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Abstract

Individual animals differ in their traits and preferences, which shape their social interactions,
survival, and susceptibility to disease, including addiction. Nicotine use is highly heteroge-
nous and has been linked to the expression of personality traits. Although these relation-
ships are well documented, we have limited understanding of the neurophysiological
mechanisms that give rise to distinct behavioral profiles and their connection to nicotine sus-
ceptibility. To address this question, we conducted a study using a semi-natural and social
environment called “Souris-City” to observe the long-term behavior of individual male mice.
Souris-City provided both a communal living area and a separate test area where mice
engaged in a reward-seeking task isolated from their peers. Mice developed individualistic
reward-seeking strategies when choosing between water and sucrose in the test compart-
ment, which, in turn, predicted how they adapted to the introduction of nicotine as a rein-
forcer. Moreover, the profiles mice developed while isolated in the test area correlated with
their behavior within the social environment, linking decision-making strategies to the
expression of behavioral traits. Neurophysiological markers of adaptability within the dopa-
mine system were apparent upon nicotine challenge and were associated with specific pro-
files. Our findings suggest that environmental adaptations influence behavioral traits and
sensitivity to nicotine by acting on dopaminergic reactivity in the face of nicotine exposure,
potentially contributing to addiction susceptibility. These results further emphasize the
importance of understanding interindividual variability in behavior to gain insight into the
mechanisms of decision-making and addiction.
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Introduction

Interindividual behavioral variability refers to consistent differences in behavior between
members of a population or group. This variability is observed in both humans and mice [1-
7]. It is seen not only in how individuals adapt to their environment but also in their suscepti-
bility to diseases. This is particularly evident in the context of addiction, as not all individuals
will develop drug abuse despite equal exposure to a given psychoactive substance [8].

Capturing and interpreting interindividual variability in animal experiments can be chal-
lenging [5,9-12]. Longitudinal and complex quantification of individual behaviors is neces-
sary, alongside careful consideration of experimental design. We studied resource foraging, a
very important aspect of animal life and a fundamental focus of neuroeconomic studies [13-
15]. Our behavioral paradigm utilized a closed-economy setup [16-18], where food and liquids
are always present, 24 h a day. Animals live in groups (approximately 10 mice) representing a
“micro-society” [5,9,11]. Rodents, known for their social nature, exhibit a range of interactive
behaviors—such as physical contact, vocal communication, aggression, social recognition—
that can be considered as hallmarks of sociability [19]. Importantly, when mice live in micro-
societies within a closed and enriched naturalistic environment, strong and stable interindivid-
ual variability in behavior related to foraging, decision-making, and exploration emerges, even
among isogenic animals [5,9].

Behavioral trait components of decision-making, such as impulsivity, exploration, or nov-
elty seeking, are thought to predict vulnerability to drugs of abuse [20,21]. While these traits
have indeed been linked with smoking and addiction to nicotine in humans and animal mod-
els, certain traits, like impulsivity or sensation-seeking, have been more strongly associated
with initial nicotine sensitivity [22-24], suggesting that they are a measure of vulnerability to
nicotine. However, whether the processes leading to nicotine addiction and the mechanisms
of decision-making share mechanistic underpinnings remains elusive. Altered dopamine cir-
cuit function is a promising mechanistic candidate [10,25], as dopaminergic signaling is impli-
cated in decision-making, in social behaviors, and in nicotine addiction, where the initial stage
critically involves activation of mesolimbic dopamine neurons [26-28]. As such, investigating
variations in nicotinic control over the DA system represents a particularly promising avenue
for linking interindividual differences in decision-making and vulnerability to nicotine. Nico-
tine initiates reinforcement by increasing the firing rate and bursting activity of DA neurons
through direct actions on nicotinic acetylcholine receptors (nAChRs), a family of pentameric
ligand-gated ion channels with 12 different types of subunits expressed in the mammalian
brain. It has been shown that the transition between tonic and phasic activity of DA neurons
induced by nicotine is essential for the reinforcement [29,30], and that the expression of nico-
tine-sensitive nAChR subtypes in the VTA is necessary for both the cellular and behavioral
effects of nicotine [29,31-33]. Under nicotine-free conditions, nAChRs in the VTA are also
key modulators of DA activity through basal cholinergic signaling, and they regulate specific
aspects of reward-seeking behaviors, in particular, exploration and reaction to uncertainty
[34,35]. Environmental manipulations that alter nAChR-mediated control of DA neurons
may therefore lead to changes in downstream behaviors. For example, nicotine exposure mod-
ifies exploratory behavior [36,37], by increasing, in mice, DA neuron activity and biasing indi-
vidual strategies toward reduced exploration [38]. In addition, specific social contexts (i.e.,
repeated aggression) have been shown to induce a marked remodeling of the dopaminergic
and nicotinic system, leading to increased VTA DA neuron activity [39,40], social aversion,
and modified nicotine response [41]. This crosstalk at the level of the DA system between
responses to drugs and modifications of decision-making could explain the observed correla-
tion between novelty seeking and susceptibility to nicotine.
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Here, we aim to demonstrate whether the way individuals adapt to their environment is
related to the nicotinic modulation of their DA networks, and, consequently, whether this rela-
tionship defines their initial sensitivity to nicotine, a critical element that may define suscepti-
bility to nicotine addiction [42,43]. For that purpose, we used a habitat called “Souris-City”
that combines a large social environment where mice live together with a modular testing plat-
form where animals individually perform cognitive tests. In this environment, mice have indi-
vidual access to water by performing a specific task in a T-maze, while social, circadian, and
cognitive behaviors are continuously monitored over time using multiple sensors [5].

Results

Souris-City: Continuous tracking of individual mice living within a micro-
society

Souris-City is a semi-naturalistic environment composed of a large and complex housing
space in which groups of mice (N = 32 groups) live together (5 to 10 male mice per group,
mean = 8.8) for extended periods of time (1 to 3 months) and are able to express sophisticated
social and non-social behaviors. The environment includes a test-area (individual zone), sepa-
rated from the main environment (social zone) by a gate which selectively controls the passage
of mice, one at a time, based on a radio frequency identification (RFID) (Fig 1A). The test area
consists of a T-maze leading to 2 drinking areas at the end of the left and right arms, where
mice can perform a self-initiated cognitive task individually, spontaneously, and isolated from
their cage mates. Thus, Souris-City associates a zone for individual liquid consumption and a
social zone (the main cage) where food is always available. The experimental paradigm
involves several consecutive periods with modified rules regarding access to and the nature of
the liquids (Fig 1B). During a 1-week habituation period, mice explore Souris-City with free
access to the T-maze. The gate is always open, so several mice can access the T-maze simulta-
neously, and water is delivered from both sides. In the second period (WW, mean dura-

tion = 9.5 days, n = 281 mice), mice continue to have water on both sides of the T-maze, but its
access is now restricted by the gate so that mice can only enter the T-maze one at a time.
Choice is restricted so that if the animal chooses one side, access to the opposite arm closes.
During the subsequent weeks (WS, mean duration = 25.2 days, n = 281 mice), water and a 5%
sucrose solution are respectively delivered on each side of the gate-restricted T-maze, thus
introducing a choice (choosing left or right) which modifies the reward associated with liquid
consumption. The positions of water and sucrose bottles are swapped twice a week, which
allows for the mice to stabilize their choice. Overall, in 32 experiments (or groups of mice) in
the water-sucrose (WS) test period, the behavior of 281 mice and more than 100,000 choices
were analyzed.

The data obtained in Souris-City are based on the tracking of animals implanted subcutane-
ously with RFID chips and detected by antennae placed throughout the floor and the tubes
connecting the different compartments of the environment (see Methods). Mice have free
access to a nest compartment (N), a food compartment (F), a central compartment that pro-
vides access to all other compartments (C), the stair (S), and finally the T-maze (T). These sub-
divisions allow animal trajectories in Souris-City to be represented as a sequence of residency
times within a compartment and transitions between sub-compartments [35,44]. The circa-
dian rhythm of the group emerged from the measurement of pooled activity estimated from
RFID detection at the level of the transition tubes during the WS period (Fig 1C). As expected,
the mice are more active (and therefore more frequently detected moving between sub-com-
partments) during the dark phase (7 PM to 7 AM) than during the light phase (7 AM to 7
PM). The time spent by mice in a given compartment during the WS period varied between
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Fig 1. Longitudinal profiling of individual and group behavior among mouse micro-societies within Souris-City. (A) Souris-City is divided into
2 main parts: a social zone and a test zone. The social zone includes a square cage measuring 1 m x 1 m, which is further divided into 4
compartments: the nest (N), the food (F) area, where mice have unrestricted access to food, and the central (C) zone that serves as a hub, connecting
the social compartments with a stair (S) leading to the test zone. The test zone is a T-maze, which is separated from the stair by a controlled access
gate (G). Mice are tagged with RFID chips and detected using floor-mounted circular or tube-shaped RFID antennae, which connect compartments
of SC to capture transitions between zones. Two infrared beams (red dashed lines) are used to detect which arm mice choose in the T-maze. (B) The
experimental paradigm involves several consecutive sessions with modified rules regarding access to the maze and the nature of the liquids available
at each arm. During the free access period (top), mice are allowed unrestricted access to the T-maze for 1 week. The gate remains open, allowing
multiple mice to enter the T-maze simultaneously, and water is delivered from both sides. In a second step (middle), mice choose between water on
both sides of the T-maze (WW, mean duration = 9.5 days); however, access to the T-maze is restricted by the gate, and mice may only enter the T-
maze one at a time. Choice is restricted so that if the animal chooses one side, access to the opposite arm is closed. Finally, water and 5% sucrose
solution (bottom, WS, mean duration = 25.2 days) are respectively delivered at each side of the gate-restricted T-maze, introducing a choice
(choosing left or right, choosing water or sucrose). The positions of the water and sucrose bottles are then swapped twice a week. (C) Overall activity
of mice captured from their movement in Souris-City reflects their circadian rhythm. (Top) Tube detection events for 8 consecutive days (n = 20
mice, 2 group of 10 in parallel). (Bottom) Daily tube detection events per hours averaged for all mice (mean + SEM, n = 281). (D) Residency time in
each sub-compartment can be captured by floor antennae. (Top) Histogram (bin per hour) of the number of residencies in the nest zone longer than
2 h. (Bottom) Density of residency time in each sub-compartment (log-scale, bandwidth = 0.1), with indicated mean value. (E) Tube antennae
provide information about the movement of mice between sub-compartments. Flow diagram of all possible transitions between sub-compartment,
density graph above each transition indicates the distribution of conditional transition probability among the n = 281 mice, with indicated median
value. (F) (Left) Distribution of mean number of T-maze entries per day for # = 281 mice in the SW session. Vertical dashed line indicates mean
value. (Right) Cumulative number of T-maze entries per hours after the beginning of the SW session for n = 55 mice (6 experiments). (G) Estimation
of daily consumption on a subpart of the experiment (n = 132 mice, see text) during SW session: Mean daily fluid change per animal distinguishing
the chosen side (CS) from the non-selected side (NS) and the difference between the two (A) (pairwise comparisons using Wilcoxon rank sum test
with continuity correction and Holm p-value adjustment correction, #n = 132 mice). Data can be found here https://zenodo.org/api/records/
13374058/draft/files/Fig 1G.csv/content. Data are represented as mean + SEM. ns p > 0.05, ** p < 0.01, *** p < 0.001.

https://doi.org/10.1371/journal.pbio.3002850.g001

tens of seconds to hours, with the shortest visits, mainly found in the central compartment,
corresponding to transition episodes (Fig 1D, bottom). Time residency in the nest sub-com-
partment shows a bimodal distribution, with the longest occupancies observed in the environ-
ment lasting more than 2 h. The distribution of long occupancy episodes, which took place
mainly in the nest compartment, shows that they occurred mostly during the light period
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(Fig 1D, top), thus they can be interpreted as sleeping episodes. The distribution of transition
probabilities from one compartment to another (Fig 1E) reveals a preponderance of transitions
from the central to the food compartment (median = 38%) over transitions from the central
towards the nest compartment (33%, Wilcoxon signed rank test p < 2.2e-16) or towards the
stair (29%, Wilcoxon signed rank test p < 2.2e-16). Furthermore, when animals are in the
stair, their probability of entering the T-maze is only 34%. This relatively low rate reflects the
fact that animals enter the stair without necessarily succeeding to enter the T-maze, and then
return to the main environment. Mice enter the T-maze an average of 14.7 times per day dur-
ing the WS period (Fig 1F, left); however, the distribution is skewed with a median at 13.7 and
a peak at 11 times per day and a long tail indicating that some mice can enter more than 30
times per day. Interindividual variability in the number of entries is also illustrated by the
divergence in the cumulative number of trials over time (Fig 1F, right, example of n = 55 indi-
vidual), which showed stability and consistency in the temporal frequency of T-maze entries.
In restricted access sessions, when a mouse chooses one side the access to the bottle on the
other, non-chosen, side is closed, so that the mouse has access to only the bottle on the chosen
side. The mouse will only be able to access the bottle on the non-chosen side if it leaves the T-
maze and returns for another trial, which will reopen access to both bottles, as well as reopen-
ing access for other mice to enter. In half of the experiments (16/32 corresponding to n = 132
animals), fluid consumption was estimated for each trial (i.e., each passage of a mouse in the
T-maze). By comparing the average difference in liquid change between the chosen side and
the non-chosen side per day and per animal (Fig 1G, n = 132), we find a significant difference
in the amount of liquid dispensed depending on the arm chosen. We thus estimate the con-
sumption of the animals by subtracting the loss of liquid measured by the system in the non-
chosen side (resulting from evaporation, noise, etc.) from the change in fluid volume measured
from the bottle in the chosen side, which results in an average consumption of approximately
3.9 ml per day per mouse (Fig 1G). These first analyses describe a set of average behaviors,
accessible from the analysis of events captured by RFID antennae or consumption sensors.
They begin to reveal an organization of behaviors with important variations in their expression
depending on the individual mouse.

Multidimensional analysis of reward-seeking behavior reveals that mice
adopt idiosyncratic strategies in the T-maze

In the T-maze, mice (n = 281) voluntarily performed a relatively simple decision-making task:
whether to make a left or right turn to access a liquid reward. In the WS test sessions, one
drinking area at the end of one of the T-maze arms contains water, and the other contains a
sucrose solution. Each entrance into the T-maze, and the subsequent choice of which side to
access, is considered a trial (Fig 2A, top). The sides of the sucrose and water bottles are
swapped every 3 to 4 days, with each swap defining the beginning of a new session. The behav-
ior of the mice in the T-maze was assessed by 5 variables that quantify the animals’ choice
across different time scales throughout the entire WS experimental period. The level of global
switching is estimated by the variable Switch, which takes all WS sessions into account and
gives an overview of the probability of choosing of one side compared to the other. This proba-
bility is renormalized so that 100% corresponds to an equivalent number of visits to both sides,
while 0 corresponds to an individual who visits only one side. The variables SwWat and SwSuc
evaluate the choices of the animals at the trial level (i.e., going left or right). They represent the
probability of switching sides if the previous choice was water or sucrose, respectively. Finally,
the Pref and SideBias variables assess sucrose preference (probability of sucrose choice) and
side bias (probability of choices on one side) by comparing the choices between each session
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Fig 2. Mice exhibit interindividual differences in choice strategies in the T-maze. (A) Top: one trial is considered to be one choice between left or right side in the T-maze.
Bottom: Value of the 5 parameters that describe mice sequence of choice in the T-maze during SW sessions (n = 281 mice): the level of global switching (Switch), the
probability of switching sides if the previous choice was water (SwWat) or sucrose (SwSuc), the preference (Pref) and side bias (SideBias) on each session. Top and bottom

value correspond to the min (bottom) and max (top) value for each parameter. (B) Archetypal analysis of the choice strategies based on the 5-dimensional data space. Top:
Visualization of the a: coefficients using a ternary plot. Each point represents the projection of an individual (n = 281 mice) onto the plane defined by a triangle where the 3

apices represent the 3 archetypes: Tracker (Tr, purple), Explorer (Ex, blue), and non-Switcher (NS, green). Points are color-coded according to their proximity to the
archetypes. Bottom: Histograms showing the 3 archetypes’ percentiles for each choice parameter. Right: Examples of 3 sequences of choice made by 3 mice close to the
archetype. Sucrose position alternates across sessions between the left (light purple) and the right (light orange) side. Cumulated choices across trials are calculated with a

positive (+1) or negative (—1) increment when the left or right side is chosen, respectively. The mouse i, j, k (from top to bottom corresponds respectively to a Tr, Exp and NS

profile (see their projection in the ternary plot)). (C) Number of trials per days (left) and percentage of sucrose side choice (right) for the 3 archetypes (pairwise Wilcoxon tests
with Holm correction). (D) Daily sucrose consumption for the 3 archetypes (pairwise Wilcoxon tests with Holm correction). (E) Repartition of archetypes per experiment

showed that they are not evenly represented in each group (N = 32, red dot indicated mean values, left) and built theoretical densities expected for each archetype based on a

random draw from mean groups sizes (Bandwidth = 0.1, n = 10,000, right). Data can be found here https://zenodo.org/uploads/13374058.

https://doi.org/10.1371/journal.pbio.3002850.g002
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(i.e., whether the sucrose is on the left or right). Despite some recurring patterns, there are con-
siderable variations in these parameters between mice (Fig 2A, bottom).

To better describe this variability, we used archetypal analysis, an unsupervised approach
for identifying behavioral clusters [38,45,46]. It depicts individual behavior as a continuum
within an archetypal landscape defined by extreme strategies: the archetypes. The five-dimen-
sional data set characterizing individual responses was used to identify 3 archetypal pheno-
types. Individual data points are thus represented as linear combinations of extrema (vertex
corresponding to archetypal strategies) of the data set, i.e., each mouse is represented by a trip-
let of o coefficients describing the archetypal composition and can be visualized with a ternary
plot (Fig 2B, top). The 3 archetypes distinguish Trackers (Tr) who track the sucrose position
(Fig 2B, top right, see mouse i as an example), from Explorers (Ex) who choose almost ran-
domly between the left and right side on each trial (Fig 2B, middle right, see mouse j) and
Non-Switchers (NS) who choose the same side throughout the majority of the sessions (Fig
2B, bottom right, see mouse k). Subsequent analysis highlights that these 3 profiles are distin-
guished not only by the choice parameters in the T-maze (used in their construction), but also
by sucrose consumption and number of entries in the T-maze, reinforcing the definition of
the profiles as personality-like categories. Trackers enter the T-maze frequently (i.e., high
number of trials per day), whereas Non-Switchers rarely enter it (Fig 2C, left). In terms of
choice, Trackers go most often to the sucrose side (Fig 2C, right) and consume more sucrose
than the others (Fig 2D). Finally, the 3 profiles are distributed across the different experimental
groups (N = 32) tested (mean = 8.8 mice per group, min = 5, max = 10) with an average pro-
portion in a group of 37.4% for Trackers, 44.6% for Explorers, and 18.0% for Non-Switchers.
The observed distribution of proportions within a group (Fig 2E, left) is consistent with a ran-
dom sampling (Fig 2E, right) of a profile for each animal (with the corresponding probability)
within group sizes similar to those obtained experimentally.

Reward-seeking strategy in isolation correlates with behavioral trait
variation in the social compartment

Behavior in the T-maze is fundamentally different from behavior in the main environment. In
the T-maze, animals are isolated from any direct influence from other animals and are left to
make their own decisions. This is not the case for behavior in the main environment, where all
behaviors are potentially subject to the consequences of social interactions. Because of these
strong differences in context, we wondered whether the differences in strategy observed in the
T-maze would also correspond to behavioral differences in the main environment, suggesting
that mice strategies can serve as a marker of individual profiles across multiple levels of
analysis.

The analysis of mouse behavior in the main environment is based on their detection by
antennae located on the 3 transition tubes between the compartments. Compared to mice with
other archetypally defined profiles, Trackers showed an increase in the average number of
tube antenna detections per day (NbD, Fig 3A). They also have a reduced probability of transi-
tioning from Nest to Food compartments (%NtoF, Fig 3B). A strong inverse correlation was
observed between NbD and the %NtoF across all mice, regardless of their archetypal profile
(Fig 3C). This suggests a more nuanced relationship between these variables than what can be
captured by simple group statistics and reinforces the idea that mice can be individually
defined by their behavioral repertoires, indicative of a profile for each mouse. Because the
archetypal framework defines each individual as a linear combination of the 3 possible profiles,
this analysis can be further refined by introducing the notion of distance from the archetype.
The archetypal composition (i.e., given by oy with k the archetype, Fig 3D) reflects this
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Fig 3. Archetypes defined by individual choices capture variation in the social cage behavior. (A) Activity in the main environment, estimated
by the number of transitions between compartment (NbD), for the 3 archetypes (pairwise Wilcoxon tests with Holm correction, 3 points above
500 were not plotted). (B) Probability of nest to food transition (NtoF) for the 3 archetypes (pairwise Wilcoxon tests with Holm correction). Data
can be found here https://zenodo.org/api/records/13374058/draft/files/Fig 3A-B.csv/content. (C) Correlation between NtoF and NbD. (D)
Principle of archetypal composition measurement: the archetypal composition (i.e., given by oy with k the archetype) would be equal to 1 if the
mouse is exactly at the point of the archetype, and 0 if it is on the opposite side. (E) Correlation (linear regression, a indicating the slope estimate,
R the Adjusted R-squared and p the p-value) between Tracker (Tr) composition and pNtoF (left) and NbD (right), respectively (top), and
between Explorer (Ex) composition and pNtoF (left) and NbD (right), respectively (bottom). (F) Left: Correlation matrix (Pearson correlation
coefficient) of main environment variables and archetypal profile. Right: p-value for correlations. Green: p < 0.05, Black: p > 0.05. Variables:
Activity Levels: Number of Detections (NbD), Entropy (EnA); Probability of Transitions: Stair to T-maze (StoT), Nest to Food (NtoF), Center to
Food (CtoF), Center to Nest (CtoN), Food to Nest (FtoN), Nest to Stair (NtoS), Food to Stair (FtoS), Center to Stair (CtoS), Stair to Nest (StoN),
Stair to Food (StoF); Occupancy: percent time in Food compartment (%F), percent time in Nest compartment (%N), percent time in Center
compartment (%C), percent time in T-Maze compartment (%T), percent time in Stair compartment (%S); Archetypes: Explorer (Ex), Non-
Switcher (NS), Tracker (Tr). * and ° indicates correlation between Tr and Ex composition with pNtoF and NbD shown in (E). X indicates
correlation shown in C.

https://doi.org/10.1371/journal.pbio.3002850.9003

distance: its value is between 0 and 1, with 1 being if the mouse is exactly on the archetype, and
0 if it is on the opposite side of the archetypal space. We found that NbD increases across mice
as their composition approaches the pure Tracker archetype, while their %NtoF decreases (Fig
3E, top). However, these 2 relationships are reversed for the Explorer archetype composition,
such that NbD decreases and %NtoF increases as the composition of the mice approaches the
pure Explorer archetype (Fig 3E, bottom). These correlations reflect both profile differences
and environmental constraints (i.e., the structure of the settings) on behavioral expression.
We next systematically analyzed the linear correlation between an individual’s archetypal
composition and specific behaviors in the main environment (Fig 3F, right). Three categories
of variables were used to describe activity levels (Fig 1C), compartment occupancy (Fig 1D),
and transitions, respectively (Fig 1E). Robust correlations were found between the variables
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describing these categories and the archetypal compositions, with the pattern of these correla-
tions also discriminating between archetypal profiles (Fig 3F, left). Interestingly, Explorer and
Tracker archetypes often exhibit correlations with the same behaviors; however, these correla-
tions are inversely related. For example, Explorer composition was positively correlated with
the transition from the central to the food or the nest compartment, and negatively correlated
with the transition from the central to the stair compartment. In contrast, Tracker composi-
tion was positively correlated with the transition from the central compartment to the stairs,
and negatively correlated with the transition between the central and nest or food compart-
ments. This suggests that Explorer and Tracker could be construed as contrasting profiles
within the primary environment. Non-Switchers display a profile that is markedly distinct
from the other 2 profiles (Fig 3F, right). They are characterized by a preference for the nest
compartment (S1A Fig). Comparing the archetypes reveals that Trackers are the least likely to
go to the food compartment, either directly from the central compartment (S1B Fig) or by
passing through it from another compartment (S1C Fig) where they spend less time than the
other archetypes (S1A Fig). Explorers are the most likely to transition from the Stair to the T-
maze, although the time spent in the stair (%S) is not different, suggesting they wait less in the
Stair to enter the T-Maze (S1A and S1B Fig). Non-Switchers, in particular, showed a propen-
sity to transition from the Stair to the Nest or Food compartments (via the Central compart-
ment), indicating that these mice are the least likely to re-enter the Stair to engage in the task
(S1D Fig). Archetypal groups did not differ in their entropy, despite differences in the number
of tube detections, suggesting that while Trackers move more between compartments, all mice
share roughly the same territory within Souris-City (S1D Fig).

Overall, these analyses suggest that individual mouse profiles extend beyond variations
solely within reward seeking strategies in the T-maze to also encompass differences in activity
within the main compartment. These relationships between individualistic strategy develop-
ment and trait expression can be considered as a foundation of mice “personalities,” which
emerge as adaptive responses to their complex environment.

Distinct reward-seeking profiles are defined by individual differences in
learning rate and sensitivity to value

Because decision-making strategy is a good marker for individual profiles of mice in Souris-
City, we next aimed to decompose the latent variables that individual mice use to define their
strategy. The decision-making process of an individual mouse in the T-maze can be seen as a
series of binary choices between going left or right in an unpredictable environment. It is
assumed that the animal learns the value assigned to each option (left or right) and that it
adapts to the change (every 3 to 4 days) in the position of the rewards (sucrose or water). In
this context, we fitted each individual’s choice data with a standard reinforcement learning
model [47], which uses the sequence of choices to estimate the expected value of each option
for each trial. The reward value for the water option was set to 1, and the sucrose option was
set to 3, for a AV of 2. The value of the chosen option (Vy or Vy for left and right side, respec-
tively) was updated after each trial using a reward prediction error rule (see methods) and a
learning rate o that sets how rapidly the estimate of expected value is updated on each trial.
Given expected values for both options, the probability of choosing the right option Py(t) is
computed using a SoftMax rule with 2 parameters: the inverse temperature parameter B which
represents the sensitivity to the difference of values and a choice perseveration parameter
that captures short-term tendencies (previous choice) to perseverate or alternate (when posi-
tive or negative, respectively; Fig 4A, left). This propensity to alternate is independent of the
reward history [48], and thus does not depend on AV. We fitted the choice data of each mouse
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Fig 4. Computational modeling suggests that decision and learning parameters differ between the 3 archetypes. (A) Left:
Principle of the reinforcement learning and SoftMax model, with 3 Latent variables o (the learning rate), B (inverse temperature or
sensitivity to the difference of values AV), and y, (the choice perseveration). The theoretical value of water and sucrose are set to 3
and 1, respectively. Right: Estimated values of o, B, and  for n = 281 mice. (B) Latent variables according to the Tr, Ex, and NS
archetype (left symbol: mean + SEM, Wilcoxon tests with Holm correction, right: individual value per mice). Data can be found
here https://zenodo.org/api/records/13374058/draft/files/Figd A-B.csv/content. (C) The model recapitulates the profiles drawn from
experimental data (same example as in Fig 2B) when fitted with individual triplets values for the latent variables of each individual of
a specific archetype. (D) Comparison of the mean of 5 variables (Switch, SwWat, SwSuc, Pref, SideBias) for Tr, Ex, and NS archetype
obtained for 5 differences in the value (AV, one side as a value of 1) associated with the choice (6 sessions of 50 choices, simulated
with fitted values of o, B, and , n = 281).

https://doi.org/10.1371/journal.pbio.3002850.9004

with this model and obtained triplet of latent variable values (a, B, and ; Fig 4A, right) for
each individual (see Methods). The 3 archetypes extracted from the sequence of choice corre-
sponded to different combinations of a, 3, and y (Fig 4B). These parameters also correlate
with the number of trials in the T-maze (S2A Fig, oi: p = 0.002; R* = 0.03; B: p = 7¢”%, R = 0.1;
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x: p = 2¢7, R* = 0.06), indicating that these latent variables capture information that is not
directly linked to the decision process. Finally, when we use this model to simulate data under
the constraints of experimental trial sequences (same number of trial) and rewards (water/
sucrose, right or left), we can differentiate the same 3 types of profiles that we find in the exper-
imental data (Fig 4C). One question, however, is whether the estimated latent variables (Fig
4A) or the dynamics of the choices (Fig 4C) simply reflect a difference in the number of trials,
as individuals who entered the T-Maze the least were indeed less likely to find the sucrose. To
test this hypothesis and to decorrelate our results from a possible difference due to a variation
in the number of trials, we modeled the behavioral profiles (n = 281 mice) from the latent vari-
ables (a, B, and y, 1 triplet per mice) with 6 alternating sessions (sucrose/water left or right) of
50 trials each. Our model with 3 latent variables explained the phenotypic variables (Switch,
SwWat, SwSuc, Pref, and Side Bias) very well, regardless of the number of trials (S2B Fig).

Having demonstrated the validity of our model, we next questioned the relative importance
of each latent variable in explaining the observed results by designing an attribution study in
which each of the latent variables (a, B, or )) is manipulated independently from the other. We
then simulated the data and compared the results obtained using (i) the latent variable values
estimated for each mouse associated with each profile; (ii) by randomly picking latent variable
triplets from the set of estimated values; and (iii) by using 2 estimated values for each individ-
ual and randomly picking the third from the set of possible values obtained (S2C Fig). This
analysis reveals that the y parameter plays a minimal role in the differentiation of the profiles.
In other words, the choice perseveration parameter does not contribute significantly to the
observed variations within the profiles. Finally, when we simulate data with randomized
parameters (o, f, and ) while keeping the experimental numbers of trials from each individu-
al’s experimental data, we do not replicate the difference between profiles. This simulation sup-
ports the conclusion that the behavioral profile cannot be attributed to variations in the
number of trials (S2C Fig, gray points). Overall, the Tracker archetype is associated with a high
o value and low B, consistent with individuals who are able to quickly update their value repre-
sentation and thus favor sucrose tracking. The Explorer archetype is characterized by an inter-
mediate o and B, and thus an important level of switching from one trial to the other. In
contrast, the Non-Switchers are associated with low o and high B, a combination that favors
profiles in which the animals remain mainly on one side, in particular the side with the highest
initial value representation (this representation is updated slowly due to a low o). Indeed, the
majority of Non-Switchers showed a bias for the side on which they first encountered the
sucrose (33/51) or the side where they found sucrose for the majority of their first choices and
(2/51) (S2D Fig). The other Non-Switcher mice (16/51) chose the side corresponding to their
initial preference during the WW session.

Reward-seeking strategy defines adaptability to changes in reward value
and predicts nicotine choice

We next asked if an individual’s profile, defined as a combination of their latent variables,
could predict how they would adapt to other choice situations. In a binary choice, such as in
the T-maze, a major external variable is how the value between the 2 options differs. We thus
simulated the theoretical response of the different profiles, namely Tracker, Explorer, and
Non-Switcher, to changes in reward values difference (AV) in the T-maze. One of the values is
fixed at 1 (corresponding to the value given to the reference solution, e.g., water), the other
value varies between 0 and 4 to give a scale of AV between —1 (less valued than the reference)
and 3 (more valued than the reference). Variation in the 5 choice variables revealed different
adaptations to AV depending on the profile (Fig 4D), with the simulated data at AV =2
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recapitulating the behavioral data for the choice between Water and Sucrose. The Explorer-
archetype is characterized by little adaptation of their choice with changes in AV, whereas
Tracker and Non-Switcher archetypes show strong adaptation. Trackers show a clear side pref-
erence for the higher value, and this preference increases as AV increases. Finally, the most sur-
prising result comes from the Non-Switcher profile. Their side bias is clearly not independent
of AV, but becomes more important as the value difference increases: the higher the AV, the
more the mice stick to one side of the T-maze. This simulation thus suggests that our 3 profiles
adapt completely differently to changes in reward in the T-maze.

We tested this idea by conducting an experiment in which the mice were exposed to 2 con-
secutive sessions with different test solutions. This experiment allowed us to modulate AV and
test whether the animals behaved as predicted by the model, i.e., adapting their choice in
response to the new outcome values. Hence, a subgroup (n = 74) of the 281 mice was subjected
to a period (SaN) of choice between nicotine (100 pg/ml) plus 2% saccharin (Nic) versus 2%
saccharin alone (Sac) in the T-maze, following the prior water versus sucrose period (WS) (Fig
5A). The mouse behavior during the WS session showed a typical distribution of mice among
the 3 profiles in the archetypal space (Fig 5B). During the SaN period, there was a global
decrease in the number of successful choices (with nicotine considered the successful choice),
but no significant change in the number of trials per day (Fig 5C). Additionally, the consump-
tion pattern changed, as mice consumed more sucrose than water in the WS period, whereas
they consumed as much saccharin as nicotine in the SaN period (Fig 5D). Together, these
results suggest that the AV between nicotine + saccharin and saccharin alone is smaller than
the AV between water and sucrose.

Next, we examined changes in the 5 variables (Switch, SwWWat, SwSuc, Pref, and Side Bias)
that describe the choice behavior in the T-maze across the 2 periods (Fig 5E). Consistent with
the simulation predictions, there were no modifications in these 5 variables for the Explorer
between WS and SaN periods, suggesting a minimal adaptation to the change in AV. In con-
trast, significant adaptations were observed in the Tracker and Non-Switcher profiles. The
Trackers displayed a decrease in preference (Suc/Nic Pref) and switch behavior after choosing
the saccharin side (swWat/Sac), but an increase in switch behavior after choosing the nicotine
side (swSuc/Nic). On the other hand, the Non-Switchers primarily showed an increase in
switch behavior after receiving the reward (swSuc/Nic). In the SaN period, Trackers and
Explorers were similar for all variables, and different from the Non-Switchers. Similar results
were obtained by simulating the response of the different profiles—Tracker, Explorer, and
Non-Switcher—to changes in reward values in the T-maze (Fig 5F). For this comparison, the
values for the reference solutions (water or saccharin) were set at 1, the value for sucrose was
maintained at 3 (Fig 4A), and the value for nicotine + saccharin was estimated to be 0.3. This
demonstrates that the model and the latent variables effectively capture the information
needed to model the behavior of mice under different reward values, depending on their pro-
file. In addition, the model accurately predicts the behavioral response to the choice between
nicotine + saccharin and saccharin alone, a choice with a smaller AV in comparison to water
versus sucrose. Our behavioral and modeling results support the notion of individual profiles
defined by latent variables which constrain the expression of behavior depending on the con-
text and the value of the rewards.

Neural correlates of adaptability to the environment emerge after nicotine
challenge

To determine how adaptation to environmental conditions influence the neural response to
nicotine, we compared brain-wide cellular activity after an injection of nicotine or saline
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Fig 6. Differential response to nicotine as a function of the environment and decision-making strategy. (A) Brain-wide cFos expression mapping after
saline or nicotine injection in mice living in standard home cages (HC) or Souris-City (SC) revealed by iDISCO brain clearing and Clearmap. (B) Mice in HC
conditions do not show significant differences in cellular activity between saline and nicotine injections, while mice in SC show a shift toward increased cFos
expression (greater fold change of the number of cFos+ cells per region) following a nicotine injection when compared to a saline one. (C) Comparison
between nicotine-induced cFos expression in SC and HC mice reveals that SC mice show greater numbers of cFos-positive cells per region in response to
nicotine than mice raised under standard conditions. (D) Grouped heatmaps show average density of cFos-positive cells in the PFC (left) and the amygdala
(right). P-value maps highlight areas where significant between-groups differences can be appreciated. (E) Correlations between cFos expression and distance
to the archetype in saline and nicotine-injected SC animals. Left: minimal differences in cFos expression are observed between mouse profiles in SC in response

to a saline injection. Right: patterns of expression across brain regions associated with cognitive and reward functions that become apparent after challenging
the different mouse profiles with nicotine.

https://doi.org/10.1371/journal.pbio.3002850.9006

between mice living in Souris-City (at the end of SW session) and those living in standard
home-cage housing (Fig 6A). Cellular activity in response to a challenge injection of saline or
nicotine, measured as the numbers of cells expressing the immediate-early gene cFos, was
compared between home-cage and Souris-City mice using the iDISCO+/ClearMap pipeline
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Fig 6. Differential response to nicotine as a function of the environment and decision-making strategy. (A) Brain-wide cFos expression mapping after
saline or nicotine injection in mice living in standard home cages (HC) or Souris-City (SC) revealed by iDISCO brain clearing and Clearmap. (B) Mice in HC
conditions do not show significant differences in cellular activity between saline and nicotine injections, while mice in SC show a shift toward increased cFos
expression (greater fold change of the number of cFos+ cells per region) following a nicotine injection when compared to a saline one. (C) Comparison
between nicotine-induced cFos expression in SC and HC mice reveals that SC mice show greater numbers of cFos-positive cells per region in response to
nicotine than mice raised under standard conditions. (D) Grouped heatmaps show average density of cFos-positive cells in the PFC (left) and the amygdala
(right). P-value maps highlight areas where significant between-groups differences can be appreciated. (E) Correlations between cFos expression and distance
to the archetype in saline and nicotine-injected SC animals. Left: minimal differences in cFos expression are observed between mouse profiles in SC in response

to a saline injection. Right: patterns of expression across brain regions associated with cognitive and reward functions that become apparent after challenging
the different mouse profiles with nicotine.

https://doi.org/10.1371/journal.pbio.3002850.9006
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[49]. Mice living in Souris-City showed a greater differential activity across the brain in
response to an acute nicotine challenge (Nicotine versus Saline injection, Fig 6B, right) than
mice living under standard HC conditions (Fig 6B, left). Furthermore, mice in SC had overall
greater brain-wide activity in response to an acute injection of nicotine than mice in HC (Nic-
otine HC versus Nicotine SC, Fig 6C), including significant increases in cFos positive cells in
regions associated with addiction, such as the medial prefrontal cortex, as well as in parts of
the amygdala associated with anxiety and anxiety-like behavior. Indeed, voxel-by-voxel com-
parisons in these regions identify significant increases in activity only in the SC mice that
received a nicotine injection (Fig 6D), suggesting that the adaptability required simply by liv-
ing in a complex micro-society environment reorganizes brain-wide responsivity to nicotine.
We next asked whether the distinct reward seeking profiles identified in SC, which are notably
associated with distinct adaptations in the face of changing reward values, show differential
activation of brain regions in response to nicotine injection. We correlated each mouse’s
archetypal composition with their cFos-positive cell counts in response to saline or nicotine
injection in 33 regions known to show alterations in cFos expression in response to nicotine
[50,51]. The number of cFos-positive cells did not correlate with archetypal composition fol-
lowing a saline injection in any of the brain regions studied (Fig 6E, left). Following a nicotine
injection, however, marked patterns of correlations are evident (Fig 6E, right): mice that show
adaptations in response to AV in the T-maze, namely the Tracker and the Non-Switcher arche-
types, showed strong positive correlations across one third of the predefined regions, whereas
the Explorer mice showed largely negative correlations. Increases in cellular reactivity to this
nicotine challenge may thus be linked to behavioral and choice adaptability in the face of
changing reward values.

We observed altered reactivity to nicotine across many brain regions, notably including
dopamine receptive regions (e.g., the striatum) and regions that regulate dopamine neuron fir-
ing (e.g., the lateral habenula). Thus, we next asked if adaptation to the SC environment would
also lead to alterations in VT'A DA neuron activity. We first used in vivo juxtacellular record-
ing to assess the spontaneous activity of VT A DA neurons between mice immediately upon
their exit from SC and compared this with HC mice. Because the exposure to sucrose in the SC
environment could, in and of itself, alter DA activity, 2 groups of HC mice were studied: one
with access only to water (HC/Wat) and one with access to a 5% sucrose drinking solution
(HC/Suc) (Fig 7A). Both the firing rate and the bursting activity (%SWB) of VTA DA cells
were significantly higher in mice with access to sucrose as compared to water in HC condition
(Fig 7B). In Souris-City, VTA DA cells showed intermediate firing rate and an overall reduced
bursting rate compared to the 2 HC conditions. These results confirm that while sucrose expo-
sure alters DA neuron activity, it is not sufficient to explain the differences we find in SC.
Thus, both sucrose exposure and the environment interact to modulate VTA DA cells activity
[5].

To dissect whether the differences that we observed in spontaneous VTA DA neuron activ-
ity in SC mice are related to mouse profiles, we categorized the SC mice according to their
archetypes (Fig 7C, left, n = 85 mice). Comparing basal DA neuron activity between the arche-
type groups revealed a significant difference in firing rate between the Explorers and Non-
Switchers (Fig 7C, right). Averaging dopaminergic activity per mouse revealed a correlation
between the proximity to the archetype and the firing rate for Explorers (Fig 5D, right,

p = 0.028) but not for Trackers (Fig 7D, left, p = 0.08) or Non-Switchers (p = 0.8). We then
measured nicotine-evoked responses in anesthetized animals to investigate whether the envi-
ronmental condition impacts the sensitivity of DA neurons to nicotine (Fig 7E). VTA neurons
are not a uniform population and we have shown that nicotine concomitantly activates and
inhibits 2 distinct subpopulations of DA neurons [52,53]. Therefore, when recording the
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Fig 7. Dopamine neuron firing is modulated by both the environment and mouse profile. (A) Spontaneous activity of
VTA dopaminergic (DA) neurons recorded in mice living in standard home cage (HC) with access either to water (Wat) or
to a 5% sucrose drinking solution (Suc) or in Souris-City (SC). (B) Mean firing rate and percentage of spike within burst (%
SWB) are different in the 3 groups (Kruskal-Wallis (df = 2, p = 0.017) and post hoc Wilcoxon tests with Holm correction,

*p < 0.05, n indicated number of mice, nn indicated number of neurons). Data can be found here https://zenodo.org/api/
records/13374058/draft/files/Fig 7B.csv/content. (C) Left: Position in the ternary plot of the # = 85 mice used in this analysis.
Right: Firing rate in Hz according to the archetype (Wilcoxon tests with Holm correction, n = 748 neurons). (D) Correlation
(linear regression, a indicated the slope estimate, R” the Adjusted R-squared and p the p-value) between Explorer (Ex, left) or
Tracker (Tr, right) composition and median firing rate per mice (1 = 82 mice, with a minimum of 3 cells per mice). (E) Left:
Intravenous (i.v.) injections of nicotine (Nic; 30 pg/kg) induce activation (upper panel) or inhibition (lower panel) of distinct
VTA DA neurons in anesthetized mice (representative recordings). Right: Responses of VTA DA neurons after nicotine
injection. Responses are rank-ordered based on the response to nicotine, from the most excited to the most inhibited (top to
bottom of the graph). Color scale indicates variation in firing rate amplitude. (F) Empirical cumulative distribution of the
response to nicotine (variation in firing rate). (Top) Neurons recorded in mice living in Souris-city, in home cage (HC) with
water (HC/Wat) or with sucrose drinking solution (HC/Suc) (Kruskal-Wallis (df = 2, p = 0.011) and post hoc Wilcoxon tests
with Holm correction, *p < 0.05). (Bottom) Neurons recorded in SC mice according to their Tr, Ex, and NS respective
profiles (Kruskal-Wallis (df = 2, p = 0.059)). (G) Correlation between Tracker (Tr, top) or Explorer (Ex, bottom)
composition and median response in firing rate per mice (n = 36 mice, with a minimum of 5 cells per mice).

https://doi.org/10.1371/journal.pbio.3002850.9007
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response of a population of DA neurons to nicotine, they can be organized from the most
excited to the most inhibited (Fig 7E, right). Comparison of the distributions according to the
environment reveals differences (Fig 7F, top, HC/suc versus SC, p = 0.013) while comparison
of the distributions according to the profiles observed in SC (Fig 7F, bottom) did not highlight
reliable differences (p = 0.059). On the other hand, we observed clear correlations between the
proximity to the Tracker and Explorer archetypes and the median response per animal (Fig
7G). The maximum change in firing rate after nicotine injection increased as mice approach
the pure Explorer archetype, while it decreases as mice approach the Tracker archetype. This
opposition in dopamine neuron response to nicotine between the 2 profiles mirrors the con-
trast seen in their behavioral patterns, latent variables, and adaptability to changing outcome
values.

Together, these data indicate the existence of correlations between sucrose-seeking patterns
in a choice task and the response to nicotine, suggesting that adaptations in dopaminergic cir-
cuit function emerge between mice profile identified by their decision-making strategies.

Conclusions

In this study, we found that a complex social environment reveals interindividual differences
in mouse reward-seeking strategy, even when tested isolated from their peers. In a previous
study [5], we showed that these differences are the consequences of individual adaptation to
the environment. Here, we show that these differences are further linked to variations in
behavioral traits (or “personality”), in the activity of the dopaminergic system, and in the
response to nicotine. By using a reinforcement learning (RL) model trained on a specific
choice situation (water versus sucrose), we were able to accurately predict the animals’ behav-
ior in a different situation involving a choice between saccharin alone and saccharin with nico-
tine. These results suggest that in a complex social environment (i) animals adopt distinct
foraging strategies; (ii) these strategies reflect individual traits and the state of neural circuits;
and (iii) an individual’s strategy can be indicative of their response to addictive substances.
Overall, the study highlights how harnessing interindividual variability in behavior and its
underlying mechanisms, particularly in the context of addiction research, can unravel more
complex and nuanced relationships between neural circuits and behavior than would be possi-
ble by assuming that all mice should respond uniformly to a task. The use of large naturalistic
environments with automated data capture provides a valuable tool for studying individual
variations and their implications for the development and maintenance of individual profiles
and susceptibility to substances of abuse like nicotine.

There is ongoing debate regarding the emergence of interindividual variation and the con-
cept of “personality.” Our experiments demonstrate that when animals are placed in con-
trolled, yet naturalistic environments, distinct profiles, marked by clusters of behavioral traits,
emerge and remain stable over extended periods, which can be considered the definition of
“personality.” Being able to test animals in isolation in a simple choice test eliminates direct
social influences and mitigates issues related to multicollinearity and co-dependence in the
main environment. This approach also reveals the complexity of the underlying mechanisms.
The broad concept of cerebral plasticity and the embedding of an individual in an environ-
ment allow for the consideration of each individual’s singularity. This singularity is manifested
through differences in neural connections and activities, but that alone is insufficient to
explain interindividual variability and the emergence of stable differences. Connections and
activities themselves are modified by an individual’s history and by the environment in which
they live [54]. No 2 animals can live in exactly the same environment, as how each individual
engages with their physical surroundings and social milieu will be different as a function of
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their bodily constraints and personality traits (e.g., their level of sociability). Thus, even when
animals live in the same physical space they necessarily adapt differently. Studies involving
grouped animals have demonstrated this adaptability, showing that initial diversity reemerges
when animals with similar profiles are grouped together [5]. The asymmetry of the environ-
ment, which includes social relations and competition for resources, facilitates the develop-
ment of individuality, with both shared and non-shared components within each individual’s
perceived environment [3,55]. When an animal is exposed to a test, isolated from the others,
the differences in strategies that can be seen in the test reflect the differences that exist in the
main environment and are the consequences of each individual’s adaptations to both that envi-
ronment and its co-living congeners. In our study, this is reflected in differences in dopami-
nergic activity, responses to nicotine, and strategies employed in the T-maze.

Differences in the T-maze can be captured by reinforcement learning models. Variances
observed in a specific choice context (water-sucrose) can be explained by discrepancies in
learning rates and exploration parameters. These models accurately predict how responses
evolve when the difference in value between proposed rewards is changed. These results con-
firm the validity of these computational approaches to account for behavior and the use of
latent variables to describe such complex phenomena. Notably, the behavior of non-switchers
animals becomes particularly intriguing within this context. While an initial judgment based
on their side bias could conclude that these mice are insensitive to differences in value (i.e.,
low B), our modeling findings indicate that these animals in fact have a high exploitation level
(high B), albeit paired with a very low learning rate, meaning that they update their representa-
tions slowly. When looking closer at their behavior, we indeed find that their bias is for the
side where they encounter sucrose early on. This gradual and slow adaptation of value, com-
bined with a strong bias toward the highest value and an environment characterized by rapid
position changes of significant rewards, allows for the emergence of this seemingly “maladap-
tive” behavior. In a previous study, we were able to demonstrate that modifying the social envi-
ronment, i.e., regrouping together non-switching animals, resulted in a fast re-adaptation of
both the strategy and the dopamine firing pattern, suggesting an important impact of adapta-
tion to the local environment [5,10]. If all latent variable values are a consequence of adapta-
tion to the environment (both fixed and social), the remaining question pertains to the
constraint that an individual must adapt in order to reduce its learning rate.

Finally, the differentiation of profiles observed in our study is closely linked to the unique
patterns of spontaneous activity and response of dopaminergic neurons to nicotine. To fully
understand the complex relationship between behavior and neural network activity, and to
gain insight into drug susceptibility, it is imperative to systematically categorize individual dif-
ferences. While it may be difficult to identify a single circuit responsible for behavior using
current approaches, we can propose that the dopaminergic system, among others, occupies a
central position at the intersection of several factors. On the one hand, the activity of the dopa-
minergic system is significantly influenced by an individual’s personal history, social interac-
tions, and cumulative experiences [5,10]. These factors shape the functional state of the
dopaminergic system and ultimately influence its involvement in various behavioral processes.
On the other hand, the dopaminergic system itself plays a central role in defining and regulat-
ing specific parameters related to decision making and behavioral expression [26,27,56,57]. It
acts as a modulator, influencing the salience and motivational value assigned to stimuli and
guiding the selection of appropriate actions in response to environmental cues. This central
position of the dopaminergic system, shared by numerous brain regions, allows us to concep-
tualize a neural basis for the notion of individuality [10]. Thus, in this sense, our results suggest
that a dynamic feedback loop exists between environmental condition and the dopaminergic
system which continually defines animal traits and adaptability to future challenges.
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By recognizing the complex interdependencies between neural activity, behavior, and envi-
ronmental influences, we can gain a deeper understanding of the multifaceted nature of indi-
vidual differences. This understanding is critical not only for unraveling the mechanisms
underlying behavior, but also for elucidating the factors that contribute to susceptibility to
drugs and addictive substances. Ultimately, a comprehensive exploration of these interrelated
factors could allow us to develop more targeted and personalized approaches to addiction
research and behavioral intervention.

Materials and methods
Materials availability

This study did not generate new unique reagents.

Experimental model. Experiments were performed on adult C57Bl/6Rj Wild-Type (Jan-
vier Labs, France) mice. Male mice, from 8 to 10 weeks old at the beginning of the experiment,
weighing 25 to 35 grams, were used for all the experiments. They were kept in an animal facil-
ity where temperature (20 £ 2°C) and humidity were automatically monitored and a circadian
light cycle of 12/12-h light-dark cycle was maintained. All experiments were performed in
accordance with the reccommendations for animal experiments issued by the European Com-
mission directives 219/1990, 220/1990, and 2010/63, and approved by Ethic Committee (APA-
FIS#25905-2020060516523945 v4/APAFIS#11061-2015072714306495 v6). All mice were
implanted under anesthesia (isoflurane 3%-Iso-Vet, Piramal, United Kingdom), with an RFID
chip subcutaneously inserted in the back.

Methods details
Souris City setup

Setup. Souris City combines a large environment (the social cage 1*1 m) where groups of
male mice live for extended periods of time in semi-natural conditions and a test-zone where
mice have a controlled access to specific areas for drinking. Souris City was house-designed
and built by TSE Systems (Germany). Mice were tagged with RFID chips, allowing automatic
detection and controlled access to the different areas. Animals were living under a 12h/12h
dark-light cycle (lights on at 7 AM) and had access to food ad libitum. The social cage is
divided into 4 sub-compartments. These different sub-compartments are equipped with RFID
antennae on the floor and are connected through tubes that are also equipped with antennae.
Therefore, each transition from one sub-compartment to another was associated with a detec-
tion of the animal by the 2 antennae of the transition tube [5].

The social cage is connected to the test zone by a gate, which is a key element of the setup.
The gate (TSE Systems, Germany) is composed of 3 doors with independent automatic con-
trol. It allows for the selection of animals and grants control over their access to the test zone.
In the test zone, mice are isolated from their peers and conduct the test on their own, without
any intervention from the experimenter. The test consists in a T-maze choice task [58]. Since
the T-maze was the only source of water, animals were motivated to perform the test. The T-
maze gives access to 2 home-cages, one on each side (left and right), with a drinking bottle in
each. The bottles contained either water, sucrose, saccharin, or nicotine. The system was con-
figured in such a way that animals performed a dynamic foraging task. The reward value of the
bottle content is changed every 3 to 4 days to evaluate whether mice were able to track the
highest reward. Automating the task in this manner minimizes the need for human involve-
ment, thereby mitigating limitations such as cost and time constraints associated with human
assessment. Moreover, it eliminates the potential risks of inducing stress or disturbing the
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natural cycle of the animals [59-62]. Simple rules were used to automatize the test. When a
mouse accesses one liquid bottle, an infra red-light beam is interrupted in that particular arm,
resulting in the closing of the access to the bottle on the opposite side. A Plexiglas cylinder
descends, preventing access to the bottle. To initiate a new trial, mice must exit the T-maze,
which triggers the reopening of the feeders. For the analysis in T-maze, throughout the paper,
only mice accessing the T-maze more than 5 times per day are included in the analyses (i.e.,
281/295). The only exception is in Fig 7B for the analysis of dopamine neuron activity after
exposure to SC, where all mice are considered (in this group, 4 out of 89 mice made no more
than 5 trials per day).

In vivo juxtacellular recordings of VT A DA neurons. Mice were deeply anaesthetized
with chloral hydrate (8%), 400 mg/kg IP, supplemented as required to maintain optimal anes-
thesia throughout the experiment. The scalp was opened and a hole was drilled in the skull
above the location of the VTA. Extracellular recording electrodes were constructed from 1.5
mm O.D./1.17 mm LD. borosilicate glass tubings (Harvard Apparatus) using a vertical elec-
trode puller (Narishige). Under microscopic control, the tip was broken to obtain a diameter
of approximately 1 pm. The electrodes were filled with a 0.5% NaCl solution yielding imped-
ances of 6 to 9 MQ. Electrical signals were amplified by a high-impedance amplifier (Axon
Instruments) and monitored through an audio monitor (A.M. Systems). The signal was digi-
tized, sampled at 25 kHz, and recorded using Spike2 software (Cambridge Electronic Design)
for later analysis. The electrophysiological activity was sampled in the central region of the
VTA (coordinates from bregma: 3.1 to 4 mm AP, 0.3 to 0.7 mm ML, and 4 to 4.8 mm DV
from the brain surface). Individual electrode tracks were separated from one another by at
least 0.1 mm in the horizontal plane. Spontaneously active DA neurons were identified based
on previously established electrophysiological criteria [29,63] and were not labeled after
recording. Intravenous administration of saline (H,O with 0.9% NacCl) or nicotine at a dose of
30 ug/kg (4.16 mg/kg, free base) was carried out through a catheter (30G needle connected to
polyethylene tubing PE10) connected to a Hamilton syringe, into the saphenous vein of the
animal.

Solution in T-maze experiment. In the T-maze, mice were presented with (i) 2 bottles of
water; (ii) 1 bottle of water and 1 bottle of sucrose (5%, Sigma Aldrich); (iii) 1 bottle of saccha-
rine solution (2%, Sigma Aldrich) and 1 bottle of nicotine (100 ug/ml free base, Sigma Aldrich)
plus saccharine (2%) solution diluted in water (adjusted to pH ~7.2 with NaOH).

Brain clearing and activity mapping. Expression of the immediate early gene c-fos is
used as a marker for cellular activation, since it is rapidly induced following a stimulus, readily
immunolabeled in optically cleared brains, and spatially restricted to the cell nucleus giving
high signal-to-noise for automated counting.

Experimental design and perfusion. Mice were injected with i.p. saline or nicotine and kept
in a dim, quiet room for 1 h before perfusion to minimize off-target cFos expression. Mice were
then perfused with 1x PBS followed by 20 ml of 4% paraformaldehyde (PFA, Electron Micros-
copy Services). Brains were carefully dissected from the skull and stored in PFA overnight.
Brains were stored in PBS with 0.01% Sodium Azide (Sigma-Aldrich, Germany) until clearing.

iDISCO+ whole brain immunolabeling. Whole brain clearing and immunostaining was per-
formed following the iDISCO+ protocol described previously [64] with minimal modifica-
tions. All the steps of the protocol were done at room temperature with gentle shaking unless
otherwise specified. All the buffers were supplemented with 0.01% Sodium Azide (Sigma-
Aldrich, Germany) to prevent bacterial and fungal growth. Briefly, perfused brains were dehy-
drated in an increasing series of methanol (Sigma-Aldrich, France) dilutions in water (washes
of 1 h in methanol 20%, 40%, 60%, 80%, and 100%). An additional wash of 2 h in methanol
100% was done to remove residual water. Once dehydrated, samples were incubated overnight
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in a solution containing a 66% dichloromethane (Sigma-Aldrich, Germany) in methanol, and
then washed twice in methanol 100% (4 h each wash). Samples were then bleached overnight
at 4°C in methanol containing a 5% of hydrogen peroxide (Sigma-Aldrich). Rehydration was
done by incubating the samples in methanol 60%, 40%, and 20% (1 h each wash). After metha-
nol pretreatment, samples were washed in PBS twice 15 min and 1 h in PBS containing a 0.2%
of Triton X-100 (Sigma-Aldrich) and further permeabilized by a 24 h incubation at 37°C in
permeabilization solution, composed by 20% dimethyl sulfoxide (Sigma-Aldrich), 2.3% Gly-
cine (Sigma-Aldrich, USA) in PBS-T. In order to start the immunostaining, samples were first
blocked with 0.2% gelatin (Sigma-Aldrich) in PBS-T for 24 h at 37°C, the same blocking buffer
was used to prepare antibody solutions. Brains were incubated with anti c-Fos primary anti-
body (Synaptic systems 226-003) for 10 days at 37°C with gentle shaking, then washed in
PBS-T (twice 1 h and then overnight), and finally newly incubated for 10 days with secondary
antibodies. Secondary antibodies raised in donkeys, conjugated to Alexa 647 were used (Life
Technologies). After immunostaining, the samples were washed in PBS-T (twice 1 h and then
overnight), dehydrated in a methanol/water increasing concentration series (20%, 40%, 60%,
80%, 100% 1 h each and then methanol 100% overnight), followed by a wash in 66% dichloro-
methane—33% methanol for 3 h. Methanol was washed out with 2 final washes in dichloro-
methane 100% (15 min each) and finally the samples were cleared and stored in dibenzyl ether
(Sigma-Aldrich) until light sheet imaging.

Light sheet microscopy. The acquisitions were done on a LaVision Ultramicroscope II
equipped with infinity-corrected objectives. The microscope was installed on an active vibra-
tion filtration device, itself put on a marble compressed-air table. Imaging was done with the
following filters: 595/40 for Alexa Fluor-555, and -680/30 for Alexa Fluor-647. The microscope
was equipped with the following laser lines: OBIS-561nm 100mW, OBIS-639nm 70mW, and
used the second generation LaVision beam combiner. The images were acquired with an
Andor CMOS sNEO camera. Main acquisitions were done with the LVMI-Fluor 4X/0.3 WD6
LaVision Biotec objective. The microscope was connected to a computer equipped with SSD
drives to speed up the acquisition. The brain was positioned in sagittal orientation, cortex side
facing the light sheet, to maximize image quality and consistency. A field of view of
1,000 x 1,300 pixels was cropped at the center of the camera sensor. The light sheet numerical
aperture was set to NA-0.03. The 3 light sheets facing the cortex were used, while the other
side illumination was deactivated to improve the axial resolution. Beam width was set to the
maximum. Laser powers were set to 40% to 60% (639 nm). The center of the light sheet in x
was carefully calibrated to the center of the field. z steps were set to 6 mm. Tile overlaps were
set to 10%. The whole acquisition took about 1 h per hemisphere. At the end of the acquisition,
the objective was changed to a MI PLAN 1.1x/0.1 for the reference scan at 488 nm excitation
(tissue autofluorescence). The field of view was cropped to the size of the brain, and the z-steps
are set to 6 mm, and light sheet numerical aperture to 0.03 NA. It was important to crop the
field of view to the size of the brain for subsequent alignment steps.

Computing resources. The data were automatically transferred every day from the acquisi-
tion computer to a Lustre server for storage. The processing with ClearMap was done on local
workstations, either Dell Precision T7920 or HP Z840. Each workstation was equipped with 2
Intel Xeon Gold 6128 3.4G 6C/12T CPUs, 512Gb of 2666 MHz DDR4 RAM, 4x1Tb NVMe
Class 40 Solid State Drives in a RAIDO array (plus a separate system disk), and an NVIDIA
Quadro P6000, 24Gb VRAM video card. The workstations were operated by Linux Ubuntu
20.04LTS. ClearMap 2.0 was used on Anaconda Python 3.7 environment.

ClearMap Fos+ cell counting. Tiled acquisitions of Fos-immunolabeled iDISCO+ cleared
brains scanned with the light sheet microscope were processed with ClearMap 2 [49] to gener-
ate both voxel maps of c-Fos cell densities, as well as region-based statistics of cell counts.
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Stitched images were processed for background removal, on which local maxima were
detected to place initial seeds for the cells. A watershed was done on each seed to estimate the
volume of the cell, and the cells were filtered according to their volume to exclude smaller arte-
factual maxima. The alignment of the brain to the Allen Brain Atlas was based on the acquired
autofluorescence image using Elastix [65] (https://elastix.lumc.nl). Filtered cell’s coordinates
were transformed to their reference coordinate in the Allen Brain Atlas common coordinate
system [66]. For voxel maps, spheres of 375 mm diameter were drawn on each filtered cell. P-
value maps of significant differences between groups were generated using Mann-Whitney U
test (SciPy implementation). Aligned voxelized data sets from each group of animals were
manually inspected to identify the regional overlaps of p-value clusters, and volcano plots of
regional counts were generated.

Decision model. Data choice (i.e., left or right) from all mice in the T-maze were modeled
and fitted with a standard RL model [47]. The model uses the sequence of choices and out-
comes (the reward) to estimate the expected value of each option for every trial. After each
trial, the value associated with the chosen option was updated according to the classical delta
rule: Vr(t+1) = Vg(t) + 0d(t) and 8(t) = Rp(t)—Vg(t) where 8(t) is the reward prediction error
(RPE), the difference between the expected value and the received reward, i.e., the RPE. V; =
{VL,VR} is set to 1 when reward is water and 3 when reward is sucrose. For modeling, the
expected values are set to zero at the beginning of the experiment. The learning rate o deter-
mines how rapidly the estimate of expected value is updated. Given expected values V; for both
options, the probability of choosing the right option Py(t) is computed using a SoftMax rule
defined by P(t) = 1/(1+exp(-[B(VRr(t)-VL(t)) + x(Cr(t-1)-Cyr.(t-1))]) with 2 parameters f and
%- The inverse temperature parameter B represents the sensitivity to the difference of values V;
={VL,Vg}, it reflects how much the difference in total value between the 2 options (AV) trans-
lates into more or less preference for the best option in a given gamble. With a small 8, choices
have low sensitivity for AV, with the extreme case of a null B where both options have the same
probability to be selected. On the contrary, a large p indicates a high sensitivity to AV, with an
infinite beta indicating that options associated with higher reward probabilities are always
selected. The choice perseveration parameter ) captures short-term tendencies (previous
choice) to perseverate or alternate (when positive or negative, respectively). This tendency to
alternate is independent of the reward history [48], and thus does not depend on AV. The free
parameters of the model (o.,B,)) were fitted by maximizing the data likelihood. Given a
sequence of choice ¢ = ¢;__ r, data likelihood is the product of their probability given by the
SoftMax choice rule [67]. We used the optim function in R to perform the fits, with the con-
straints that . €] 0,1], B €] 0,20], and € [-2,2]. For the simulation, the value of each option
(left or right) is updated using the delta rule. The initial value associated with each option
(before learning) is 1. The mice completed a succession of sessions consisting of 50 choices,
with a specific reward value (V) associated with each side; V = 3 for sucrose, V = 1 for water or
saccharine, V = 0.3 for nicotine (Fig 5F). For Fig 4D, AV varied from 3 to -1, with one side
associated with a value of 1. At the end of each session, the reward position alternates. Each
mouse is simulated with fitted values of B, x, and a.. Comparison (Bayesian information crite-
rion and likelihood ratio test for nested model rule [67]) of the 3 parameters (c.,B,x) models
with a classical 2 models (0,3) parameters indicated that the 3 parameters model provides the
best fit for the data.

Statistical analysis. All statistical analyses were computed using R (The R Project, version
4.1.0) and Python with custom programs. Results were plotted as a mean + SEM. The total
number (1) of observations in each group and the statistics used are indicated in figure leg-
ends; n indicated number of mice and n,, number of cells (for electrophysiological recordings).
Classical comparisons between means were performed using parametric tests (Student’s T test,
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or ANOVA for comparing more than 2 groups when parameters followed a normal distribu-
tion (Shapiro test P > 0.05) and nonparametric tests (here, Wilcoxon or Mann-Whitney)
when the distribution was skewed. Multiple comparisons were corrected using a sequentially
rejective multiple test procedure (Holm). Probability distributions were compared using the
Kolmogorov-Smirnov (KS) test, and proportions were evaluated using a chi-squared test ()?).
Regression was estimated using linear model and parameters a, R* and p in figures refer to the
estimated slope, the adjusted R* correlation and the p-value for the slope estimation a. Matrix
of Pearson’s r correlation were estimated using rcorr function in Hmisc package (R). All statis-
tical tests were two-sided. P > 0.05 was considered not to be statistically significant. For arche-
typal analysis, all computations and graphics have been done using the statistical software R
and the archetype package (version 2.2-0.1). Briefly, the archetypal analysis finds the matrix Z
of k m-dimensional archetypes (k is the number of archetypes), given an n X m matrix repre-
senting a multivariate data set with n observations (n = number of animals) and m attributes
(here m = 5, consisting of the level of global switching (Switch), the variables SwWat and
SwSuc that represent the probability of switching sides if the previous choice was water or
sucrose, respectively, the Pref and SideBias that assess preference and side bias by comparing
the choices (% of sucrose choice) between each session. Z is obtained by minimizing || X-o Z"
||o> with o the coefficients of the archetypes (o ;. >0 and 2a; ;. = 1), and ||.||, a matrix norm.
The archetype is also a convex combination of the data points Z = X" with & > 0 and their
sum must be 1 [68]. The a-coefficient depicts the relative archetypal composition of a given
observation. For k = 3, archetypes and an observation i, 0y 15 04 ; 043 > 0 and oy +0, + 03 =
1. A ternary plot can then be used to visualize data. (0,15 04 2; 0 ) are used to assign individual
behavior to its nearest archetype (i.e., k max(oy; ;; 0 2; 0 3)). 0 are also used as variable to esti-
mate population archetypal composition. Archetypal composition correspond to o, (0 < oy; <
1). Pure archetype corresponds to 1, the archetypal composition decreases linearly with
increasing distance from the archetype, 0 correspond to points on the opposite side.

Statistics and reproducibility. All experiments were replicated with success.

Supporting information

S1 Fig. Comparison of the main environment variables depending on the archetype. Data
are normalized to mean Tracker value (Tr). (A) variation in Occupancy, i.e., from left to right
percent time in Nest compartment (%N), percent time in Food compartment (%F), percent
time in Center compartment (%C), percent time in Stair compartment (%S), percent time in
T-Maze compartment (%T). (B) First order probability transitions. Inset: Transitions of inter-
est are labeled with a star. Center to Nest (CtoN), Center to Food (CtoF), Center to Stair
(CtoS), Stair to T-maze (StoT). (C) Second order transition (probability): Nest to Stair (NtoS),
Nest to Food (NtoF), Food to Stair (FtoS), Food to Nest (FtoN), Stair to Food (StoF), Stair to
Nest (StoN). (D) Activity levels: Entropy (EnA), Number of Detections (NbD).

(TIFF)

S2 Fig. (A) Correlation (linear regression, a indicated the slope estimate, R? the Adjusted R-
squared and p the p-value) between the mean number of T-maze entry per day (# nbtrial) and
(Top Left), B (Bottom), and o (Top right) (n = 281 mice). (B) Comparison of the mean of 5 variable
(Switch, SwWat, SwSuc, Pref, SideBias) for Tr, Ex, and NS archetype obtained for data (o) and for
amodel sequence (A) of 300 choices (6 sessions of 50 choices) simulated with fitted values of o, f,
and y. (C) Attribution study in which each of the latent variables is manipulated independently
from the other to assess its contribution to the Switch, SwWat, SwSuc, Pref, SideBias variables, for
the 3 archetypes. The legend symbols represent different simulation conditions. We modeled 6
sessions of 50 choices for the simulations, except for the last condition where the number of
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choices was defined experimentally for each mouse. In this case, we defined the number of choices
by taking the average number of trials per day for each mouse and multiplying it by 3 to represent
1 session of 3 days. Six such sessions were then used in the simulation. Empty circle: Each mouse
is simulated using its estimated values of latent variables o,  and y. Black circle: Each mouse is
simulated with a random selection of latent variables o, B, and . Gray circle: Same as Black circle
but with a number of trials/sessions estimated experimentally. White and Black circle: Each
mouse is simulated with two of its estimated values and one is chosen randomly from the corre-
sponding latent variables, respectively, o, B, or . (D) Percentage of Non-Switcher mice (n = 52)
with a preferred side in WS session that correspond to: (white) same first sucrose choice side in
WS session and same side preference in WW session, (blue) same first sucrose choice side in WS
session and opposite side preference in WW session, (pink) opposite first sucrose choice side in
WS session and same side preference in WW session and (light blue) opposite first sucrose choice
side in WS session and opposite side preference in WW session.

(TIFF)
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