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1  |   INTRODUCTION

Although considerable progress has been made regarding our 
understanding of same-sex conspecific and non-aggressive 

interactions (Gunaydin et  al.,  2014; Puglisi-Allegra & 
Cabib, 1997; Robinson et al., 2002, 2011), questions regard-
ing the contribution of sensory cues in social approach and 
their specific neurobiological correlates remain open. When 
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Abstract
Social interaction is a complex and highly conserved behavior that safeguards survival 
and reproductive success. Although considerable progress has been made regarding 
our understanding of same-sex conspecific and non-aggressive interactions, questions 
regarding the precise contribution of sensory cues in social approach and their specific 
neurobiological correlates remain open. Here, by designing a series of experiments 
with diverse social and object stimuli manipulations in custom-made enclosures, we 
first sought to deconstruct key elements of social preference as assessed by the three-
chamber task. Our results highlight the importance of social olfactory cues in approach 
behavior. Subsequently, we interrogated whether a social odor would activate dopa-
minergic neurons of the Ventral Tegmental Area in the same way as a juvenile con-
specific would. Employing in vivo recordings in freely behaving mice, we observed an 
increase of the firing only during the transition toward the juvenile mouse and not dur-
ing the transition toward the object impregnated with social odor, suggesting that these 
two experiences are distinct and can be differentiated at the neuronal level. Moreover, 
using a four-choice task, we further showed that mice prefer to explore complex social 
stimuli compared to isolated sensory cues. Our findings offer insights toward under-
standing how different sensory modalities contribute to the neurobiological basis of so-
cial behavior which can be essential when studying social deficits observed in autism-, 
depression-, anxiety-, or schizophrenia-related mouse models.
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individuals encounter their conspecifics for the first time, 
they need to process social information in order to decide 
how to react and adapt their behavior. More specifically, de-
pending on the partner's identity, as well as on environmental 
and sensory cues, the individual can choose whether to in-
teract or avoid conspecifics. Each individual will then store 
information about the experience in order to be able to recog-
nize a familiar conspecific during a second encounter and to 
adapt the behavior accordingly. Understanding how the brain 
processes social information is fundamental in order to un-
cover the neurobiological basis of social behavior.

Social interaction involves the detection and integration of 
multiple sensory modalities (Chen & Hong, 2018). Although 
olfactory, visual, auditory, and somatosensory cues inde-
pendently can be detected by an individual and transformed 
into a behavioral output, multiple senses are often employed 
during social interaction. Furthermore, impairments in sen-
sory perception and/or multisensory integration could partly 
explain social deficits in psychiatric disorders such as Autism 
Spectrum Disorders (ASDs; Tavassoli et al., 2018). In order 
to understand whether and how sensory processes contribute 
to social impairments, we need first to identify how sensory 
modalities contribute to social behavior.

Given the complexity and the universality of social be-
havior, rodent models have been indispensable in helping to 
dissect the essential components of social behavior in a sys-
tematic way. Although the relative contribution of sensory 
modalities can be different in humans and rodents, common-
alities seem to exist between species. Mice can indeed, rec-
ognize and discriminate between individual conspecifics and 
this ability is vital for the survival of the species. In a labora-
tory setting, recognition and discrimination can be observed 
and investigated using a three-chamber interaction behavior. 
Specifically, during this task mice spend more time investi-
gating a social stimulus over an inanimate object and display 
a preference toward a novel conspecific over a familiar one 
(Moy et al., 2004). This behavior in rodents relays mostly on 
chemosensory cues released by the stimuli and perceived by 
the experimental animals. It has been shown that lesion of the 
olfactory bulb and anosmia impairs the ability of rodents to 
recognize conspecifics (Popik et al., 1991). Notably, although 
mice rely upon olfactory cues during typical social interac-
tion, visual, auditory, and tactile senses are all senses that 
are employed during affiliative interactions (Portfors, 2007; 
Ryan et  al.,  2008; Strasser & Dixon,  1986). Indeed, it has 
been shown that the intensity of touch determines the reward-
ing properties of social interaction. While olfaction and au-
dition do not induce conditioned place preference, taction is 
needed during conditioning (Kummer et al., 2011). Although 
several studies analyzed how different neurons within the 
central nervous system represent social information, it is still 
unknown whether the same neurons may be differently acti-
vated by individual social cues.

Social interaction is rewarding (Bariselli et al., 2018; Dölen 
et al., 2013; Panksepp & Lahvis, 2007) and it has been shown 
that dopamine (DA) neurons of the Ventral Tegmental Area 
(VTA) are activated by conspecific interaction (Prévost-Solié 
et al., 2020) and moreover, that this activity is necessary for 
social novelty exploration (Bariselli, Hörnberg, et al., 2018). 
Furthermore, alterations in synaptic properties of VTA DA 
neurons have been observed in autism mouse models and 
they have been linked with impairments in maintaining social 
interest (Bariselli et al., 2016) and socially conditioned place 
preference (Bariselli, Contestabile, et al., 2018).

Here, we used modified enclosures to dissect the con-
tribution of sensory cues in driving sociability using the 
three-chamber task. Our results highlight and provide proof 
for the importance of olfactory cues in approach behavior. 
Subsequently, using in vivo recordings in freely moving mice 
we interrogated whether a social odor would activate DA 
neurons of the VTA in the same way as a juvenile conspe-
cific would. In fact, our data demonstrate that complex social 
stimuli and decomposed social odor cues result in different 
activation patterns of VTA DA neurons. Moreover, using a 
four-choice task, we further show that mice prefer to explore 
complex social stimuli compared to isolated sensory cues.

2  |   MATERIALS AND METHODS

2.1  |  Animals

The experimental procedures described here were conducted 
in accordance with the Swiss laws and previously approved 
by the Geneva Cantonal Veterinary Authority. Male and fe-
male C57Bl/6j (experimental animals) were purchased from 
Charles River Laboratories and housed in the institutional 
animal facility under standard 12 hr/12 hr light/dark cycles 
with food and water ad libitum. Experimental adult animals 
were group-housed (4–5 per cage) and were behaviorally 
tested as stated in the corresponding sections in the following 
paragraphs. Younger non-familiar male mice (3.5–4 weeks; 
sex-matched) were used as stimuli animals in the three-
chamber social interaction assay. Behavioral experiments 
were conducted in a room with fixed low illumination (10–
15 Lux) and with controlled humidity (40%) and temperature 
(22–24°C). The experiments were always performed within 
a time frame that started approximately 2 hr after the end of 
the dark circle and ended 2 hr before the start of the next dark 
circle.

2.2  |  Three-chamber test

A social interaction assay was used, comprising a rectangular 
Plexiglas arena (60 × 40×22 cm; Ugo Basile) divided into 
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three-chambers (each 20 × 40 × 22 cm). The walls of the cen-
tral chamber had doors that could be lifted to allow free ac-
cess to all chambers. The social preference test was performed 
similarly as published by (Moy et al., 2004): each mouse was 
placed in the arena for a habituation period of 10 min and it 
was allowed to freely explore the empty arena. At the end of 
the habituation, the experimental mouse was blocked in the 
central chamber and two enclosures were randomly placed in 
the center of the two outer chambers. The test started imme-
diately after the opening of the doors when the experimental 
mouse was allowed to freely explore the apparatus and the 
enclosures for 10 min. Except for the in vivo recording ex-
periments, the experimental mice performed only one three-
chamber test and different cohorts of animals were used for 
each experiment. For the in vivo recording experiment, im-
planted mice performed both conditions in a counterbalanced 
way. The stimuli mice were always novel for the experimental 
mouse but were used several times (always in the same con-
dition, and between the third and fourth week of life). Several 
kinds of typical and custom-made enclosures were used in 
the study (Figure 2a, all the enclosures measured the same 
size: 16 cm × 9 cm): (1) the typical enclosures, provided with 
the arena by the manufacturer (Ugo Basile, Varese, Italy), 
with metal vertical bars allowing visual, auditory, olfactory 
and tactile contact between the experimental mice and the 
mice acting as social stimuli; (2) transparent enclosures with 
large openings (diameter  =  1  cm) which also allowed vis-
ual, auditory, olfactory and tactile contact between mice, but 
were made of Plexiglas in order to allow comparisons with 
the other custom-made enclosures; (3) transparent Plexiglas 
enclosures with smaller openings (diameter = 0.3 cm) which 
allowed visual, auditory, olfactory but not tactile contact be-
tween mice; (4) opaque dark plastic enclosures with small 
openings (diameter = 0.3 cm) which allowed only auditory 
and olfactory but not visual and tactile cues between mice; 5. 
transparent Plexiglas enclosures without openings which al-
lowed only visual and presumably auditory but not olfactory 
and tactile contact between mice. The enclosures were made 
in such a way that ensured equal total open surface between 
enclosures with small openings and enclosures with larger 
openings. The enclosures could contain an inanimate object 
(a locker), a small robot (8 × 4 cm) that alternately rotates 
his arms in a semi-random manner (described as a moving 
object in the manuscript), an inanimate object (locker) im-
pregnated with social odors, an inanimate object (locker) 
impregnated with lime odor, an anesthetized juvenile con-
specific or an awake juvenile conspecific depending on the 
test. The juvenile conspecifics (sex-matched mice between 
3.5 and 4  weeks old) in the enclosures were habituated to 
the apparatus and the enclosures on the 3  days preceding 
the experiment. An inanimate object was left for 7 days in 
a home-cage with 4–5 juvenile sex-matched conspecifics in 
order to impregnate the object with social odors. Lime aroma 

was directly applied to an object in order to obtain the inani-
mate object impregnated with lime odor. Animals that their 
total exploration time for both the enclosures was <10 s were 
excluded from the analysis. Every session was video-tracked 
and recorded using Ethovision XT (Noldus, Wageningen, 
the Netherlands), which provided an automated recording of 
the time around the enclosures (with virtual zones designed 
around them), the distance moved, and the velocity. The time 
spent around each enclosure was assessed and then used to 
determine the preference index:

The arena was cleaned with 70% ethanol solution and dried be-
tween trials.

2.3  |  Drugs

In cases where juvenile conspecifics were reversibly anesthe-
tized, a mixture of Ketamine-Xylazine with an injection vol-
ume of 20 ml/kg was used. More specifically, the compound 
contained Ketamine (Ketalar®) 60 mg/kg with a final con-
centration of 3 mg/ml and Xylazine (Rompun 2%®) 12 mg/
kg with a final concentration of 0.6 mg/ml. The IP injection 
was made 20 min before the experiment. The duration of the 
anesthesia was approximately 1 hr.

2.4  |  Spike-unit recording

Male mice of 6–8 weeks old were anesthetized with 1%–3% 
isoflurane vaporized in oxygen (1  L/min) and placed on a 
stereotaxic apparatus. Craniotomies were performed to im-
plant 4 tetrodes (Nickel-Chrome of 18 µm with an average 
impedance of 300 kOhms defined by gold plating) in the 
right VTA (AP: −3.2, ML: 0.5, DV: −4.25) and 2 references 
(stainless steel of 127  µm) on the cerebellar surface. The 
electrodes were connected to an Electrode Interface Board 
(EIB-16, Neuralynx, Bozemann, MT) and assembled to a 
homemade microdrive. The position of the electrodes was 
confirmed post-mortem.

At least 1  week after surgery, mice performed the 
3-chamber task and neuronal activity was recorded with a 
Digital Lynx System (Neuralynx, Bozemann, MT) to am-
plify, band-pass filter the signal between 600–6000 Hz and 
digitize the recording at a sampling rate of 32 kHz. The single 
spike units were extracted and spike sorted with a homemade 
Matlab code based on PCA (principal component analysis) 
of the waveform and then clustering by EMGM (Expectation 
Maximization of Gaussian Mixture). Clusters were then vi-
sually inspected and eventually excluded due to insufficient 

Preference index =

Time spent near enclosure
a

Time spent near enclosure
a
+ Time spent near enclosure

b

.
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separation from other clusters, poor waveform appearance, 
or the presence of spike in the refractory period defined by 
auto-correlation.

The identification of pDA or pGABA VTA neurons 
was performed using the same approach as Prévost-Solié 
et  al.  (2020) using a dataset consisting of pDA neurons, 
pGABA neurons, and DA neurons identified by opto tag-
ging. Briefly, a cluster analysis with a PCA followed by an 
EMGM was performed on 58 electrophysiological features 
based on activity pattern and waveform extracted during 
the first 5 min of each recording. To confirm these obser-
vations, the membership of each single unit recording was 
scored using a classification model (ensemble of bagged 
classification trees 5× cross-validated reaching 99.6% of 
accuracy). Only 1 neuron visually identified as pGABA 
was included in the pDA cluster. Only single-unit record-
ings with a confidence score higher than 0.9 for the pDA 
neuron cluster were kept.

For the analysis of the spiking activity evoked by events, 
the neuronal activity was aligned, centered on the events to 
make a peri-event time histogram (PETH), and then averaged 
across the trials for each neuron. Spiking activity was nor-
malized by subtracting the mean frequency of the record from 
the mean frequency of a sliding window (average window of 
1 s used for quantification and Peri Event Time Histogram 
(PETH) of enclosure interaction events and average window 
of 5 s for PETH of transition events). For PETH, the spik-
ing activity is then filtered by convolution with a 400  ms 
Gaussian window.

Heatmaps of neuronal activity were obtained by aver-
aging the neuronal activity recorded for each x and y posi-
tion tracked with Ethovision and then filtered with a 2 cm2 
convolution. Significant neuronal activity changes were 
calculated for each coordinate by calculating the p-value 
from t-test by comparing the activity of each x and y posi-
tion with the average activity. In case of camera occlusion, 
the missing coordinates were replaced by the last available 
coordinates.

The events were obtained from the analysis of specific be-
haviors from the synchronized video:

•	 Interactions with the enclosures are defined by the intro-
duction of the experimental mouse within a 5 cm perimeter 
around the enclosure and realigned with the activity peak in 
a given interval (4 s for sessions with object + odor vs. ob-
ject and 2.5 s for sessions with social vs. object). Baseline 
quantification is calculated by analyzing activity between 
10 and 4 s before and after the event. Event quantification 
is calculated by analyzing activity 1 s before and after the 
event.

•	 Transitions are defined as the transition of a mouse from 
one stimulus chamber to another passing through the mid-
dle chamber. The transitions taken into account in the 

analysis presented in Figure 3, have a distance of <35 cm 
without backward orientation. Baseline quantification is 
calculated by analyzing activity between −6 and −2 s be-
fore the event and 10 and 14 s after the event. Event quan-
tification is calculated by analyzing activity between 0 and 
4 s after the event.

•	 The events used for velocity control are defined by ve-
locity peaks outside the transition events and higher than 
20 cm/sec (corresponding to a speed higher than the aver-
age transition speed). Baseline quantification is calculated 
by analyzing activity between 10 and 4 s before and after 
the event. Event quantification is calculated by analyzing 
activity 1 s before and after the event.

The individual neuronal response was determined by cal-
culating the p-value from the t-test for each neuron by com-
paring the basal activity and the distribution of activity from 
each trial during each event analyzed (1 s before and 1 s after 
the interaction and velocity control events; 4 s after the start 
of the transition events). Every significant t-test determined 
if a neuron was a responder or not. The average activity of 
the neuron during events (below or above the baseline) de-
termined the positive or negative response. Neurons without 
response for any stimuli were considered as non-responders 
and neurons with the response in only a subset of stimuli 
were considered as neutral for the stimuli without response. 
Only cells with at least one positive response during interac-
tion events were processed to determine the average neuronal 
activity and compare the baseline period with the period of 
the events analyzed (see Figure  3f,l). Only mice that per-
formed a transition were considered in the analysis showed 
in Figure 3o,r.

2.5  |  Four choices test

The test was performed in a cubic arena (41 cm × 41 cm × 
41 cm). Similarly to the three-chamber test, each experimen-
tal mouse was placed in the arena for a habituation period of 
10 min and it was allowed to freely explore the empty arena. 
At the end of the habituation, four different enclosures (trans-
parent with large openings, transparent with small openings, 
transparent without openings, and black with small openings) 
each containing a juvenile sex-matched conspecific were 
placed in the corners of the arena. The experimental mouse 
was then allowed to freely explore the apparatus and the en-
closures for 20  min. Every session was video-tracked and 
recorded using Ethovision XT (Noldus), which provided an 
automated recording of the time around the enclosures (with 
virtual zones designed around them), the distance moved, 
and the velocity. The time spent around each enclosure was 
assessed. The arena was cleaned with 70% ethanol solution 
and dried between trials.
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2.6  |  Statistical analysis

Statistical analysis was conducted with GraphPad Prism 7 and 
8. Statistical outliers were identified with the ROUT method 
(Q = 1) and excluded from the analysis. The normality of sam-
ple distributions was assessed with the Shapiro–Wilk criterion 
and when violated non-parametric tests were used. When nor-
mally distributed, the data were analyzed with independent 
t-tests, one-sample t-tests, one-way ANOVA, and repeated 
measures (RM) ANOVA as appropriate. When normality was 
violated, the data were analyzed with Mann–Whitney test, 
while for multiple comparisons, Kruskal–Wallis or Friedman 
test was followed by Dunn's test. For the analysis of variance 
with two factors (two-way ANOVA, RM two-way ANOVA, 
and RM two-way ANOVA by both factors), normality of sam-
ple distribution was assumed, and followed by Bonferroni post 
hoc test. Data are represented as the mean ± s.e.m. and the 
significance was set at 95% of confidence interval.

3  |   RESULTS

3.1  |  Active social reciprocity is not a 
necessary component of preference expression 
in the three-chamber task

The three-chamber test is a widely-used social behavioral 
task that allows an experimental mouse to freely explore 
two stimuli, each situated in different enclosures in opposite 
chambers of the arena. This test assumes that mice are ra-
tional agents which make choices aligned with a hierarchi-
cal outcome totally dependent on their preference. Typically, 
the time spent exploring a sex-matched juvenile conspecific 
is compared to the time spent exploring an inanimate object 
(Figure 1a). As expected according to previously published 
results (Bariselli et al., 2016; Moy et al., 2004), mice showed 
a clear preference for the juvenile conspecific and the cham-
ber where it was located (Figure 1b,c), resulting in a social 
preference index significantly higher than 0.5 (Figure 1b).

FIGURE 1  The movements are not essentials to drive sociability in 
mice. (a, d, g and j) Left: schematic representation of the three-chamber 
test. Right: heatmap reporting the mean occupancy of the batch of mice 
during the test. (b, e, h and k) Left: time around the enclosures containing 
the stimuli (paired t-test. b: t11 = 4.444, p = .0010. e: t9 = 3.081, p = .0131. 
h: t11 = 1.112, p = .3185. k: t11 = 2.956, p = .0131). Right: calculated 
preference index (one-sample t-test against theoretical mean = 0.5. b: 
t11 = 4.41, p = .0010. e: t9 = 3.346, p = .0086. h: t11 = 1.173, p = .2654. 
k: t11 = 3.048, p = .0111). (c, f, i, and l) Time spent in each chamber 
(paired t-test. c: t11 = 3.823, p = .0028. f: p = .0488, W = −39 (Wilcoxon 
matched-pairs signed rank test). i: t11 = 1.047, p = .3175. l: t11 = 2.241, 
p = .0466). Jv, juvenile conspecific; O, object; mO, moving object; An, 
anesthetized juvenile; n, number of mice that performed the experiment
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We next investigated whether the movement of an in-
animate object can drive preference in mice. Comparing 
the time spent exploring a small robot characterized by the 

semi-random movement of his arms (moving object) or a 
juvenile conspecific (Figure  1d), we observed that mice 
still preferred the social stimulus (Figure  1e,f). We then 

F I G U R E  2   Social odors are sufficient to develop the preference. (a) Schematic representation of the type of enclosures used in this study.  
(b, e, h, k and n) Left: schematic representation of the three-chamber test. Right: heatmap reporting the mean occupancy of the batch of mice during 
the test. (c, f, i, l and o) Left: time around the enclosures containing the stimuli (paired t-test. c: t11 = 1.795, p = .1001. f: p = .0342 (Wilcoxon 
matched-pairs signed rank test). i: t11 = 0.9252, p = .3747. l: t11 = 5.736, p = .0001. o: t11 = 10.82, p < .0001). Right: calculated preference 
index (one-sample t-test against theoretical mean = 0.5. c: t11 = 1.692, p = .1187. f: t11 = 3.255, p = .0077. i: t11 = 1.05, p = .3160. l: t11 = 5.786, 
p = .0001. o: t11 = 13.09, p < .0001). (d, g, j, m and p) Time spent in each chamber (paired t-test. d: t11 = 1.074, p = .3059. g: t11 = 2.473, 
p = .0309. j: t11 = 0.4751, p = .6440. M: t11 = 3.482, p = .0051. P: t11 = 9.921, p < .0001). Jv, juvenile conspecific; O, object; Os = object 
impregnated with social odors and n = number of mice that performed the experiment
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questioned whether reciprocal exploratory behaviors dis-
played by the stimulus mouse can be an important movement-
related factor that determines preference. We, thus, exposed 
experimental mice to a setup with an enclosure containing 
a juvenile conspecific as usual, and an enclosure containing 
an anesthetized mouse (Figure 1g). Interestingly, no prefer-
ence was expressed for any of the enclosures (Figure 1h–I), 
with experimental mice exploring both the awake and the 
anesthetized mouse. Taken together, these results indicate 
that the movement and/or reciprocity are not the key deter-
mining factors of preference in mice.

In order to verify if the hierarchical preference of the 
mice is preserved, we applied the assumptions of the rational 
choice theory:

where  
a = preference for awake juvenile conspecific, 
b = preference for inanimate object and  
c = preference for anesthetized juvenile conspecific. 

According to this prediction and data collected thus far, we 
assumed that in a direct comparison between an anesthetized 
juvenile conspecific and an inanimate object, the experimen-
tal mice should prefer the anesthetized conspecific (Figure 1j). 
Indeed, our data confirmed this prediction, with mice spending 
more time around the anesthetized mouse compared to the ob-
ject, suggesting that social preference is expressed even when 
the stimulus mouse is not engaged in active social reciprocity 
(Figure 1k–l).

In these experiments (Figure 1a,d,g and j), we have used 
as experimental mice 6 males and 6 females. Interestingly, 
males expressed a higher preference index compared to fe-
males which according to our results showed no preference 
for a specific stimulus (Figure S1A–P). Although further 
investigations regarding sex-specific effects are warranted, 
in order to better control our experimental conditions and 
minimize the number of animals needed, from this point on-
wards all the experiments were performed with male mice.

3.2  |  Social odors are sufficient to 
develop preference

As active reciprocity is not a necessary element for express-
ing a social preference, what are then the essential properties 
of social stimuli that determine such preference? To answer 
this question, we decided to further dissect the contribution 
of sensory modalities to social preference by using custom-
made enclosures that allowed us to selectively manipulate 
sensorial aspects (Figure  2a). We first validated the 
enclosures by ensuring that social preference under a typical 

three-chamber setup was still observed as before (Figure 
S2A–C). We then tested whether lack of tactile cues, when 
compared to an enclosure permitting taction, as usual, would 
be associated with reduced preference. More specifically, the 
mice were exposed to two juvenile conspecifics, enclosed in 
transparent enclosures, with one having large openings (∅ 
1 cm) allowing perception of all sensory cues and the other 
having small openings (∅ 0.3  cm), thus preventing tactile 
contact (Figure 2b). Interestingly, we observed no significant 
difference between time spent exploring the enclosures or 
chambers (Figure 2c,d), suggesting that lack of tactile cues 
is not preventing the mice from expressing social preference 
behavior.

As the access to tactile communication does not seem to 
be a necessary component for expressing a preference in the 
three-chamber task, we tested the role of olfactory and vi-
sual cues. For this purpose, we first exposed the mice to two 
juveniles, one in an enclosure with small openings prevent-
ing tactile cues as before, and one in an enclosure with no 
openings allowing mainly visual cues (Figure 2e). Mice spent 
less time near the enclosure that prevented odor perception 
and in the associated chamber, compared to the enclosure 
with small openings allowing for olfactory and visual cues 
(Figure 2f–g).

In order to directly interrogate the role of visual cues when 
olfactory cues are available in both chambers, we exposed the 
mice to two juveniles, one contained in a transparent enclo-
sure with small openings as before and the other in a black 
opaque enclosure with the same size of openings (Figure 2h). 
Mice showed no clear preference for any of the enclosures 
or chambers (Figure 2h–j). We then proceeded to compare 
the preference between a social stimulus and an object, first 
in absence of odors in both chambers and then in absence 
of visual cues using the opaque enclosures for both juvenile 
and object (Figure S3A,D). According to the rational choice 
theory presented above and the results obtained until now, we 
hypothesized that experimental mice would prefer the juve-
nile in absence of visual cues and would not show a prefer-
ence in absence of odor cues. Experimental results verified 
our expectations (Figure S3B–C and E–F). Moreover, a direct 
comparison of the preference for two juvenile conspecifics in 
two different enclosures with the absence of visual or odor 
cues respectively (Figure  2k) revealed a significant prefer-
ence for the odor-permitting enclosure (Figure 2l–m). This 
evidence suggests a fundamental role of the olfactory than 
the visual or tactile system in the development and expression 
of the social preference in the three-chamber task.

Finally, to further establish the key role of olfactory cues 
in determining preference in the three-chamber task, we ex-
posed mice to two black opaque enclosures containing two 
identical inanimate objects. One of them was impregnated 
with social odors (Figure 2n). Mice showed a clear prefer-
ence for the social odor-releasing object (Figure  2o–p). In 

for all a, b, c ∈ X if a > b and a = c, then c > b,
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order to verify that this preference was induced only by social 
and no other type of odors, we repeated the experiment com-
paring an object impregnated with social odors as before and 
an object impregnated with lime aroma (Figure S4A). The 
results confirmed the preference for the object impregnated 
with social odors (Figure S4B–C).

3.3  |  VTA dopaminergic neurons behave 
differently according to the perception of 
sensory cues

Our findings so far suggest that social olfactory cues are nec-
essary and sufficient to induce preference behavior in mice. 
Moreover, direct comparison of a juvenile conspecific and an 
object impregnated with social odors did not reveal any pref-
erence between the two stimuli during the three-chamber task 
(Figure S4D–F). However, as social interaction is a composite 
behavior with the participation of all sensory modalities and 
given previously published data that show the importance of 
other modalities, such as tact (Kummer et al., 2011), in social 
interactions, we asked how the neuronal representation of 
isolated social olfactory cues (i.e., social odor-impregnated 
object) compares to the representation of sensory cues cor-
responding to a more complex social experience (i.e., juve-
nile conspecific still in the presence of an enclosure but with 
no sensory restrictions). We recorded the activity of putative 
dopamine neurons of the VTA during the three-chamber test 
when mice were exposed to the abovementioned conditions 
(Figure  3a,g). VTA pDA neurons were identified with the 
help of a classification model based on the waveform and 
firing pattern of recorded neurons as previously described by 
Prévost-Solié et al., 2020; see their Figure S1l–N). Post-hoc 
localization of the electrode's tip was verified for each mouse 
used in this in vivo recording experiment (Figure S5A). As 
expected, mice showed a preference for the social stimulus 
and social odor-impregnated object respectively when com-
pared to the object (Figure 3b–c and 3h–I; Figure S5B–E). A 

significant increase in global VTA pDA firing was observed 
both when the experimental mouse entered in the proximity 
of the enclosure containing the social stimulus (Figure 3d) 
and in the proximity of the social odor-impregnated object 
(Figure  3j). Regarding individual cell responses, enclosure 
proximity was associated with an increase of firing activity in 
73% of recorded neurons when the enclosure contained a ju-
venile conspecific (Figure 3e–f). Similarly, 59% of recorded 
neurons increased the firing activity when the experimental 
animal entered in the proximity of the enclosure containing 
the object with social odors (Figure 3k–l). On the other hand, 
proximity to inanimate object was constantly associated with 
activity increase in only 1/3 of recorded neurons (Figure 3e–f 
and 3k–l).

Moreover, we analyzed the VTA pDA firing during the 
transition of the experimental animal from one stimulus 
chamber to another passing through the middle chamber. 
More precisely, we aligned the normalized firing when the 
mice start a direct transition by leaving a stimulus cham-
ber to go to the opposite one without backward movement 
(time = 0 in Figure 3m,p). Remarkably, at a population level, 
we noticed an increase of the firing only during the transi-
tions toward the conspecific and not during the transition to-
ward the object or the object impregnated with social odors 
(Figure 3m,p). It is important to note that the peak of activity 
observed during the transition is not related to the entrance of 
the experimental mouse in the target zone. We can affirm this 
fact because mice needed an average of 14.04 s (std 21.24) for 
the transition and for reaching the opposite target zone, a time 
period solidly higher than the time corresponding to the peak 
of frequency in Figure 3m (3.50 s).

As a control, we analyzed neuronal activity during ve-
locity peak randomly selected during the sessions, similar to 
velocity peak occurring during the transition events (Figure 
S5F–G). While some individual cells (35%) responded posi-
tively by increased firing during velocity peak (Figure S5H–
I), strengthening the hypothesis of multiplexed information 
encoded by VTA pDA activity (Kremer et  al.,  2020), no 

FIGURE 3  VTA dopaminergic neurons behave differently according to the perception of sensory cues. (a and g) Schematic representation 
of the three-chamber test. (b and h) Heatmap reporting the mean occupancy of the batch of mice during the test. (c and i) Left: heatmap 
reporting the normalized VTA pDA activity regarding the occupancy of the batch of mice during the test. Right: same heatmap overlaid 
by the occupancy with a significant difference of VTA-pDA activity compared to overall activity (p < .05). (d, j, m, and p) Top: schematic 
representation of the behavior analyzed (enter of experimental mice in the proximity of the enclosure (target zone) for d and j; initiation of 
the transition from one chamber to the opposite one for m and p). Middle: PETH of normalized VTA pDA activity centered on the behavior 
described above. Down: a heatmap of the corresponding PETH of normalized VTA pDA activity for each neuron recorded. (e, k, n and 
q) Table of activity response of individual VTA pDA neurons for each event and stimuli (red, positive response; blue, negative response; 
green, no response for given stimuli; grey, no response for any stimuli). (f and l) Comparison of normalized VTA DA activity for positive 
responding neurons between baseline and the enter in the target zone (f top: paired t-test (t16 = 4.311); f down: paired t-test (t16 = 0.3882); l 
top: Wilcoxon test (W = 50); l down: Wilcoxon test (W = −6)). (o and r) Comparison of normalized VTA DA activity for positive responding 
neurons between baseline and direct transition (o top: paired t-test (t12 = 2.656); o down: paired t-test (t12 = 0.2552); r top: Wilcoxon test 
(W = 18); r down: Wilcoxon test (W = 11). Jv = juvenile conspecific, O = object, n = number of mice that performed the experiment, and 
N = number of neurons recorded during the experiment
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changes were observed at the population level (Figure S5J). 
This data suggests a differential encoding in VTA pDA neu-
rons depending on the target stimulus being approached, 
that is, toward the combined social experience offered by 
the juvenile versus the isolated social odor of the impreg-
nated object. This difference was consistent in individual 

cell responses with 50% of recorded neurons responding 
positively during transitions toward juvenile conspecific 
(Figure  3n–o). On the other hand, only 36% of recorded 
neurons showed increased activity during the transitions to-
ward the object impregnated with social odors (Figure 3q–r) 
and even less (1/6) during the transitions toward the object 
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(Figure  3n–o and q–r). Overall, these findings strongly 
support the hypothesis that approach-triggered neuronal 
representation of the combined and multi-sensory social 
experiences is distinct from the one corresponding to the 
isolated olfactory mono-sensory cues.

3.4  |  Mice prefer to explore complex stimuli 
which influence multi-sensory modalities

Single-unit recording of the VTA pDA neurons revealed 
differences in the brain representation of mono- and multi-
sensory stimuli. In order to further dissect whether these 
differences can be detected behaviorally, we directly com-
pared the preference of the mice for enclosures that allowed 
mono- versus multi-sensory contact with the stimuli mice 
(Figure 4a). Remarkably, we observed that mice spent less 
time near the enclosure that allowed only odor perception as 
compared to a more complex stimulus (i.e., enclosure allow-
ing for communication via multiple sensory cues; Figure 4a–
b). No significant difference was observed in the time in a 
chamber (Figure 4c). In order to directly assess the preference 
of the mice when given more than two choices, as it is the 
case with the three-chamber test, we performed a four-choice 
test, where the animals were exposed to four different enclo-
sure types simultaneously, each containing a juvenile mouse. 
This experimental setup allowed us to compare among dif-
ferent conditions: access to all sensory cues, visual and odor 
cues, only visual or only odor cues (Figure 4d). Results re-
vealed that the least preferred enclosure was the one allowing 
only for visual cues (Figure 4e). Interestingly, for the other 
conditions, the time around the enclosures did not indicate 
a stimulus that is more attractive (Figure 4e). On the other 
hand, Markov process analysis conducted on the transitions 
between the stimuli revealed a higher probability for the ex-
perimental animal to return near the enclosure which allowed 
for multi-sensory cues (Figure 4f; red color-coded loop).

4  |   DISCUSSION

Here we showed that olfactory cues from conspecifics are 
sufficient to induce a preference in mice. However, in terms 
of neuronal encoding, approach toward a juvenile mouse 
versus toward a social odor were distinct events, with an 
increase of neuron firing only during the transition toward 
the juvenile mouse and not during the transition toward the 
object impregnated with social odor. Overall, our data in-
dicate that although mice are motivated to approach social 
odor cues, these isolated olfactory cues do not recapitulate 
the entire complexity of social interaction. These data clearly 
suggest that multiple sensory cues from conspecifics are in-
tegrated with odor cues and result in a dynamically distinct 
pDA neuron activation. We then sought to corroborate this 
conclusion behaviorally by giving the animals the opportu-
nity to explore four juveniles simultaneously but caged in 
enclosures allowing varying levels of sensory information. 
With this experimental setup, we showed an increased prob-
ability for the mice to return to the enclosure that permitted 
the highest level of social cues complexity.

F I G U R E  4   Mice prefer to explore complex stimuli which 
influence multi-sensory modalities. (a) Left: schematic representation 
of the three-chamber test. Right: heatmap reporting the mean 
occupancy of the batch of mice during the test. (b) Left: time around 
the enclosures containing the stimuli (paired t-test. t8 = 2.762, 
p = .0246). Right: calculated preference index (one-sample t-test 
against theoretical mean = 0.5. t8 = 2.579, p = .0327). (c) Time 
spent in each chamber (paired t-test. t8 = 1.753, p = .1177). (d) Left: 
schematic representation of the Four-choices test. Right: heatmap 
reporting the mean occupancy of the batch of mice during the test. 
(e) Time around the enclosures containing the stimuli (RM one-way 
ANOVA: F1.436,15.8 = 6.906, p = .0116, followed by Bonferroni's 
multiple comparison post hoc test). (f) A diagram representing a 
two-state Markov process. The heatmaps report the probability of 
the Markov process changing from one state to another state, with 
the direction indicated by the arrow. Jv, juvenile conspecific and 
n, number of mice that performed the experiment
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Approach behavior assessed with the three-chamber task 
has its limitations. Indeed, it mainly reflects the motivation 
of the experimental animal to interact with a caged con-
specific without considering the complexity and full syl-
labus of social behavior that can be expressed during free 
reciprocal interactions (Chen & Hong,  2018). Behavioral 
readouts in the three-chamber task can also be influenced 
by other factors, such as movement and anxiety-like be-
havior (Lukas & de Jong, 2017). Anxious animals, specif-
ically, can express either a decrease in social preference 
when they are too anxious to explore their surroundings 
or they can increase their social approach in an attempt to 
socially buffer their anxiety (Kikusui et al., 2006; Lukas & 
de Jong, 2017). Moreover, under our experimental condi-
tions, female mice did not show a preference for the social 
stimulus and this should, thus, be investigated separately 
in future studies. Although Moy et al. (2004) report a clear 
preference for a conspecific by the same strain of female 
mice, there are potential factors that could explain this dis-
crepancy. One possibility could be that age at testing could 
influence the expression of social preference. Moy et al. 
used younger, 6-week-old female mice (i.e., around P42), 
whereas in our case, mice were between 8 and 10 weeks 
of age. It is, thus, plausible that any hormonal or possible 
estrous cycle variations could differentially affect the ob-
served behavior in younger versus older mice. And while 
we cannot attribute this lack of preference to estrous cycle 
phases at this point, this possibility cannot be completely 
excluded. Another possibility could be that the number of 
female mice tested here (n = 6) was not adequate under the 
particular experimental conditions to allow us to observe 
a significant social preference. Future studies will need to 
address this matter by systematically assessing female so-
cial preference under the same conditions and by increas-
ing the number of females tested. Despite these constraints 
that warrant careful interpretation of results obtained with 
the three-chamber task, this experimental setup allowed us 
to dissect the contribution of different sensory modalities 
to the expression of approach behavior in a controlled and 
systematic manner.

Social behavior in rodents relies mostly on chemosen-
sory cues released by the stimuli and perceived by the ex-
perimental animals. More specifically, it has been shown 
that lesion of the olfactory bulb and anosmia impairs the 
ability of rodents to recognize their conspecific (Popik 
et al., 1991). However, although olfaction is a very import-
ant sensory modality during social interactions in mice, 
vision, audition, and taction can also play a role during 
affiliative interactions (Portfors,  2007; Ryan et  al.,  2008; 
Strasser & Dixon, 1986). In particular, it has been shown 
while olfactory and auditory cues do not induce a condi-
tioned place preference, taction is needed to determine 
the rewarding properties of social interaction and during 

conditioning processes (Kummer et  al.,  2011). One im-
portant point to emphasize here is that the contribution of 
sensory modalities can vary not only among species, but 
also within the species for different types of social behav-
ior. For example, it is conceivable that social approach 
and social recognition behavior can principally rely on 
different modalities and correspond to different firing pat-
terns. Similarly, other mechanisms and sensory modality 
contributions can be crucial to determine the expression 
and strength of socially conditioned place preference. One 
possible limitation of our study is that the contribution of 
auditory cues could not be controlled in an optimal way 
with our enclosures. While it is logical to hypothesize that 
the auditory cues were minimized when using the enclo-
sure with no openings, we have not conducted a system-
atic control to understand whether ultrasonic vocalizations 
could be exchanged when stimuli mice were caged in this 
type of enclosure. These aspects will need to be addressed 
explicitly in future studies.

Despite the recent advances regarding the neural cir-
cuit dynamics linked to social behavior, many relevant 
questions remain unanswered. Here we show a significant 
increase in global VTA pDA firing both when the exper-
imental mouse entered in the proximity of the enclosure 
containing the social stimulus and in the proximity of the 
social odor-impregnated object. These data are in line 
with previously published evidence that associates dopa-
mine with affiliative same-sex social behaviors (Gunaydin 
et  al.,  2014; Puglisi-Allegra & Cabib,  1997; Robinson 
et  al., 2002, 2011). Interestingly, we further analyzed the 
DA neurons activity during transitions between two cham-
bers of the arena. We observed that neurons increase their 
firing only during the transitions toward the social stimulus 
and not during the transition toward the object or the object 
impregnated with social odors. Altogether our data indicate 
that although social odor per se is sufficient to drive ap-
proach behavior, neurons encode differently complex con-
specific versus a social odor.

The data obtained here highlight social olfactory 
cues as crucial components that drive approach in mice. 
Nevertheless, we also present evidence that the synthesis 
of multiple sensory modalities seems to represent a more 
salient stimulus that is associated with increased explora-
tion probability and corresponds to distinct neuronal firing 
in vivo. Our findings can have important implications on 
data interpretation from animal models of disease where 
social impairment is a fundamental feature. Most impor-
tantly, our results can offer insights toward understanding 
different sensory modality contributions in social deficits 
observed in autism-related and other animal models of dis-
ease that involve sociability deficits and, ultimately, aid to 
gain knowledge regarding the inter-relationships between 
core disease symptoms.
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