4Di: object 44.26 ± 2.66 s vs social
74.45 ± 9.04 s; Two Way repeated measure Anova, no zone x virus
interaction effect F(1,36) = 0.07223, p >0.05; zone main effect
F(1,36) = 38.14, p <0.0001; no virus main effect, F (1,36) = 1.048,
p >0.05; Fig. 5f; ctrl social preference ratio 0.64 ± 0.02 and caspase
social preference ratio 0.61 ± 0.04; ctrl vs caspase social preference
ratio, two-tailed unpaired t-test, t(18) = 0.7952, p >0.05; 2 weeks iso-
lated condition, Fig. 5g, time spent around for ctrl: object 55.76 ± 8.21 s
vs social 48.60 ± 7.76 s; hM4Di: object, 53.15 ± 6.93 s vs social,
61.82 ± 9.37 s; Two Way repeated measure Anova, no zone × virus
interaction effect F(1,36) = 0.8839, p >0.05; no zone main effect
F(1,36) = 0.008029, p >0.050; no virus main effect, F (1,36) = 0.3968,
p >0.05; Fig. 5h, ctrl social preference ratio 0.47 ±0.06 and hM4Di
social preference ratio 0.53 ± 0.06; ctrl vs caspase social preference
ratio, Mann–Whitney U = 35, p > 0.05).

Insula is activated during anxious situations and Insula over-
activation has been detected in patients with Anxiety disorders11,14,36–40.

Since Insula interhemispheric neurons project to CeA and dlBNST, we
next investigated the impact of InsulaIns lesion on unconditioned
anxiety tests inmice. In rodents, anxiety can bemeasured based on the
innate approach/avoidance behavior in a novel environment. We
didn’t detect a change in the time spent and the number of visits in the
center of the open field, nor in the total distance travelled (Supple-
mentary Fig. 8a, b, Time spent in the center for ctrl: 16.65 ± 2.06%;
caspase: 17.47 ± 1.45%, two-tailed unpaired t-test, t(18) = 0.3088,
p >0.05; the number of visits in the center for ctrl: 57.45 ± 5.42 visits;
caspase: 62.89 ± 4.26 visits, two-tailed unpaired t-test, t(18) = 0.7612,
p >0.05; total distance travelled for ctrl: 4367 ± 309.3 cm; caspase:
4526 ± 214.2 cm, two-tailed unpaired t-test, t(18) = 0.404, p >0.05). In
addition, we didn’t observe a difference in the time spent and the
number of entries in the open arms in the elevatedplusmaze nor in the
total distance travelled between control and caspase mice (Supple-
mentary Fig. 8c, d, Time spent in the open arms, ctrl: 4.47 ± 1.01%;
caspase: 5.24 ± 1.37%, Mann–Whitney, u = 41.5, p >0.05; the number of
entries in the OA for ctrl: 4.091 ± 0.72 visits; caspase: 3.89 ± 0.89 visits,
Two-tailed Unpaired-t-test, t(18) = 0.1788, p > 0.05; total distance tra-
velled for ctrl: 967 ± 80.99 cm; caspase: 1117 ± 69.14 cm, Two-tailed
unpaired t-test, t(18) = 1.375, p > 0.05). In parallel, we also manipulated
InsulaIns neurons with excitatory and inhibitory chemogenetic viral
approaches to evaluate the effect on anxiety (Supplementary Fig. 8e,
Fig. 5a). We validate chemogenetic viral approach by using ex vivo
electrophysiology (Supplementary Fig. 8g). We confirmed that CNO
bath application increased the excitability of InsIns cells expressing the
AAV-DIO-hM3D-mCherry virus. After the CNO bath application, InsIns

neurons were more depolarized and presented an increase in their
spontaneous firing rate. No alterations were observed in the open field
test (Supplementary Fig. 8h, i, total distance: ctrl 4646± 377.4 cm vs
hM3D 4557 ± 231.7 cm, two-tailed unpaired t-test, t(14) = 0.1874, time
spend in the center: ctrl: 4.50±0.76% vs hm3D 5.15 ± 0.95%,
Mann–Whitney, U = 23, p >0.05, number of entries in the center: ctrl
34.33 ± 4.85 entries vs hM3D 37.86 ± 5.05 entries, Mann–Whitney,
U = 22.50, p >0.05; Fig. 5i, j, total distance: ctrl 4391 ± 236.6 cm vs
hM4Di 4468 ± 225.7 cm, two-tailed unpaired t-test, t(18) = 0.2251,
p >0.05, time spend in the center: ctrl 6.83 ± 0.95% vs hM4Di
8.44± 1.96%, two-tailed unpaired t-test, t(18) = 0.8213, p >0.05. There
were no differences in the elevated plus maze between groups (Sup-
plementary Fig. 8j, k; time in open arms: ctrl 8.8 ± 1.42% vs hM3D
7.36 ± 1.71%, two-tailed unpaired t-test, t(14) = 0.6516, p > 0.05, number
of entries in open arms: ctrl 10.78 ± 1.79 entries vs hM3D 11.57 ± 2.06
entries, two-tailed unpaired t-test, t(14) = 0.2913, p >0.05; Fig. 5k, l,
time in open arms: ctrl 11.18 ± 1.77% vs hM4Di 15.27 ± 1.37%, two-tailed
unpaired t-test, t(18) = 1.671, p > 0.05, number of entries in open arms:
ctrl 10.25 ± 0.94 entries vs hM4Di 11.25 ± 1.51 entries, two-tailed
unpaired t-test, t(18) = 0.5954, p >0.05). However, there was an
increase in the time spent in the light compartment in the light–dark
box test in hM3D InsulaIns mice compared to their control groups

Fig. 4 | Selective genetic ablationof InsulaIns neurons disrupts social preference
only after 24 h of social isolation. a, b Experimental design for the viral injection
(a) and behavioral assay (b). c Example of a histological control of caspase lesion
in the insula identified by NeuN immunofluorescence labeling (green labeling)
taken at epifluorescence microscope at low (left, scale bar: 500 µm) and high
magnification (right, scale bar: 100 µm). d, e Quantification of NeuN fluorescence
density in the control side (contralateral side to the injected lesion side, N = 9
mice) compared to the caspase injection side (N = 9 mice) in the Insula cortex
(d, two-tailed Paired-t-test, t(8) = 2.788, p = 0.0236) and in the Somatosensory
cortex (e). f, l Quantification of the time spent around the object and social
enclosures in the three-chamber test in group-housed condition (f) or after 24 h
of social isolation (l, two-way repeated measure Anova, Zone x virus interaction
effect, F(1,24) = 8.911, p = 0.0064; zone main effect F(1,24) = 12.94, p = 0.0014; no
virus main effect F(1,24) = 1.685, p > 0.05; Bonferroni post hoc test ctrl social vs
caspase social p = 0.0059; ctrl social vs control object: p = 0.0001) in Insula

control and Insula caspase groups. g, m Social preference ratio in the control
group and caspase group in group-housed mice (g, one sample Wilcoxon test for
ctrl:W = 105, p = 0.0001, and caspase:W = 76, p = 0.001) or isolatedmice (m, two-
tailed unpaired t-test, t(24) = 2.806, p = 0.0098; one sample t-test for ctrl:
t(13) = 5.211, p = 0.0002; for caspase: t(11) = 0.7564, p > 0.05). h, n Time spent in
the social zone between control and caspase mice in group-housed (h) or 24
hours-isolated conditions (n, two-tailed Unpaired t-test, t(24) = 2.792, p = 0.0101),
i, o Mean social bout duration in control and caspase group in group-housed (i)
and 24 hours-isolated housing condition (o). j, k, p, q Time spent in grooming and
rearing in group-housed (j, k) or after 24 h of social isolation (p, q). ctrl control, S
time in the social zone, O time in the object zone, contra contralateral, ipsi
ipsilateral. Data are presented as mean values ± SEM. ### is used to mention a
difference with a social preference ratio equal to 0.5. *p < 0.05,
**p < 0.01,***p < 0.001.
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without changes in the latency to the first visit in the light (Supple-
mentary Fig. 8m, time in the light compartment: ctrl 52.12 ± 3.5% vs
hM3D 66.54 ± 2.51%; number of entries in the light compartment: ctrl
19.56 ± 1.48 entries vs hM3D 22.71 ± 2.87 entries, two-tailed unpaired t-
test, t(14) = 1.045, p > 0.05, latency to first visit in light: ctrl 7.56 ± 2.41 s
vs hM3D 5.24 ± 1.7 s, two-tailed unpaired t-test, t(13) = 0.7661,p >0.05).
Moreover, there was a similar performance in the marble burying test
and novelty-suppressed feeding behavior between control and hM3D
InsulaIns mice (Supplementary Fig. 8n, o,marble buried: ctrl 3.56 ± 0.96
marbles buried vs hM3D 3.43 ± 0.81 marbles buried, two-tailed
unpaired t-test, t(14) = 0.09728, p > 0.05; Supplementary Fig. 8p
latency to eat food: ctrl 72 ± 6.27 s vs hM3D 82.71 ± 15.66 s, two-tailed
unpaired t-test, t(14) = 0.6942, p > 0.05).

Furthermore, we showed that lesion of InsulaIns neurons does not
altermotivation for a natural reward (Supplementary Fig. 9).Micewere
trained on FR1, FR2, and FR5 for sweet condensed milk (scm) (Sup-
plementary Fig. 9a–c). Results indicated that control and caspasemice
have acquired similar levels of active responding over the different

schedules of reinforcement (Supplementary Fig. 9a, two-way ANOVA,
global interaction F (2,30) = 0.30, p >0.05; group effect F
(1,30) = 0.003, p > 0.05). Moreover, for both groups, the total number
of active nose-pokes significantly increased over the FRs (Fixed ratio
effect, F (2,30) = 8.39, p <0.001). Visits in the inactive operandumwere
low across groups and across sessions (Supplementary Fig. 9b, two-
way ANOVA, global interaction F (2,30) = 0.54, p > 0.05; group effect F
(1,30) = 0.04, p > 0.05 and fixed ratio effect F (2,30) = 1.67, p >0.05).
Finally, the total number of rewards obtained by control and caspase
mice followed the same trends as the visits in the active nose-poke
(Supplementary Fig. 9c, two-way ANOVA, global interaction F
(2,30) = 1.12, p >0.05; group effect F (1,30) = 0.030, p >0.05 and fixed
ratio effect F (2,30) = 3.50, p <0.04). Lesion-induced differences in
motivation for scm were tested using a progressive ratio schedule of
reinforcement; results are presented in Supplementary Fig. 9d, e.
ANOVA analysis on the total number of active nose-pokes indicated
that caspase lesion did not change the response rate during the PR
session (Supplementary Fig. 9d; global interaction F (1,10) = 1.39,
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Fig. 5 | Chemogenetic inhibition of InsulaIns neurons during the three-chamber
social interaction test does not block social preference. a Experimental design.
b Histological control showing an example of AAV8-hSyn-DIO-HA-hM4D(GI)-IRES-
mCitrine injection site in the Insula coupled with rAAV2-CAG-cre injection in the
Insula contralateral and the CeA (low magnification, scale: 500 µm, high magnifi-
cation, scale: 50 µm). c, e, gQuantification of the time spent around the object and
social enclosures in the three-chamber test in Insula control and Insula hM4Dimale
and female mice in group-housed (b), 24 h isolated (e), and 2 weeks isolated mice

(g). d, f, h Social preference ratio in the control group and caspase group in group-
housed mice (d) or 24h isolated (f) or 2 weeks isolated mice (h). i, j Quantification
of the total distance travelled (i) and the time spent in the center of the openfield (j)
in control and hM4Dimale and femalemice.k, lQuantification of the time spent (k)
and the number of entries (l) in the open arms of the elevated plus maze in both
groups. (white circle: female, dark circle: male). Numbers in the histogram bars
indicate the number of mice. Data are presented as mean values ± SEM.
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p >0.05; group effect F (1,10) = 3.61, p > 0.05, session effect F
(1,10) = 3.61, p >0.05). In addition, the caspase lesion did not alter the
breaking point for scm compared to control mice (Supplementary
Fig. 9e; global interaction (F (1,10) = 0.08, p > 0.05; group effect F
(1,10) = 3.27, p >0.05). Notably, both groups showed higher perfor-
mances in the secondPR session (Supplementary Fig. 9e, sessioneffect
F (1,10) = 23.88, p =0.001).

Collectively, these data show that InsulaIns neuronal alteration
leads to impairment of social preference only after 24 h of social iso-
lation in male mice without interfering with anxiety-like behaviors.

Because we didn’t inhibit social preference while reducing the
excitability of InsulaIns neurons during the social interaction test, we
hypothesized that the changes in InsulaIns neuron activity likely
occurred during the 24-hour period of social isolation instead. To test
this, we first recorded the ex vivo activity of InsulaIns neurons identified
by a tomato labeling (retrograde monosynaptic virus rAAV2-retro-
CAG-tdTomato injected in the contralateral Insula, Fig. 6a, b) in group-
housed and 24-hour isolated mice. Interestingly, we found a decrease
in the rheobase of InsulaIns neurons of isolated mice compared to
group-housed (rheobase, group-housed: 80.43 ± 12.83 pA vs isolated:
55 ± 7.73 pA, Fig. 6a, c). The resting membrane potential of InsulaIns

neurons is increased after 24h of social isolation (Vm, group-housed:
−71.13 ± 1.04mV vs isolated:-67.88 ±0.74mV, Fig. 6d). InsulaIns neuron
resistance is increased in isolated conditions compared to group-
housed conditions (Rm, group-housed: 285.4 ± 21.14 MΩ vs isolated:
383.8 ± 35.18 MΩ, Fig. 6e).

Based on our previously mentioned results, we finally wondered
whether InsulaIns neurons encode social behavior. To address this, we
recorded the in vivo calcium activity using fiber photometry of InsulaIns

neurons during social interactions in both group-housed and isolated
conditions (Fig. 6f–h and Supplementary Figs. 10 and 11).We injected a
rAAV2-retro-CAG-Cre retrograde virus in the contralateral Insula with
an AAV9-syn-Flex-jGCAMP8f-WPREor anAAV9-pCAG-Flex-eGFP-WPRE
in the ipsilateral Insula (Fig. 6f, g). We confirmed that mice develop a
social preference in both group-housed and 24-hour social isolation in
the three-chamber social interaction test (Fig. 6 i, group-housed: time
spent around social:129.2 ± 6.59 s vs object 72.92 ± 6.95 s, Fig. 6j, 24 h
isolated social 121 ± 10.35 s vs object 59.80 ± 4.65 s). We observed a
difference in the Z-score of dF/F in calcium signaling in InsulaIns neu-
rons when the mouse was around a social enclosure compared to the
object enclosure only 24 h after social isolation (Fig. 6k–q, group-
housed: z-score dF/F of InsulaIns Ca2+ neurons around social:
0.023 ±0.01 vs object 0.028 ±0.02; 24h isolation z-score dF/F of
InsulaIns Ca2+ neurons around social: 0.036 ±0.01 vs object
−0.043 ± 0.02). In particular, we detected these differences, especially
during the last sessions of interactions in the three-chamber test
(Supplementary Fig. 10 a, group-housed: z-score dF/F of InsulaIns Ca2+

neurons around social: 0.046 ±0.045 vs object 0.013 ± 0.06 x; 24 h
isolation z-score dF/F of InsulaIns Ca2+ neurons around social:
0.06 ±0.04 vs object -0.013 ± 0.018; Two Way repeated measure
Anova, Interaction F(1,6) = 0.1887, p >0.05, no main effect of housing
F(1,6) = 0.02373, p =0.8826, no main effect of zone F(1,6) = 1.484,
p >0.05; Supplementary Fig. 10b, group-housed: z-score dF/F of
InsulaIns Ca2+ neurons around social: 0.043 ±0.047 vs object
0.095 ±0.07; 24 h isolation z-score dF/F of InsulaIns Ca2+ neurons
around social: 0.12 ± 0.04 vs object -0.03 ±0.028). Specifically, we
observed no difference in the Ca2+ levels of InsulaIns neurons between
the habituation phase and the social interaction phase of the social
three-chamber test in both group-housed mice and 2-weeks isolated
mice. (Supplementary Fig. 11a, Group-housed habituation time: z-score
dF/F of InsulaIns Ca2+ neurons around social 0.003 ±0.041 vs object
-0.004 ±0.042; group-housed social interaction time z-score dF/F of
InsulaIns Ca2+ neurons around social 0.023 ± 0.01 vs object
0.028 ±0.02; Two Way repeated measure Anova, no Interaction
F(1,6) = 0.06076, p >0.05, no main effect of time F(1,6) = 0.3051,

p >0.05, no main effect of zone F(1,6) = 0.003144, p >0.05; Supple-
mentary Fig. 11k,2 weeks isolation habituation time: z-score dF/F of
InsulaIns Ca2+ neurons around social 0.03 ±0.041 vs object
−0.012 ± 0.027; 2 weeks social isolation social interaction time z-score
dF/F of InsulaIns Ca2+ neurons around social 0.019 ±0.022 vs object
−0.037 ±0.11, Two Way repeated measure Anova, no Interaction
F(1,6) = 0.03583, p >0.05, no main effect of time F(1,6) = 1.292,
p >0.05, nomain effect of zone F(1,6) = 3.179,p > 0.05). Only, 24 h after
social isolation, we could observe an increase in the Z-score of df/F of
InsulaIns Ca2+ neuronswhen themouse is around the social enclosure in
the social interaction phase compared to the same location in the
habituation phase (Supplementary Fig. 11f, 24 h isolated habituation
time: z-score dF/F of InsulaIns Ca2+ neurons around social −0.017 ± 0.02
vs object −0.018 ±0.042; 24 h isolated social interaction time z-score
dF/F of InsulaIns Ca2+ neurons around social 0.036 ± 0.011 vs object-
0.043 ±0.021). Therewas a decrease in the peak of AUC in InsulaIns Ca2+

neurons between social and object enclosure together with a decrease
in the width of Ca2+ transient between social and object enclosure only
in 24 hours-isolation condition (Supplementary Fig. 11b, group-housed
condition peak AUC social 1.11 ± 0.17 vs object 1.083 ± 0.13, Wilcoxon
test, p >0.05, Supplementary Fig. 11g, 24 h isolation, peak AUC social
0.99 ±0.13 vs object 0.66 ±0.1; Supplementary Fig. 11l, chronic social
isolation, peak AUC social 1.047 ±0.15 vs object 0.91 ± 0.15, paired t-
test, t(5) = 1.420, p >0.05; Supplementary Fig. 11 d, group-housed
condition width of Ca2+ transient, social 17.41 ± 2.15 vs object 17 ± 1.63,
paired t-test, t(6) = 0.1704, p >0.05, Supplementary Fig. 11i, 24 h iso-
lation, width Ca2+ transient, social 15.87 ± 2.08 vs object 11.78 ± 1.68;
Supplementary Fig. 11n, chronic social isolation, width Ca2+ transient,
social 17.34 ± 2.27 vs object 15.39 ± 2.06, Wilcoxon test, p > 0.05).

Overall, we showed that InsulaIns neurons aremore excitable after
24-h of social isolation. InsulaIns neurons presented a shift in calcium
activity during the comparative exploration of a social and object sti-
mulus in the three-chamber social interaction test only after 24-h of
social isolation in mice.

Discussion
We unravelled the anatomical properties of a neuronal subpopulation
of the Insular Cortex that belongs to a restricted network enrolling
both bilateral dlBNST/CeA and contralateral Insula, mainly located in
the layer II/III, expressing the molecular marker Satb2 and character-
ized by unmyelinated axons. Our findings enlightened the contribu-
tion of the InsulaIns neurons in social preference only after 24 hof social
isolation in male mice (Fig. 7). Selective genetic ablation of InsulaIns

neurons leads to a reduced interest in social stimulus after acute social
isolation, which is a maladaptive behavior. Interestingly, our work
revealed that InsulaIns are more excitable after 24 h of social isolation
compared to group-housed conditions. We highlight a shift in the
calcium activity of InsulaIns neurons in freelymovingmiceduring social
interaction only 24 h after social isolation. This InsIns calcium activity
shift might be key in the discrimination of the two stimuli in the three-
chamber social test. This data suggests that alteration in InsulaIns cir-
cuit created an imbalance in social homeostasis processes.

We identified that the Insular cortex received contralateral
innervations from cortical regions by using a rAA2-retro-CAG-cre
monosynaptic retrograde virus strategy in Ai9-dTomato mouse
(Fig. 1a–f, Supplementary Fig 1g,h). We found that the majority of this
contralateral cortical labeling was located in the contralateral Insular
cortex while 14.08% of this labeling was in other contralateral hetero-
topic cortical regions (somatosensory, motor, and medial prefrontal
cortical regions). Our experiments complete the extended character-
ization of the Insula whole brain mapping study focused on the ipsi-
lateral brain side41. Despitewe didn’t quantify the ipsilateral retrograde
labeling of Insula neurons in other cortical regions, since it was not our
question, we did observe sparse retrograde labeling in these regions
(data not shown). Quantification of this ipsilateral retrograde labeling
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has been previously performed by using a rabies virus approach in
CAMKII-cre mouse41. Potential differences in the quantity of ipsilateral
retrograde labeling of Insula neurons in cortical regions may emerge
between our studies. This potential discrepancy may account for dis-
tinct retrograde viral approaches used between studies.

In our study, we highlight that InsIns neuronsmainly project to the
BNST, the CeA, the striatum, and the contralateral Insula by quantify-
ing synaptophysin-eGFP puncta (Fig. 1g–i and Supplementary

Fig. 2a, b). More specifically, we found that InsIns neurons only project
to the dorsolateral part of the BNST (juxtaBNST and the ovBNST), to
the CeC and CeL, and the ventrodorsal part of the striatum with no
projection to the dorsomedial, dorsolateral and neither to the tail of
the striatum.

Pioneering studies including lesioning approaches and split-brain
patient cases who presented surgical callosal incisions shed light on
brain lateralized functions42,43. The degree of myelinization of axons
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directly impacts the efficiency of interhemispheric communication.
Decreased efficiency in interhemispheric inhibition has been observed
in children who are characterized by a hypo-myelination of callosal
neurons resulting in difficulties in generating unilateral motor move-
ment and leading to non-lateralized mirror movements44. The nature
and the recruitment of cortical interhemispheric communication may
depend on the type and the complexity of the performed task as well
as the cortex involved45. Here, we found that stimulation of InsulaIns

neurons leads to excitation of the Insula contralateral side in mice
(Fig. 3h–s).

In general, myelination of axons, which is a dynamic process,
ensures a fast and precise transfer of information to the targeted
zone. Thus, the degree of myelination is one of the parameters that
influence the conduction velocity and define the efficiency of neu-
ronal communication. Unexpectedly, the entire population of InsIns

are unmyelinated neurons in adult mice under physiological condi-
tions (Fig. 2h, i). We confirmed this phenomenon by a low density in
MBP immunostaining in the Insula (Fig. 2f) contrary to what has been
described in other cortical regions46,47. This lack of myelination on
InsulaIns axons may explain the variability in their onset latency in
response to axonal stimulation (Fig. 2e). Future studies would be
required to understand this atypical Insula signature and the
potential implication of myelination process within InsulaIns neurons
at synaptic, circuit and behavioral levels in physiological and
pathological states.

In this study, we discovered that selective genetic ablation of
InsulaIns neurons impaired social preferenceonly following acute social
isolation (Fig. 4l–n). These results suggested a potential reduction in
attention toward social stimuli and/or a lack of motivation to orient
towards social cues when InsulaIns neurons are lesioned after acute

isolation. We did not detect a general deficit in motivation in InsulaIns

caspase mice (Supplementary Fig. 10). Together, these results suggest
that InsulaIns neurons may be activated when social homeostasis is
disrupted, promoting adaptive and appropriately motivated behavior
to seek social contacts. However, in our study, some experiments have
been performed only in males or females. Further work should be
assessed to evaluate the sex differences in motivational aspects and
anxiety. Decreasing the excitability of InsulaIns cells by using chemo-
genetic viral approach during the social interaction test was not suf-
ficient to block the social preference after 24-h of social isolation as
observed with the caspase strategy (Figs. 4 and 5). This data suggests
that InsulaIns neuron activation might rather occur during social iso-
lation and be key for developing social preferences thereafter. We
therefore show that InsulaIns neurons are more depolarized and more
excitable after 24 h of social isolation compared to group-housedmice
(Fig. 6a–e). However, due to the technical limitations of chemogenetic
approach and the other available viral tools, we were not able to block
exclusively during the all 24 h isolation period the activity of InsulaIns

neurons, which remains an appealing question. Further studies should
be done to investigate the effect of acute and long-lasting activation of
this pathway on social behavior.

Here, by highlighting the complex axonal arborization of this
Insular cortex subpopulation (Fig. 1 and Supplementary Fig. 2), we
demonstrated that the subpopulation of Insular cortex neurons pro-
jecting to the insula/CeA/dlBNST network in both hemispheres holds a
privileged position in controlling social behaviors in acute social iso-
lation. Deciphering the relative contribution and adaptive plastic
mechanisms occurring in each collateral target during 24 h of social
isolation represents the next key step in a better understanding of
social encoding process.

Fig. 6 | Impact of 24-hour social isolation on InsulaIns neuronal activity. a Top.
Experimental schematic. Bottom. Representative traces of InsulaIns neurons in
response to depolarizing current pulses (50 pA, 90 pA) in current clamp in group-
housed and 24-hour isolated. b Representative example of a histological control
showing InsulaIns neurons (tomato) and Insula recordedneurons filledwith biocytin
(gray) and the overlay. c–e Group mean of the rheobase (c, Mann–Whitney test,
U = 183.5, p =0.045), resting membrane potential (d, two-tailed unpaired t-test,
t(46) = 2.549, p =0.0142), and resistance (e, Mann–Whitney test, U = 190,
p =0.0437) of InsulaIns neurons in group-housed and 24-hour isolatedmice (group-
housed condition: 23 neurons in 3mice; isolated conditions: 24 neurons in 3mice).
f, h Experimental schematic. g Representative epifluorescent image of a coronal
brain slice injected with a rAAV2-Cre retrograde virus in the contralateral Insula,
coupled with an AAV9-syn-flex-jCCaMP8f-WPRE virus injection in the ipsilateral
Insula, along with the optic fiber placement. i, j Time spent around the juvenile
social or the object enclosure in group-housed condition (i, two-tailed unpaired t-
test, t(6) = 4.682, p =0.0034) and after 24h of social isolation (j, two-tailed

unpaired t-test, t(6) = 5.321, p =0.0018, white circle for female, black circle for
male). k–m Example of fiber photometry recording in InsulaIns neurons during
three-chamber social interaction test in GFP control group (k, n), in GCaMP8f
group-housed (l, o) and 24h isolated mice (m, p). Blue and orange squares
represent the episodes of interactions with the juvenile mouse or the object,
respectively. Black arrows are the detected calcium events.qQuantification ofΔF/F
mean fluorescence z-score of InsulaIns neurons around social or object enclosure in
both groups (N = 7 mice per group; two Way repeated measure Anova, Interaction
F(1,6) = 8.89, p =0.0246, main effect of housing F(1,6) = 16.17, p =0.007, no main
effect of zone F(1,6) = 2.428, p =0.1702, followed by uncorrected Fisher’s LSD post
hoc, group-housed social vs group-housed object p >0.05, 24 h isolated social vs
object p =0.0073, group-housed social vs 24 h isolated social p >0.05, group-
housed object vs 24h isolated object p =0.012). dark blue/orange color circle:
female, light blue/orange color: male. Data are presented as mean values ± SEM.
*p <0.05, **p <0.01.
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Fig. 7 | Summary schematic. InsulaIns neurons are required for social novelty preference only after 24 h of social isolation in male mice.
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Interestingly, InsulaIns neurons and dopaminergic neurons of
the Dorsal Raphe Nucleus also project massively to the dlBNST and
the CeA34. Future studies will be necessary to determine whether a
specific neuronal target of InsulaIns neurons is necessary to control
social preference in isolation, or if, conversely, these neurons
regulate social preference through coordinated action on the
insula/BNST/CeA network, possibly in conjunction with dopamine
modulation. Thus, all of these data suggest that InsulaIns play a
specific role in social interest. This specificity is confirmed as we
did not observe an anxiety phenotype after InsulaIns deletion, as
assessed through an open field or an elevated plus maze. (Sup-
plementary Fig. 8).

Here, we assessed a right unilateral lesion of InsulaIns neurons by
using a double viral approach (Fig. 4a). One limitation of our study is
that our viral strategy may minimize the effect observed by manip-
ulating a smaller quantity of cells. However, to be selective of InsulaIns

neurons without targeting interneurons (Supplementary Fig. 2d–f), we
restricted our ablation to the right InsulaIns neurons. Despite this lim-
itation, our viral approach allowed a selective ablation of right InsulaIns

neurons which can be useful for future investigations of Insula later-
alization. Indeed, lateralization of the Insula with a right dominance
has been observed with cFos analysis in response to intraperitoneal
injectionof lithiumchloride, an aversive visceral stimulus, or in feeding
behavior48,49. Additional studies would be necessary to define the
Insula laterization processes.

Our study, by demonstrating the role played by InsulaIns neurons
in social preference encoding during acute social isolation, reinforces
the concept of cellular diversity of the Insula28,29,38,47,49–52. Another
avenue for future research motivated by the present study will be to
examine the development, maturation, and neuromodulation of this
InsulaIns circuit in physiological and pathological states where social
processing is altered.

Methods
Experimental model and subject details
Animals. Male and female C57BL/6JRj (≥10 weeks; Elevage Janvier,
France) were used. Male Ai9 tdTomato also called Gt(Rosa)
26Sortm6(CAG-tdTomato)Hze (stock number 007909, from Jackson;
C57BL6/j genetic background)were also used.Micewere housed three
to five per cage under controlled conditions (22–23 °C, 40% relative
humidity, 12 h light/dark illumination cycle; with lights on at 07:00).
Mice were acclimatized to laboratory conditions at least one week
before experiments, with food and water ad libidum. All procedures
were conducted following European directive 2010-63-EU and with
approval from the Bordeaux University Animal Care and Use Com-
mittee (license authorization 21134).

Methods details
Viruses and drugs. rAAV2-retro-CAG-Cre (2,8 × 1012 vg/mL; UNC
Vector Core, Boyden); rAAV2-retro-CAG-eYFP (1.6 × 1012 Virus Mole-
cules/ml, UNC GTC Vector Core), rAAV2.-retro-CAG-tdTomato
(3.6 × 1012 Virus Molecules/ml, UNC GTC Vector Core), AAV2.2-eif1a-
DIO-eYFP (3 × 1012 vg/mL; Addgene); AAV2.5-eif1a-DIO-eYFP
(1 × 1013 vg/mL; Addgene); AAV9-pCAG-FLEX-eGFP-WPRE (1 × 1013 vg/
ml, 162379-AAV9, Addgene), AAV2.2-hSyn-eYFP (3 × 1012 vg/mL;
50465-AAV2, Addgene); AAV2.5—eif1a-DIO-eYFP (1 × 1013 vg/mL;
27056-AAV5, Addgene); AAV1-phSyn1(S)-FLEX_tdTomato-T2A-
SypEGFP-WPRE (4.5 × 1012 vg/ml;51509-AAV, Addgene) AAV2.2-hSyn-
ChR2(H134R)-eYFP (3.1 × 1012 vg/mL; UNC, AV4384G); AAV5-flex-
taCasp3-TEVp (7 × 1012 vg/mL; Addgene); AAV9-syn-jGCaMp8f-WPRE
(2.3 × 1013 vg/ml, 162379-AAV9, Addgene), AAV8-hSyn-DIO-HA-
hM4D(GI)-IRES-mCitrine (1 × 1013 vg/ml, 50455-AAV8, Addgene),
AAV5-hSyn-DIO-hM3D(Gq)-mCherry (2.5 × 1013vg/ml, 4361-AAV5,
Addgene), Tetrodotoxin (TTX, 0.5 µM, Abcam ab120055); and 4
aminopyridine (4AP; 1mM, ascent scientific, asc-122-100mg).

Surgery. Stereotaxic surgery for anatomy, ex vivo and in vivo elec-
trophysiology experiments, and behavioral tests were performed
under a mixture of isoflurane and oxygen as previously described53.
Mice were placed on a stereotaxic frame and received a sub-
cutaneous dose of buprenorphine (0.1mg/kg, except for in vivo
electrophysiology experiments) and local injection of an analgesic
before skin incision (lurocaine, 7mg/kg). Single or bilateral cra-
niotomy was made over the insular cortex at the following coordi-
nates (+0.14mm/bregma, ±3.8mm/midline, 2.2mm/brain surface),
the CeA (−1.58mm/bregma, +2.4mm/midline, 3.9mm/brain surface).
Viruses were injected via a glass micropipette into the region of
interest. Following injections, the incision was closed with sutures,
and mice were let to wake up on a heating plate. For all the experi-
ments the virus was incubated at least four weeks before proceeding
with further manipulation except for the experiment with the ret-
rograde virus (rAAV2-retro-CAG-cre) injection in AI9- dtTomato in
which only two weeks were sufficient to clearly identify reporter
protein expression.

Immunohistochemistry. Mice were deeply anesthetized with a mix-
ture of isoflurane andoxygen and received an i.p. lethal dose of exagon
(300mg/kg) and lidocaine (30mg/kg). Mice were perfused transcar-
dially with phosphate-buffered saline (PBS 1X) and incubated (48h/
4 °C) in 4% paraformaldehyde. Coronal slices were cut at 50μm and
washed three times in PBS 1X before incubation in the blocking solu-
tion containing 0.03% Triton X-100 and 10% donkey serum or goat
serum. Sectionswere incubated (overnight per 4 °C)with amouse anti-
Satb2 primary antibody (1/300; abcam ab51502), a rat anti-Ctip2 pri-
mary antibody (1/500; Abcam ab18465), or with a rat anti-MBP (1/500,
Merckmillipore), a guinea pig anti-NeuN/Fox3 (1/1000, cat 26604,
Synaptic system), or with a goat anti-CTb antibody (1/10000, list labs
#703), or a rabbit anti-GFP primary antibody (1/1000; Millipore,
AB3080), a mouse anti-GAD67 primary antibody (1/500; Millipore
MAB5406), a guinea pig anti-PV primary antibody (1/1000, synaptic
system, cat#195004). Afterwashing sectionswere incubatedovernight
or 72 h for the CTb experiment at 4 °C with a donkey anti-mouse sec-
ondary antibody (labeling of Satb2, 1/500, life technologies A31571,
Alexa 647), a donkey anti-rat secondary antibody (labeling of Ctip2 or
labeling of MBP, 1/500, life technologies A21209, Alexa 488), a goat
anti-mouse secondary antibody (labeling of GAD67,1/500, Invitrogen
A21202, Alexa 488), a goat anti-guinea pig secondary antibody (label-
ing of PV or Neun/Fox3,1/500, Invitrogen A11073, Alexa 488), a donkey
anti-goat 647 (labeling of CTb, 1/500, Jackson Immunoresearch, 705-
605-147) a donkey anti-rabbit (labeling GFP,1/500, life technologies
A21206, Alexa 488), streptavidin (labeling of biocytin, R&D system NL
999, 1/500, alexa 557). Sections were washed and then mounted in
Fluoromont-G medium (Southern Biotech), coverslipped, and imaged
on a fluorescent microscope as a confocal microscope (Leica SP5) or a
slide scanner (Nanozomeer 2.0HT), or an epifluorescent microscope
(Olympus BX63). Photomicrographs were taken and displayed using
image J to adjust the contrast and or perform Z stack images.

Electron microscopy sample preparation
Tissue preparation. Mice were deeply anesthetized and perfused
transcardially with a mixture of 3% paraformaldehyde (PFA) and 0.5%
glutaraldehyde in 0.1M phosphate buffer at pH 7.4. Brains were
quickly removed, left overnight in 3% PFA at 4 °C. Coronal sections of
the brainwere cut on a vibratingmicrotomeat 50 µm, collected in PBS,
cryoprotected, freeze-thawed, and stored in PBS with 0.03% sodium
azide until use.

Immunogold experiments. GFP was analyzed at electronmicroscopic
level in Insula, Corpus Callosum, Anterior Commissure, dlBNST and
CeA. GFP was detected by the preembedding immunogold technique,
sections were incubated in 4%NGS for 45min and then in a mixture of

Article https://doi.org/10.1038/s41467-024-51389-4

Nature Communications |         (2024) 15:7142 13



a rabbit anti-GFP (1/5000) antibody supplemented with 1% NGS over-
night at RT. After washing, in PBS and PBS-BSAc (aurion, the Nether-
lands), the sections were incubated for 3 h at RT in Goat anti-rabbit IgG
conjugated to ultrasmall gold particles (1.4 nm; nanoprobes) diluted 1/
100 in PBS-BSAc- gel. The sections were washed and post-fixed in 1%
glutaraldehyde in PBS for 10min. After washing in PBS and water dis-
tilled, the immunogold signal was intensified using a silver enhance-
ment kit (HQ silver; Nanoprobes, Yaphank, NY) for 8min at RT in the
dark. After several washes in PBS, the sections were then processed for
electron microscopy.

The sections were post-fixed in 0.5% osmium tetroxide and
dehydrated in ascending series of ethanol dilutions that also included
70% ethanol containing 1% uranyl acetate. The sections were post-
fixed, dehydrated, and included in resin (Durcupan ACM; Fluka). Serial
ultrathin sections were cut with a Reichert Ultracut S, contrasted with
lead citrate and imaged in a transmission electronmicroscope (H7650,
Hitachi) equipped with a 467 SC1000 Orius camera (Gatan).

Ex vivo electrophysiology. After allowing at least 4 weeks for viral
vector expression acute coronal brain slices containing the Insulawere
cut on a vibratome (VT1200S; Leica microsystems). Mice were deeply
anaesthetized by i.p. injection of a mixture of ketamine-xylazine
(100mg/kg and 20mg/Kg, respectively). A thoracotomy followed by a
transcardiac perfusion with a saturated (95%O2/5%CO2), iced-cold
solution (cutting solution) containing 250mM sucrose,10mM
MgSO4·7H2O, 2.5mM KCl, 1.25mM NaH2PO4·H2O, 0.5mM CaCl2·H2O,
1.3mM MgCl2, 26mM NaHCO3, and 10mM D-glucose (pH 7.4) was
performed. The brain was then quickly removed from the skull,
blocked in the coronal plan, glued on the stage of the vibratome,
submerged in iced-cold, saturated cutting solution and cut in 300-µm
thick sections. Brain slices were transferred in a storage chamber at
34 °C for 1 h in an artificial cerebral spinal solution (referred as «
recording ACSF ») saturated by bubbling 95%O2/5%CO2 and containing
126mM NaCl, 2.5mM KCl, 1.25mM NaH2PO4·H2O, 2mM CaCl2·H2O,
2mM MgSO4·7H2O, 26mM NaHCO3, and 10mM D-glucose, supple-
mented with 5mM glutathion and 1mM sodium pyruvate (pH: 7.4;
Osmolarity: 310-315mOsm). They were then maintained at room
temperature in the same solution until recording.

Whole-cell patch-clamp recordings were performed in a sub-
merged chamber under an upright microscope (AxioExaminer Z1;
Zeiss) equipped with IR-DIC illumination. Slices were bathed in
recording solution. Recording pipettes (5–7 MΩ) were prepared from
borosilicate glass capillaries (GC150F-10; Harvard Apparatus) with a
horizontal puller (Sutter Instrument, Model P-97). They were filled an
internal solution composed of 135 mM K-gluconate, 3.8mM NaCl,
1mM MgCl2·6H2O,10mM HEPES, 0.1mM Na4EGTA, 0.4mM Na2GTP,
2mMMg1.5ATP, 5mMQX-314 and 5mMBiocytin (pH :7.25;Osmolarity:
290-295mOsm). Experiments were conducted using a Multiclamp
700B amplifier andDigidata 1440 digitizer controlled by Clampex 10.6
(Molecular Devices) at 34 °C. Data were acquired at 20 kHz and low-
pass filtered at 4 kHz. Insula pyramidal neurons were visualized under
IR-DIC microscopy and recognized by the triangular shape of their
soma. All the recordings were performed in voltage-clamp mode at
−80 and 0mV to record light-evoked glutamatergic EPSC and
GABAergic IPSC, respectively. Voltages were corrected offline for
liquid junction potentials. Optical stimulations were achieved using a
473 nm diode pumped solid state laser (Optotronics, USA) connected
to an 800μm diameter optical fiber (Errol, Paris, France) positioned
just above the surface of the slice next to the recording site. Current
clamp recordings were performed for the characterization of the
intrinsic excitability of Insular neurons projecting to the tail of the
striatum or the contralateral Insula in group-housed conditions and or
after acute social isolation. For these experiments, internal solution
was identical to the one used for voltage-clamp experiments but
without QX-314.

At the end of the day, brain slices were fixed in 4% PFA overnight
and stored in 0.2% sodium azide-PBS until histological processing.

In vivo electrophysiology. Electrical stimulation of the Insula. Bipolar
electrical stimulation of the Insula was conducted with a concentric
electrode (Phymep) and a stimulator isolator (800 µs, 0.2–1.8mA;
Digitimer).

Insula recordings. A glass micropipette filled with 2% pontamine
sky blue solution in 0.5M sodium acetate was lowered in the insula.
The in vivo single-unit recordings were performed as previously
described54. Briefly, the extracellular potential was recorded with an
Axoclamp-2B amplifier and filter (300Hz/0.5 kHz). Single neuron
spikes were collected online (CED 1401, SPIKE 2; Cambridge Electronic
Design). During electrical stimulation of one insula, cumulative peri-
stimulus time histograms (PSTH) (5ms bin width) of the contralateral
Insula were generated for each neuron recorded. Electrical stimulation
of the contralateral Insula was also used to test for antidromic activa-
tion of ipsilateral insula neurons using high-frequency stimulation and
collision methods as previously described55. Driven impulses were
considered antidromic if they met the following criteria: (1) constant
latency of spike response (fixed jitter), (2) driven by each of the paired
stimulus pulses at frequencies of 100Hz or greater, and (3) collision of
driven spikes by spontaneous impulses.

Histological control. At the end of each recording experiment, the
recording pipette placement was marked with an iontophoretic
deposit of pontamine sky blue dye (−20 μA; 30min). To mark the
electrical stimulation sites, +50μAwas passed through the stimulation
electrode for 90 s. Then,micewereperfusedwith PBS 1x and stored for
48 h in PFA 4% at 4 °C.

Behavioral procedures. One week prior behavioral experiment, mice
were progressively handled by the experimenter. For each behavioral
test, mice were acclimatized at least 30min in the experimental room.
Between each mouse, the behavioral apparatus was cleaned with 70%
ethanol and then water and dried between each test. For the chemo-
genetic behavioral experiment, a concentration of 1mg/kg of
Clozapine-N-Ozide (CNO) was administered intraperitoneally 30min
before the behavior.

Open field test. Mice were placed in the corner of a square open field
(40 × 40 cm) andwere allowed to freely explore the open field for a 10-
min period in 70 lux illumination conditions. Total distance travelled,
velocity, and time spent in the zone during the session were auto-
matically reported (Ethovision, Noldus).

ElevatedplusMaze. The elevatedplusmaze consisted of a platformof
four opposite arms (30 cm× 5cm) two of them are open and two are
closed arms (enclosed by 25 cm high walls). The apparatus was ele-
vated from the floor. The task was analyzed with the software Ethovi-
sion (Noldus) and we measured the time spent in each arm in trials of
10min. The luminosity of the open arms was around 120 lux.

Light-Dark box test. The apparatus is composed of two chambers of
equal size (20 cm× 20 cm each), a light compartment (between 575
and 600 lux), and a dark compartment (between 5 and 25 lux). Mice
were placed in the same corner in the dark compartment. The session
lasted 15min and was scored with the software Ethovision (Noldus,
Wageningen, the Netherlands).

Marble burying test. Mice are placed in a corner of a new open arena
(37.5 cm× 37.5 cm, 200 lux). filled with a thin layer of wood chip bed-
ding and covered on the surface by twenty 1.4 cm diameter black
marbles organized in 5 rows and 4 columns The mice were free to
explore for 20min. The number of totally buriedmarbles was counted
using Image J.
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Novelty-suppressed feeding behavior. Mice are food-deprived and
isolated for 24 h and then tested for latency to eat a chow in a novel
open arena for a maximum period of 5min. Immediately after the first
bite, mice were transferred to her home cage with a chow. The latency
to the first bite in a chow was manually scored.

Social preference test. A three-chamber rectangular Plexiglas arena
(60x42x22 cm, Imetronic) divided into three chambers of the same
dimension was used for this test. Briefly, each mouse was placed in
the center of the arena and allowed to freely explore the entire arena
for a 10min habituation period under approximately 90 lux illumi-
nation conditions. At the end of the habituation, the mouse was
placed in the center of the arena, and two metallic enclosures
(9 cm× 9 cm x 10 cm) were positioned in the center of the two outer
chambers. One enclosure contained a juvenile unfamiliar mouse,
whereas the other enclosure was empty (inanimate object) for group-
housed conditions or filled with Lego toys for isolated conditions.
The position of the two enclosures was counterbalanced to avoid any
bias. The juvenile mice were previously habituated to the enclosure
and the arena for a brief period of 2 days preceding the experiment
with a 10-min session per day. The experimental mouse was allowed
to freely explore the three-chamber arena for a 5min period session.
The time spent around the enclosures were manually scored. The
stimulus interaction was scored when the nose of the experimental
mouse was in closed proximity to the enclosure (approximatively
around 2 cm).

Oral self-administration
Apparatus and general procedure. As described elsewhere56, mice
were trained in conditioning chambers (15x18x22cm, Imetronic,
France), each located inside a sound and light-attenuating wooden
chamber. Each experimental chamber had an operant panel equipped
with two nose-poke holes and a liquid dipper was inserted in between.
External pumpswere fittedwith syringes connectedwith Tygon tubing
to a fluid dispenser. Amicrocomputer controlled the delivery of liquid
rewards, presentation of cue light, and recording of behavioral data
(Imetronic, France).

The illumination of a dim house-light for 3 s signaled the start of
each test session. Visits in the “active” hole resulted in a 50µl-liquid
reward delivered into the dipper, accompanied by the presentation of
a visual stimulus consisting of a 3 s cue light above the active nose-
poke. After each delivery, mice had to empty the liquid dispenser to
enable the next count of reinforced visits. Visits to the inactive hole
were recorded but had no consequences. At the end of the training
session, the illumination of the house-light again signaled the termi-
nation of the session.

training. Female Mice were trained to nose-poke for a liquid reward of
sweet condensed milk (scm, Regilait®) on a fixed ratio schedule of
reinforcement: FR1 for 4 days, FR2 for 4 days, and FR5 for 3 days on a
daily 30 min-session to acquire efficient instrumental response prior
the motivation test. There were two groups compared: control (n = 6)
and caspase (n = 6).

Motivation. Mice were tested for the motivation for sweet condensed
milk in a progressive ratio schedule of reinforcement. Within the same
session, the number of visits in the active nose-poke hole to obtain the
reward increased progressively by 2 (PR2). The session lasted 120min
and we applied a cut-off after 15min without a reward delivery. The
breaking point, which is the operational index of motivation, was cal-
culated on the last ratio a mouse completed before the session was
stopped. A first PR2 test was performed after the last FR2 session, then
a second one was performed after the last FR5 session. Experiments
were done blindly.

Fiber photometry. 4 male mice and 3 female mice were injected with
100 nL of rAAV2-retro-CAG-cre in the contralateral insular cortex (left
hemisphere). Mice were then injected with either 60 nL of pGP-AAV9-
syn-FLEX-jGCaMP8f-WPRE in the ipsilateral insular cortex (right
hemisphere). Theopticfiber (Doric lenses, 400 µm,0.57NA, 4mm)was
implanted 300 µmabove the injection site in the right insular cortex to
record the calcium events in the cell bodies. Optic fiber efficiency was
tested beforehand and was used if reached a minimum of 90% effi-
ciency. Recordings started five weeks after the stereotaxic surgeries to
allow for viral expression of the GCaMP sensor. Mice were handled
10min for 5 days before the start of the experiments and habituated to
being connected to the optic fiber after the 3rd day of handling.

The bulk fluorescence activity of InsulaIns neurons was recorded
via the expressionof theGCaMP sensor 8 fwithDoricfiber photometry
systems. Light was transmitted to the optic fiber through two light
emitting diodes, using alternated emission at 20Hz of the 405 nm and
470nm wavelength. The 473 nm LED was used to record activity
changes, and the405 nmLEDwasused asour control signal, to remove
unrelated signal artifacts (such as motion artifacts) as this isosbestic
wavelength is calcium-independent. The LEDs were coupled to optical
fiber patch cords (400μm, NA: 0.57), which were connected to the
optical fiber ferrules (400μm,NA: 0.57). At the beginning of recording
sessions, the power of the LED was adjusted to have at the tip of the
optic fiber: For the 470nm LED: 100 µW, for the 405 nm: 25–30 µW.
This was re-adjusted and lowered for GFP controls to record a non-
saturated signal. To synchronize the video with the fiber photometry
recordings, the camera was externally triggered by uEye Cockpit
software which emitted a TTL for each frame to the Doric Neu-
roscience Studio. Camera recordings were done at 30 fps, at 512 × 512
resolution. For all animals and behavioral assay, recordings started at
least two minutes before the start of experiment for photobleaching
the signal. The position of the mouse and key positions of the appa-
ratus and objects were determined using the open-source software
DeepLabCut 2.057,58. The tracking of the headwas used for the analysis.

The normalized dF/F (z dF/F), was calculated as described ref. 59.
All analysis was done using custom scripts on Python.
(1) Low-frequency fluctuations and signal drift were removed using

the adaptive iteratively reweighted Penalized Least Squares
(airPLS) algorithm () on the 405 nm control signal and 470nm
calcium-dependent signal.

(2) Each signal was standardized (z-scored).
z signal = signal�meanðsignalÞ

stdðsignalÞ
(3) A least-squares linear fit was applied to the 405 nm control signal

and fitted to the 470nm signal over the whole behavioral
recording. This signal was then subtracted from the z-scored
470nm signal:

zΔF=F = ½z470nm signal � f ittedðz405nmÞ�

To determine the average activity within the regions of interest
(ROI), we averaged the z-scored trace when the animals for each frame
within the ROI (global signal). The last five minutes of habituation and
first five minutes in the behavioral apparatus was used.

Peaks were detected if above 1.96 on the z-scored trace with a
minimum distance between peaks of 500ms and duration of 150ms.
The start and endof the peakwere calculated based onwhen the signal
crossed 2*Median Absolute Deviation (MAD). The Area Under the
Curve (AUC) was calculated between those two points using the tra-
pezoidal rule. The width was calculated as the time between those two
points. The height corresponds to the z-score value at peak detection.

We performed an alternated analysis to compute and compare
the z-scored trace as described in refs. 60,61 ref. The fractional ΔF/F, a
least-squares linear fit was applied to the 405 nm control signal and
fitted to the 473 nm signal over the whole behavioral recording
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(ΔF/F = ([473 nm signal − 405 nm fitted]/405 nm fitted). TheΔF/Fwere
then z-scored over the entire behavioral session.

Data analysis
For in vivo electrophysiological experiments, cumulative PSTHs of
insula activity were generated during stimulation of the contralateral
insula. Excitatory magnitudes were normalized for different levels of
baseline impulse activity. Baseline activity was calculated on each
PSTH, during the 500ms preceding the stimulation to generate a Z-
score for each responding neuron. What is referred to as a “no
response cell” is a neuron that does not emit an action potential in
response to stimulation of the insula, specifically within the time
window ranging from0 to 25ms after stimulation. Baseline activitywas
computed for each peri-stimulus time histogram (PSTH) during the
500ms preceding stimulation to generate a Z-score for each respon-
sive neuron. A “no response cell” is a neuron with a Z-score <1.96,
meaning a probability value (p) > 0.05 of emitting an action potential
within the time window of a monosynaptic transmission between the
ipsilateral and contralateral insula (i.e., between 0 and 25ms).

For immunolabeling quantification. To quantify retrograde
labeling (rAAV2-retro-CAG-cre/Ai9dtomato mouse), we acquired 3 sli-
ces for each Insula level (antero, intermediate and posterior level) per
mouse, on a total of 4 mice with a confocal microscope. For the co-
localization of Tomato+ neurons with Satb2+ and Ctip2+ labeling, we
took 3 pictures with a confocal microscope per slice, on 3 slices per
mouse, with a total of 4mice and analyzed co-localizationon focal plan
manually with Image J cell counter. For the caspase lesion, we took one
picture in the mid-Insula level with a slide scanner per mouse and
quantified with Image J, the fluorescence density between the con-
tralateral (ctrl side) and ipsilateral lesion side (caspase side).

For the CTb quantification experiment, we used semi-automatic
quantification with an Image J macro for co-localization of fluorescent
markers present on a focal plan on confocal fluorescent images called
Bioloc3D.More information is available at this link https://zenodo.org/
doi/10.5281/zenodo.8087692.

Synaptophysin imaging and analysis
Confocal imaging over one focal place was done on the whole slice
(with a map of Z planes across the slice to avoid confounds) at x20
magnification using confocal microscopy (Zeiss, Celldiscoverer 7).
Slices were then semi-automatically aligned to the Allen Brain Atlas
CCFv3 using QuPath62 and Aligning Big Brains and Atlases Fiji plugin
Fiji. Synaptophysin puncta were detected using the QuPath Positive
Cell Detection tool. To avoid artifact detections, we excluded single
puncta in a 20 µmarea. For each brain structure in the slice, the sumof
the area of Synaptophysin puncta was calculated. Ipsilateral Insula
(GU/VISC/AI) was systematically removed from the quantification
(presence of cell bodies). We then manually delimited subregions in
the Bed Nucleus of the Stria terminalis (oval, juxta-capsular, ante-
romedial, and ventral), Central Amygdala (lateral–capsular and med-
ial), and Dorsal Striatum (Dorsomedial, Dorsolateral, Ventral and Tail
of Striatum). The density was calculated as the sum of the area of
Synaptophysin puncta/area. Tonormalize betweenmice, all the results
are expressed as a percentage of the total.

Statistical analysis
Statistical outliers were identified with the Grubbs test and excluded
from the analysis. Normality was checked with the Shapiro-Wilk cri-
terion and when violated, non-parametric statistics were applied
(Mann–Whitney and Kruskal–Wallis, Wilcoxon test). When samples
were normally distributed, data were analyzed with independent or
paired one or two-tailed samples t-tests, one-way, two-way, or repe-
ated measures ANOVA followed if significant by Bonferroni post hoc
tests or with uncorrected Fisher’s LSD. Data are represented as the

mean± SEM, and the significance was set at p < 0.05. Data were ana-
lyzed using GraphPad Prism 9.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
None Source data are provided with this paper.
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