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Aggression is an adaptive social behavior crucial for the stability and prosperity

of social groups. When uncontrolled, aggression leads to pathological violence

that disrupts group structure and individual wellbeing. The comorbidity of

uncontrolled aggression across di�erent psychopathologies makes it a potential

endophenotype of mental disorders with the same neurobiological substrates.

Serotonin plays a critical role in regulating impulsive and aggressive behaviors.

Mice lacking in brain serotonin, due to the ablation of tryptophan hydroxylase 2

(TPH2), the rate-limiting enzyme in serotonin synthesis, could serve as a potential

model for studying pathological aggression. Home cage monitoring allows for

the continuous observation and quantification of social and non-social behaviors

in group-housed, freely-moving mice. Using an ethological approach, we

investigated the impact of central serotonin ablation on the everyday expression

of social and non-social behaviors and their correlations in undisturbed,

group-living Tph2-deficient and wildtype mice. By training a machine learning

algorithm on behavioral time series, “allogrooming”, “struggling at feeder”,

and “eating” emerged as key behaviors dissociating one genotype from the

other. Although Tph2-deficient mice exhibited characteristics of pathological

aggression and reduced communication compared to wildtype animals, they still

demonstrated a�liative huddle behaviors to normal levels. Altogether, such a

distinct and dynamic phenotype of Tph2-deficient mice influenced the group’s

structure and the subsequent development of its hierarchical organization. These

aspects were analyzed using social network analysis and the Glicko rating

methods. This study demonstrates the importance of the ethological approach

for understanding the global impact of pathological aggression on various

aspects of life, both at the individual and group levels. Home cage monitoring

allows the observation of the natural behaviors of mice in a semi-natural

habitat, providing an accurate representation of real-world phenomena and

pathological mechanisms. The results of this study provide insights into
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the neurobiological substrate of pathological aggression and its potential role in

complex brain disorders.
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1 Introduction

Aggression is an adaptive behavior, which is often the result

of competition (Nelson and Trainor, 2007). It is an important

social behavior that ensures the stability and prosperity of a social

group (Van Loo et al., 2003; Sapolsky, 2005; Wang et al., 2011).

When it cannot be avoided, aggression is typically short and

directed to acquire and keep resources including territory, mating

partners, and food (Kiser et al., 2012). On the pathological side,

escalated aggression or violence, excessively and repeatedly hurting

others or the perpetrator itself, happens in all contexts and is

devoid of a communication purpose (Natarajan et al., 2009). This

extreme behavior is detrimental to the individual as it can result in

death or invalidity, and it severely disrupts the group’s structure,

security, and comfort (WHO, 2004). Interpersonal violence has a

high economic cost and a better understanding of how aggression

impacts group structure is critical for “diagnosis, prevention, and

treatment, but also for guidance of public and judicial policies”

(WHO, 2004; Miczek et al., 2007).

Uncontrolled aggression and violence are diagnostic criteria for

different psychiatric disorders, such as schizophrenia, alcoholism,

intermittent explosive disorder, autism, or dementia (Lesch

et al., 2012; Volavka, 1999). Considering a dimensional and

trans-diagnostic view of mental disorders, the comorbidity

of uncontrolled aggression across different psychopathologies

makes it a good potential endophenotype of mental disorders

(Niederkofler et al., 2016; Nestler and Hyman, 2010) with

the neurobiological (and heritable) substrates of pathological

aggression being the same across different psychiatric disorders

(American Psychiatric Association, Committee on Nomenclature

and Statistics, 2018; Gottesman and Gould, 2003; Gould

and Gottesman, 2006; Robbins et al., 2012). Research into

neurobiological substrates underlying aggression is thus essential

to our insight into the etiology of complex brain disorders (Kalueff

et al., 2015) and its potential global impact on society.

Serotonin (5-hydroxytryptamine, 5-HT) is a monoamine that

plays a critical role in the regulation of impulsive and aggressive

behaviors in humans and animals. Mice with a congenital lack

of serotonin in the brain due to the lack of a rate-limiting

serotonin-producing enzyme Tryptophan hydroxylase 2, TPH2

(Tph2-deficient mice, Alenina et al., 2009), show higher levels

of aggression toward strangers, poor social recognition abilities,

and an impulsive-like phenotype (Angoa-Pérez et al., 2012).

Tph2-deficient mice also present behavioral abnormalities similar

to human symptoms of autism spectrum disorder (ASD) and

impulsive related disorders (Mosienko et al., 2012, 2015a,b; Kane

et al., 2012; Beis et al., 2015; Angoa-Pérez et al., 2012; Kästner et al.,

2019). In line with the search for trans-nosological symptoms of

mental and neurological disorders, Tph2-deficient mice represent a

potentially valuable model for studying pathological aggression.

The visible burrow system (VBS) is a semi-natural habitat

first developed in rats (Blanchard and Blanchard, 1989) and more

recently in mice (Arakawa et al., 2007; Pobbe et al., 2012; Bove

et al., 2018), where ethological aspects (e.g., day/night fluctuation of

activity spatial distribution, place preference) and social and non-

social behaviors of group-housed, freely-moving individuals can be

continuously observed and quantified (Alonso et al., 2020, 2023).

In an effort to model real-world phenomena and pathological

mechanisms reminiscent of the everyday life of human patients

in mice (McCloskey et al., 2011), we chose to apprehend the

individuals’ behaviors and the group dynamic of Tph2-deficient

(Tph2−/−) and wildtype (Tph2+/+) mice directly in their housing

environment. To this end, a new version of the VBS was designed

and built. This study aimed to investigate the impact of central

serotonin loss on the everyday expression of social and non-

social behaviors and their correlations over days in undisturbed,

group-living mice of the same-genotype. Training a machine

learning algorithm (Random Forest classifier, Breiman, 2001)

on this extended behavioral data allowed us to identify key

variables dissociating one genotype from the other when living

in such an ethologically-relevant environment. Because excessive

aggression does not only drastically affect the life of the perpetrator

but simultaneously affects the dynamics of the group and its

structural organization, we evaluated if and how a lack of central

serotonin influenced the group’s structure and development of

its hierarchical organization using social network analysis (SNA,

Krause et al., 2010) and the Glicko rating methods (Glickman,

1999), respectively.

2 Materials and methods

2.1 Animals

Mice were maintained at the Max Delbrück Center (MDC)

animal facility in individually ventilated cages (Tecniplast,

Italy) under specific pathogen-free, standardized conditions in

accordance with the German Animal Protection Law. Mice were

group-housed at a constant temperature of 21 ± 2◦C with a

humidity of 65 ± 5%, under 12/12 h light/dark cycle (light off at

18:00), and had ad libitum access to food and water throughout

the project. In total, 10 groups of four Tph2-deficient (Tph2−/−)

or wildtype (Tph2+/+) male mice (ntotal = 40) were used in this

project: five groups of Tph2+/+ and five groups of Tph2−/− mice

on C57BL/6N genetic background (Alenina et al., 2009; Mosienko

Frontiers in Behavioral Neuroscience 02 frontiersin.org

https://doi.org/10.3389/fnbeh.2024.1450540
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org


Rivalan et al. 10.3389/fnbeh.2024.1450540

et al., 2012). An independent cohort of C57BL/6N male mice (n =

6) was used as unfamiliar mice in the three-chamber test.

2.2 Experimental design

Tph2−/− and Tph2+/+ mice were born from heterozygous

parents and genotyped at weaning as previously described (Alenina

et al., 2009). After weaning, four males of the same genotype from

different litters were group housed in a regular home cage. At 6

weeks of age, four mice of the same genotype were transferred

to the same cage and were individually marked with unique

radio frequency identification tags (RFID: 12 × 2.1mm, 124 kHz,

Sokymat, Germany, subcutaneous implantation in the scruff of

the neck and under short isoflurane anesthesia). Afterward, the

animals’ activity and health were regularly monitored (1 and 3 h

after marking and every day on the following days). At 7 weeks of

age, the four mice from the same home cage were transferred for

six consecutive days (120 h in total) to a new version of the VBS,

which was designed and built for this project. The three-chamber

test was scheduled 1–2 days after the mice left the semi-automated

VBS, which did not allow sufficient time to change to an inverted

light cycle, as adapting to an inverted light cycle usually requires

2 weeks. Thus, conducting the test during the light phase ensured

consistency with the standard operating conditions of the animal

facility, maintaining the wellbeing and normal circadian rhythms of

the animals while reducing stress associated with changing the light

cycle. The three-chamber test was performed during the light phase.

2.3 Ethics statement

All procedures followed the national regulations in accordance

with the European Union Directive 2010/63/EU. The protocols

were approved by the responsible governmental authorities

[Landesamt für Gesundheit und Soziales (LaGeSo), Berlin,

Germany]. The experimental procedures were designed to allow

for maximal animal welfare. Animals lived undisturbed as a group

within their home cage. Briefly, data collection was performed

using automated observational methods applied to undisturbed

group-housed animals. The health of the animals was monitored

daily. Due to the observational nature of the study, the experimental

procedure did not cause any damage, pain, or suffering to

the animals.

2.4 Semi-automated visible burrow system

2.4.1 Material
The semi-automated VBS was designed and built following the

description of the VBS used in Arakawa et al. (2007), as shown

in Figure 1. It consisted of a large regular home-cage (P2000,

Tecniplast, Italy) into which the different compartments were

integrated. The cage was separated into two (open and burrow)

areas by a dark wall (PVC, 35 × 9 × 0.7 cm). The open area

was a square (39 × 40 x 72 cm) delimited by the dark PVC wall

and three transparent walls of the cage (22 cm high) on top of

which extra white walls (particle wood board with smooth white

finish, 50 cm high) were added. The extra white walls kept the

area bright, prevented escapes, and blocked most of the outside

view of the cage. On top of the open area, a transparent Plexiglas

lid was set, which kept the illusion of the openness of the area.

The lid was tilted to avoid light reflections on the videos and had

ventilation holes on the side (Plexiglas 44 × 38 × 14.5 cm). In

the open area, regular food chow and water were available at two

apertures (12 × 4 cm for food) on opposite sides (Figures 1A, B).

The bottom of the open area was covered with bedding (0.5 cm

thickness). The other area, called the “burrow area” consisted of

two separated dark chambers (PVC, 8 × 13 × 6.5 cm), connected

to the open surface by transparent tunnels (Plexiglas). Chamber 1

had one straight tunnel (4 × 5 × 3 cm) connected to the open area

while chamber 2 had two tunnels (straight: 4 × 5 × 3 cm and L

shaped: 8 + 13 cm long × 5 × 3 cm) leading to the open area. A

black plate covered the entire burrow area (burrows and tunnels;

infrared (IR) transparent acrylic glass, 18 × 38 × 0.8 cm) and the

three transparent walls of this side of the large home cage were

taped with black vinyl film so that the chambers and the tunnels

were in near to complete darkness (Figure 1). A grid of 24 RFID

transponder readers (ID grid; Phenosys, Germany) placed under

the VBS cage provided automated, continuous, and simultaneous

spatio-temporal information on each RFID tagged-animal present

above. An infrared black and white video camera and two infrared

lights were placed above the VBS cage. In the videos, all animals

were visible from all places in the VBS and in both light and dark

phases. The ID grid and the video camera were connected to the

same computer, and data were saved on an external hard drive for

later manual analysis of the animal’s behaviors. The VBS cage could

be easily disassembled/reassembled to clean the parts in contact

with animals.

2.4.2 Method
Each mouse was weighed before entering and after leaving the

VBS cage. Each group of four mice spent five experimental days

(five dark and five light phases) spanning over six calendar days in

the VBS cage. They entered the VBS at the onset (or a maximum

of 30min before) of the dark phase on experimental day 1 (at

18:00) and were removed from the system after the end of the dark

phase of experimental day 5 (during the light phase after 13:00). In

the VBS, the mice were left undisturbed (e.g., no bedding change)

and water and food were available ad libitum. The wellbeing of

the animals was checked daily by inspection of the animals’ fur,

posture, and locomotion through the clear walls of the cage and by

evaluation, on video, of their level of activity during the previous

dark phase. After the VBS, mice were placed back together into the

same (empty) regular home cage.

2.4.3 Data acquisition in the VBS
(semi-automated)
2.4.3.1 Automated collection of RFID data, videos, and

identification of individuals

An RFID event was automatically recorded each time the RFID

transponder of a given animal was detected by an RFID reader.

For each event, the control program (PhenoSoft Control program,
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FIGURE 1

Illustrations of the semi-automated VBS. (A) A large rat cage was placed on the top of a grid of 24 RFID readers and its walls were topped by extra

high white walls. A camera was placed on the top of the cage and aligned with the edge of the vertical partition (IR transparent, dark) of the

burrow/open areas (drawn on SketchUp.com). (B) A schematic top view of the VBS cage with B1: one-tunnel burrow, B2: two-tunnel burrows,

w: external water bottle with spout inside the cage, *food access zone with outside food chow reservoir. (C) Still frame of a synchronized video with

RFID tag detection for each mouse (superimposed blue, white, yellow, and pink triangle symbols).

PhenoSys GmbH) specified the date and time, the duration of

the event, the identity of the detected mouse, and the activated

RFID reader. Events were continuously collected and saved for

the entire duration of the experiment. A total of 30 s long videos

were recorded every 10min during the five experimental days

(CamUniversal software, Crazypixel). On each video, colored dots

(one color per animal) were superimposed to the images of each

mouse to allow visual identification of each individual of the group

(Figure 1C; Kolonikaefig software, PhenoSys). Marking the animals

on the videos instead of color-marking their fur or ears was a more

accurate, less invasive, and also simpler method for the long-term

identification of individuals within a group (Lewejohann et al.,

2010; Arakawa et al., 2007).

2.4.3.2 Manual annotation of behaviors

(behavioral ethogram)

Similar to previous studies (Pobbe et al., 2012), only the videos

of the first 4 h of each phase (dark and light) of all experimental days

were analyzed (25 videos per phase, two phases per experimental

day, and five experimental days = 250 videos were analyzed per

group). Each time a mouse expressed one of the behaviors listed

in Table 1, (1) the type, (2) its duration, (3) where it took place in

the cage, and (4) the identity of any other mouse the focal mouse

was interacting with during this behavior (e.g., the mouse “m1”

is “chasing” for “5 s” in the “open area” the mouse “m4”) was

reported in a behavioral ethogram. One focal animal was observed

at a time, and all four animals were observed per video. The videos

were scored by two observers (MR and AH) trained to specifically

and similarly recognize the behaviors described in Table 1. The

same observer scored all videos of a given group of mice. During

video-scoring, the observer was blind to the genotype of the

group. Consistency between observers was evaluated as follows: one

observer would randomly select 10–20 videos of a group she had

not yet annotated, score these videos, and compare her results with

the other observers’ results. Before all the other videos were scored,

if the results differed, the two observers discussed discrepancies and
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TABLE 1 Description of social and non-social mouse behaviors.

Domain Behavior Description of the behavior of the focal mouse

Social behaviors (involves at least two individuals)

Affiliative Allogrooming The mouse is licking or grooming another mouse

Huddle The mouse is lying and/or sleeping in contact with another mouse (only scored in chambers)

Defensive Flight The mouse moves rapidly away from an approaching animal

Offensive aggression Chasing The mouse moves rapidly toward a fleeing animal (faster than following)

Contact The mouse moves toward another animal from a distance. The movement ends with physical contact with the

target animal (not counted in chambers).

Struggle The mouse moves toward another animal and rolling-and-biting follows.

Struggle at feeder At feeder only. The mouse pushes another mouse without boxing or biting (otherwise counted as “struggling” or

“biting”). Two separate “struggling at feeder” are counted when there is an in-between pause of >1 s. If the pause

is <1 s, only 1 “struggling at feeder” is counted.

Mounting The mouse mounts on the back of another mouse and shakes its hip quickly (similar to sexual behavior).

Biting The mouse is clearly biting another animal.

Social approach/communication Approach to front The mouse moves toward the front of another animal from a distance.

Approach to back The mouse moves toward the back of another animal from a distance.

Following The mouse follows, at walking speed, the trajectory of another animal (slower than chasing).

Sniffing The mouse is sniffing another animal. Sniffing is not counted in the chamber and when it is done during the

general exploration of the environment.

Other behaviors (alone or in the proximity of others)

Maintenance Drinking At the water spout, the mouse is drinking (repetitive head and tongue movements directed toward the spout)

Eating At the feeder, the mouse is eating (repetitive pulls with the head from the magazine or paws)

Grooming The mouse is licking its own fur/paws/tail (repetitive head bobs)

Activity Moving The animal moves from one location to another and this is not a movement of another behavioral domain

Immobile The animal shows minimal amplitude of movement to no movement

Behaviors are grouped by domains (Lewejohann et al., 2010). In bold are behaviors classically scored in VBS studies in mice (Arakawa et al., 2007), and in regular font are other behaviors

often scored in studies of social behavior. Mounting in same sex males is listed as offensive aggression following the work of Karigo et al. (2020). The following behaviors: “being bitten”, “being

sniffed”, “being mounted”, “being groomed” were scored but not analyzed to avoid redundancy with “sniffing” and “allogrooming”.

adjusted their scorings’ strategies accordingly. This was repeated

until scorings were similar between observers.

2.4.4 Data analysis
An experimental day consisted of 12h of dark and 12 h of light

phases starting at the onset of the dark phase. An experimental day

spans over 2 calendar days with the dark phase lasting from 18:00

of the first day to 05:59 of the next day.

2.4.4.1 Activity in the VBS

The distance traveled per hour for each mouse was calculated

from the event-based data generated by the ID-grid software

(Phenosoft and Phenosoft Analytics, PhenoSys GmbH, Berlin).

Distance traveled per hour is an indicator of the animal’s

spontaneous activity over time. Due to a technical problem, data

from four Tph2+/+ animals are missing from the dark phase on

experimental day 4.

2.4.4.2 Place preference in the VBS

Place preference in the VBS was calculated using the data

generated by the ID-grid software. The relative frequency (%) of

activation of each RFID-reader of the 24-RFID-reader-grid located

under the floor of the VBS indicated the relative preference of the

animals (averaged per phase and per genotype over all experimental

days) for each of the 24 zones of the VBS. In the open area of the

VBS, four zones can be distinguished: a zone with access to the

feeder, a zone with access to the water spout, a “safer” zone close

to the separating wall and entries to the burrow area, and a more

“risky”, central zone (Figures 1, 3). In the burrow area, half of the

readers were located under one burrow and its two tunnels and the

other half were located under the other burrow and its one tunnel

(Figure 3). A 24-tiles heatmap represents the spatial disposition of

the 24-RFID reader. The darker the color of a tile, the more the

corresponding RFID reader was activated [relative to the activation

of all the other readers of the grid (%)] by the presence of animals

above it and thus the greater the animals (on average) preferred this

location in the VBS.

2.4.4.3 Social and non-social measures in the VBS

For each behavior described in Table 1, the total number

of occurrences per animal, per genotype, and per phase were

analyzed (Figure 4). Potential body mass changes during the

VBS housing were calculated as the difference of weight

before/after VBS. Per genotype, relationships between social and
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non-social behaviors were evaluated using a correlation table

(Supplementary Tables 1, 2).

2.4.4.4 Random forest classification for di�erentiation

of genotypes

Machine learning was used to identify which variables, from

all of the variables extracted during VBS housing (behaviors and

activity, Figure 4) were key to differentiating the Tph2−/− from

the Tph2+/+ mice. To this end, we trained a Random Forest (RF)

classifier (Breiman, 2001) using the R package “randomForest”

(Liaw and Wiener, 2002) and extracted the implemented feature

importance (Gini index) for further analysis. We evaluated

classification performance using a simple accuracy metric based

on leave-one-out cross validation to ensure feasible features with

regard to the differentiability of genotypes. The input variables

for the RF classifier were the total number of occurrences of each

behavior (illustrated in Figure 4) during the dark or light phase

separately, and the total distance traveled during VBS housing, for

each animal of each genotype.

The estimated labels (i.e., genotype) of the test dataset were

compared to the true labels of the animals, and the overall accuracy

of each classification, i.e., the ratio of correctly classified animals,

was computed. The Gini index was automatically assigned to each

variable for its contribution to differentiating the genotypes in each

classification step. For robust results of the Gini index and RF,

we ran this procedure 100 times and reported the average (±SD)

classification accuracy and Gini index. We considered behaviors

with a Gini index of at least 1 as the main contributors to

differentiate between the genotypes.

2.4.4.5 Dynamic organization of the groups

2.4.4.5.1 Development of aggressive and affiliative relationship

strength between pairs of group living individuals using social

network analysis

For each Tph2−/− and Tph2+/+ social network, a node

represents an animal (four nodes per network), a line between

two nodes (a dyad) indicates the occurrence of at least one

interaction between them, and the thickness of the line (the total

number of interactions between a dyad) represents the strength

(weight) of this relationship (weighted directed network). The

higher the number of interactions, the thicker the edge between

the respective animals. For each selected behavior, the development

of its social network was evaluated during the dark phase of

each day as more occurrences of behaviors happened during

this phase. With such day-by-day network representation, we

can visually illustrate the dynamics and quality of interactions

between pairs of individuals within their social network. The social

network analysis of this study focused on the daily dynamics

of overall interaction strength of both “struggle at feeder” and

“allogrooming” networks in the VBS. This parameter (the overall

interaction strength) reflects the role of a single animal or its

“relationship strength” within a network. The overall interaction

strength was assessed as a node’s (a single animal) total number of

interactions within the directed network (in and out). We focused

the analysis on overall interaction strength instead of incorporating

the directed versions of in-strength and out-strength due to the

high similarity between those parameters in the observed data.

For the choice of these variables and of this parameter, see the

Supplementary material.

2.4.4.5.2 Emergence and stability of hierarchy using the glicko

rating method and power distribution within groups

Individuals’ social rankings established by the Glicko rating

system (Glickman, 1999) have been found to highly correlate with

other methods for dominance ranking [i.e., David’s scores and

Inconsistencies and Strength of Inconsistencies (I&SI) ranking for

instance in So et al., 2015]. The clear advantage of the Glicko rating

metric is to report on the dynamic changes in individual dominance

ratings for each of the dyadic interactions within a group (So et al.,

2015; Williamson et al., 2016). Briefly, the Glicko analysis calculates

individual ratings based on the evaluation of the direction of the

attack of each agonistic interaction between two animals. If an

animal initiated a directed “struggle at feeder” behavior, its rating

increased while the rating for the losing animal decreased, and

all other ratings were updated accordingly to these changes in

rating. The Glicko rating model (PlayerRating R-Package) is an

extension of the Elo dynamic paired comparison model (Neumann

et al., 2011) that did not only iteratively compute the animals’ rank

but also the standard deviation of its ranking history to get an

estimation of the rating certainty, which is further used to update

an animal’s ranking. Additionally, this model updated an animal’s

ranking when dyadic interactions occurred between remaining

animals, recognizing the group as a network being more than a

sum of separated pairs of individuals. Following Williamson et al.

(2016) we set the initial ranking and certainty values equal for all

animals. Differing fromWilliamson et al. (2016) we set the ranking

and certainty equal to zero to enable negative ratings to improve the

visualization of the development of social hierarchy. We further set

the ranking update constant equal to 1, which creates little impact

on the final results and still represents an accepted value for mouse

agonistic interactions (So et al., 2015). The Glicko rating and power

distribution analysis were performed using the data “struggle at

feeder” after the social network behavior analysis of this study.

We used the Glicko rating system to appraise (1) if similar

group stratification or hierarchy was observed in the Tph2−/−

groups as in Tph2+/+ groups with the final ranking of individuals

spreading above and below the initial rank mark and the most

dominant animals being defined as having the highest overall ranks,

(2) if one distinct dominant animal could be identified at the end

of the test, (3) how individual hierarchical ratings dynamically

developed over time, and (4) how rapidly, in terms of the number

of scored interactions, the finally dominant animal continuously

received the highest rank until the end of VBS housing. Finally, we

evaluated how inequitable the distribution of power could be within

same-genotype groups of mice. Here, the power of the dominant

male was evaluated as a ratio (relative proportion) of power, defined

as the difference in Glicko rating the dominant male is imposing on

the first subordinate male (the second highest Glicko rating score)

compared to the power projected from the dominant male to the

most subordinate animal (the lowest Glicko rating score). A high

value represents a more strongly despotic dominant male imposing

relatively similar amounts of power toward all other animals.

These analyses were performed on the results from the

video scoring. These data were not continuously available due
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to intermittent video recording and scoring. This may have

introducedminor inaccuracies in the history of dyadic interactions,

however, such effect may have been partially mitigated by the

inclusion of rank certainty in the Glicko rating algorithm.

2.4.4.6 Criteria for pathological aggression

For each individual, we used from the behavioral ethogram

the three following quantitative parameters: (1) the latency to the

first attack (filtering for “struggling” or “struggling at feeder” or

“chasing”), (2) the frequency, and (3) the mean duration of attacks

(Miczek et al., 2003; Takahashi et al., 2010). A short latency to attack

associated with increased frequency and duration of attacks would

suggest escalated aggression in mice (Table 2). Other qualitative

aspects of abnormal aggression were more difficult to extract from

our data. The body location of bites (especially vulnerable body

parts) could not be assessed in our study as very few instances

of biting were observed or skin wounds were found. The lack of

ritualistic behaviors (Haller et al., 2005) could only be indirectly and

tentativelymeasured as the (4) ratio of fight/threat behaviors [Fight:

struggle + struggle at feeder and Threats: chasing + following +

approach to back (atb)]. The theory is that at a lower fight/threat

ratio, the more the threats stop escalated aggression. Any lack of

responses to appeasing signals could not be evaluated from the

angle (top view) of our videos. The conditions in the VBS did

not allow us to evaluate if attacks were context independent, such

as “aimed at the opponent regardless of its sex or state (free-

living/anesthetized/dead) or the environment (home/neutral cage)”

(Natarajan and Caramaschi, 2010). All the same, we could spatially

locate where aggressions happened the most and if these places

were appropriate places for such behavior (Haller et al., 2005;

Table 2).

2.5 The three-chamber test

2.5.1 Material
The apparatus consisted of a rectangular white box (60 × 40 ×

22 cm) divided into three equal-sized chambers (20× 40× 22 cm).

Dividing walls were made from clear Plexiglas, with rectangular

openings (9 × 0.8 × 12 cm) allowing free access to each chamber.

Two clear Plexiglas doors were used to block the openings when

needed. Two round metal-wire grid cages with gray PVC covers at

the bottom and top (Ø10 × 21 cm) were used. In each metal-wire

cage could be placed one unfamiliar (stranger) mouse. Once the

metal-wire cage was placed in the center of a lateral chamber, the

opening in the wire mesh allowed the subject and the stranger mice

to see, hear, smell, and touch each other but prevented fighting.

A video camera above the apparatus recorded the position and

behaviors shown by the subject mouse at any time and in the entire

apparatus. All videos were saved on a computer for later analysis.

2.5.2 Method
The subject mouse was weighed before entering the three-

chamber apparatus. The stranger mice were kept in a separate

experimental room and only transferred to the testing room when

needed. The stranger mice had been previously habituated to the

metal-wire cage (10min daily, for at least three consecutive days

before the testing day). The three-chamber test consisted of three

phases (habituation, social preference, and social recognition). In

the habituation phase, the test subject was first placed in the middle

of the chamber and allowed to explore this chamber for 5min while

access to the lateral chambers was blocked by transparent doors.

Then, the lateral doors were removed, and the mouse could explore

the entire apparatus for 10 more min. At the end of this habituation

phase, the mouse was gently pushed back into the center of the

apparatus, and accesses to the lateral chambers were blocked. In the

social preference phase, an emptymetal-wire cage was placed in one

lateral chamber, and a metal-wire cage with an unfamiliar mouse

that had no prior contact with the subject mouse (stranger 1) in

the other lateral chamber. The location of the unfamiliar mouse in

the left vs. right side chamber was systematically alternated between

test animals. After the lateral doors were removed, the subject

mouse could explore the entire apparatus for 10min (the social

preference test). The subject mouse was then gently guided back

into the center of the apparatus, accesses to the lateral chambers

were blocked, and the two metal-wire cages were removed from

the apparatus. After an inter-test interval of 5min, the lateral doors

were opened, and the subject mouse was allowed to explore the

entire apparatus for 10 more min (Social Recognition test). During

the social recognition test, an unfamiliar mouse (stranger 2) was

placed in the previously empty metal-wired grid. The cage with

stranger 1 was placed back into the same lateral chamber as before.

The mouse had a choice between the first, already-investigated

mouse (now-familiar mouse), and the novel unfamiliar mouse.

At the end of the social recognition test, the subject mouse and

the metal-wired grids were removed. The three chambers and

doors were cleaned with ethanol (70%), and the metal-wired grids

(emptied from the stranger mice) were wiped, cleaned with water,

and dried.

2.5.3 Data acquisition and analysis
Videos of the tests were recorded and saved for offline analysis

by the video-tracking system Viewer 3 (Viewer, Biobserve). In the

three-chamber test, both Social Preference and Social Recognition

were measured as the total time spent in each chamber (%) and in

close proximity with the grid-cage per 5 min bins.

2.6 Statistical analysis

We performed two types of statistical analyses. We analyzed the

continuously-collected-RFID-data with regards to the influence of

experimental (genotype) and random (animals, batch) factors using

Markov chain Monte Carlo simulations of general linear mixed

models (MCMCglmm R-package, Hadfield, 2010) and checked

for a significant difference of the posterior distribution of the

simulations with zero to assess the influence of the random

variables. Other statistical tests were genotype based comparisons

on a variety of experimental (distance traveled overall, per phase,

per day; place preference; total behavior occurrences; parameters

of pathological aggression and weight) and analytical (social

network parameters) variables. To this end, we computed the

exact Wilcoxon-Mann-Whitney test with multiple comparison
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TABLE 2 Pathological aggression in mice based on Takahashi et al. (2010) and Haller et al. (2005).

Tph2+/+ Tph−/− Mann-Whitney test

Quantitative measures

Latency to first attack, min 153.5± 82.6 (158.5) 16.1± 25.5 (5.2) p < 0.01

Total number of attacks 36.0± 24.6 (28.5) 155.3± 33.6 (80.4) p < 0.01

The mean duration of an attack, s 6.8±7.2 (4.2) 6.6± 6.2 (3.2) n.s.

Fight/threat ratio∗ 6.9± 6.2 (5.3) 16.2±13.6 (11.0) p < 0.025

Qualitative measures

Where aggression occurs the most At feeder At feeder

Bites to vulnerable body parts n/a n/a

∗A high ratio indicates a lack of ritualistic behaviors. Mean± standard deviation (median), n/a, not applicable, there are no wounds at all; n.s„ not significant, P-value after Mann-Whitney test.

corrections. The code base is written in the R and Python

programming languages and will be made available via GitHub for

the published version of the article.

3 Results

3.1 Behavioral profile of serotonin-deficient
mice in a semi-natural environment of their
VBS home-cage across days

3.1.1 Activity and place preference in the
semi-automated VBS

Animals of both genotypes showed a similar pattern of activity

across days. Their activity level drastically rose and fell at the onset

of each dark (high-activity) and light (low-activity) phase across

the five experimental days, respectively (Figure 2A). Although the

activity level was higher during dark phases than during light

phases, the animals were also more active during the first and the

last 4 h of each dark phase with a 2-fold decrease of activity during

the 4 h in between. Their activity levels were low and constant

throughout light phases (Figure 2A). Despite this similar pattern of

activity, Tph2−/− mice covered longer averaged distances over days

than Tph2+/+ animals [Figure 2A, MCMCglmm random factors

as animal and group: pMCMC = 0.011, post.mean = 9.865, (l-

95% CI = 2.375, u-95% CI= 16.857)] during both dark and light

phases (Figure 2B, Exact Wilcoxon-Mann-Whitney test: all dark

phases, Z = −2.4616, p-value = 0.01319; all light phases Z =

−2.5157, p-value = 0.01121). More specifically, the Tph2−/− mice

were found consistently more active in all, except the first and

last, dark phases in the VBS (Figure 2C., Exact Wilcoxon-Mann-

Whitney test: day1, Z = −0.9197, p-value = 0.3689; day2, Z =

−2.2722, p-value= 0.02272; day3, Z=−3.0296, p-value= 0.00196;

day4, Z = −2.164, p-value = 0.03041; and day5, Z = −1.5148,

p-value = 0.1344). Tph2−/− mice were also more active than

Tph2+/+ mice during the first and third light phase (Figure 2C,

ExactWilcoxon-Mann-Whitney test: day1, Z=−3.5165, p-value=

0.00026; day2, Z =−0.5951, p-value= 0.5648; day3, Z =−2.0558,

p-value = 0.04018, and day4, Z = −1.8935, p-value = 0.05956).

Surprisingly, after entering the VBS for the first time, Tph2−/−

mice appeared unusually less active than Tph2+/+ mice (Figure 2D,

Exact Wilcoxon-Mann-Whitney test: first 4 h of the dark phase, Z

= 1.4337, p-value= 0.1572), which was not the case during the later

peak of activity of the same dark phase (Figure 2D, ExactWilcoxon-

Mann-Whitney test: last 4 h of the dark phase,Z=−2.2993, p-value

= 0.02108) and on the following days in the VBS.

The heat maps in Figure 3 revealed distinct diurnal and

nocturnal spatial preferences for different zones within the VBS

and between genotypes. During the light phase, animals of both

genotypes were mostly detected in the burrow area with a clear

preference for the two-tunnel burrow (top half of the burrow area;

Figure 3A). Although the pattern of occupation of the different

zones of the VBS seemed equivalent between the genotypes (similar

locations with similar shades of colors per genotype), the difference

between both heat maps (1 = [Tph2−/−] – [Tph2+/+]) indicated

that during the inactive (light) phase Tph2−/− mice spent less time

in the two-tunnel burrow and more time in the open zone than

theTph2+/+ mice (Figure 3B, ExactWilcoxon-Mann-Whitney test:

Open area, Z = −3.821, p-value = 9.294e–5). During the dark

phase, mice of both genotypes were mostly detected at the feeder

and close to the separating wall on the open side of the cage and

more often in the burrow with two tunnels than in the burrow

with a single tunnel (Figure 3C). During this active (dark) phase

of the day, the difference in occupation of these zones between the

genotype was even more pronounced than during the light phase

(stronger variations of colors on the1 heatmap), with the Tph2−/−

mice significantly more often detected in the open area, especially

at the feeder than the Tph2+/+ mice and less often in the two-

tunnel burrow (Figure 3D, Exact Wilcoxon-Mann-Whitney test:

Open area, Z =−5.3018, p-value= 1.741e−10).

Despite Tph2−/− spent more time at feeder, after 5 days in the

VBS, Tph2−/− mice gained less weight than Tph2+/+ mice (Exact

Wilcoxon-Mann-Whitney test: Z = −2.6436, p-value = 0.0072;

Tph2−/− weight: before, mean = 18.8 ± SD: 2.0 g, after, mean =

18.9± SD: 3.4 g; Tph2+/+ weight: before, mean= 19.8± SD: 5.1 g;

after, mean= 20.4± SD: 4.7 g).

3.1.2 Social and non-social behaviors in the home
cage

In the semi-automated VBS, all behaviors listed in Table 1

are seen in both genotypes. Only “biting” (occurred five times

in total: three times in Tph2+/+ and two times in Tph2−/−

mice) and “mounting” (occurred six times: three times in
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FIGURE 2

Distance traveled in the automated VBS. (A) Mean distance traveled per hour (+SD) across 5 days by Tph2+/+ (solid symbols) and Tph2−/− (open

symbols) mice. Each experimental day starts (dashed line) at the onset of the dark phase (18:00–05:59; gray box) and finishes with the end of the

following light phase (06:00–17:59; white box). (B, C) The boxplot of mean distance traveled per hour during light and dark phases, averaged over 5

days (B) or for each of the five consecutive days (C). (D) The mean distance traveled per hour during the first and last 4 h of the dark phase in

experimental day 1. Boxplots show median, quartiles, 5th/95th percentiles, and outlying points ({ggplot2}, R) for Tph2+/+ (gray bars) and Tph2−/−

(open bars). Exact Wilcoxon-Mann-Whitney test, *p < 0.05 between the genotypes. m, meter.

each genotype) were very rarely seen. All behaviors, except for

“huddle” which happens while sleeping, were most expressed

during the active (dark) phase of the day (see light phase in

Supplementary Figure S1). Tph2−/− mice performed significantly

more offensive aggression, such as “approach to back,” “chasing,”

“contact,” and “struggle at feeder” than Tph2+/+ mice and

in both phases (except for “approach to back” and “chasing”

during the light phase, for which the occurrences of behaviors

are too rare to be meaningfully quantified; Figure 4A, Exact

Wilcoxon-Mann-Whitney test: Dark phase, approach to back Z

= −2.7593, p-value = 0.0048, chasing Z = −2.3208, p-value

= 0.0196; contact: Z = −2.3702, p-value = 0.0169; struggle Z

= −1.4001, p-value = 0.1652; struggle at feeder: Z = −4.5191,

p-value = 7.158e−7; Supplementary Figure S1, Exact Wilcoxon-

Mann-Whitney test: Light phase, contact: Z = −2.0371, p-

value = 0.0414; struggle Z = −4.3624, p-value = 2.657e−6).

In Tph2+/+ mice, “chasing” (both phases) and “approach to

back” (in light phase only), “struggle” (in light phase only) and

“struggle at feeder” (in light phase only) were rare behaviors

(Figure 4A; Supplementary Figure S1). Tph2−/− mice were more

defensive (“flight”) than the Tph2+/+ mice during the light phase

(Supplementary Figure S1, Z = −2.1969, p-value = 0.0304) but

not during the dark phase (Figure 4B, Z = −1.8483, p-value =

0.0652). Regarding social non-aggressive approaches, during the

dark phase, Tph2−/− mice exhibited significantly less “sniffing”

behaviors (Z = 2.4759, p-value = 0.0124) than Tph2+/+ mice

but did not differ in total number of “approach to front” or

“following” behavior during this same phase (Figure 4C, APF Z

= −1.0565, p-value = 0.2979; following Z = −0.58745, p-value

= 0.5655). These latter behaviors were rarely observed during

the light phase in both genotypes and thus were not compared

statistically (Supplementary Figure S1). In both phases, Tph2−/−

mice were found eating and drinking (although “drinking” was

more rarely observed, probably because of the shortness of the

behavior) significantly more often than Tph2+/+ mice (Figure 4D:

Dark phase, drinking Z = −3.1292, p-value = 0.0012; eating

Z = −3.5444, p-value = 0.0002; Supplementary Figure S1: Light

phase, drinking Z = −3.1837, p-value = 0.0013; eating Z =

−4.2074, p-value = 6.191e−6) and grooming during the dark

phase was less often witnessed in Tph2−/− mice than in Tph2+/+

mice (Figure 4D: Dark phase, Z = 2.5875, p-value = 0.0087;

Supplementary Figure S1: Light phase Z = −0.7856, p-value =

0.4403). Finally considering affiliative behaviors, Tph2−/− mice

showed less “allogrooming” behavior than Tph2+/+ mice, in both

phases (Figure 4E, Dark phase, Z = 4.3102, p-value = 3.562e−6;

Light phase, Z = 2.6884, p-value = 0.0064) while “huddled” was
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FIGURE 3

Place preference in the VBS during light (A, B) and dark (C, D) phases. (A) Averaged place preference (%) of Tph2−/− (top) and Tph2+/+ (bottom)

animals during the light phase (all days). Each tile of the heat map represents the position of one RFID reader as it was located under the VBS

(24-RFID-grid). Food (orange rectangle) and water (blue square) were available from two distinct zones in the open area. The vertical black dashed

line indicates the separation between the open and the burrow areas. The brighter the color of a tile is, the more often the RFID reader was activated

[relative to the activation of all the other readers of the grid (%)] and thus the greater the animals preferred on average this location in the VBS. (B-top)

Di�erences in place preference (%) between Tph2−/− and Tph2+/+ [subtraction of heat-maps in (A)] during the light phase. (B-bottom) The boxplot

representation of averaged place preference (%) in 1, by zone (open vs. burrow). (C) Averaged place preference (%) of Tph2−/− (top) and Tph2+/+

(bottom) animals during the dark phase (all days). (D-top) Di�erences in place preference (%) between Tph2−/− and Tph2+/+ [subtraction of heat

maps in (C)] and (D-bottom) The boxplot representation of averaged place preference (%) in 1, by zone (open vs. burrow). Boxplots show median,

quartiles, 5th/95th percentiles, and outlying points ({ggplot2}, R). Exact Wilcoxon-Mann-Whitney test, *p < 0.05 between the genotypes.

shown as many times as in Tph2+/+ mice and during both phases

(Figure 4E, Supplementary Figure S1).

The relationships between social and non-social behaviors

were then explored per genotype with Spearman correlations

(Supplementary Tables S1, S2). After 5 days in the VBS, Tph2−/−

mice did not show a weight gain different from Tph2+/+ mice

that slightly increased in weight (Exact Wilcoxon-Mann-Whitney

test: Z = −2.6436, p-value = 0.0072; Tph2−/− weight: before,

mean = 18.8 ± SD: 2 g, after, mean = 18.9 ± 3.4 g; Tph2+/+

weight: before, mean = 19.8 ± 5.1 g; after, mean = 20.4 ±

4.7 g).

3.1.3 Behavioral di�erentiation of genotypes
using a random forest classification

The training of the Random Forest (RF) classifier, on the

social and non-social behaviors, and distance traveled in the VBS

of the Tph2−/− and Tph2+/+ mice, led to a high precision in

genotype prediction with an averaged accuracy of 81.4% (±1.2)

over 100 runs. For each LOOCV run of the classifier, we obtained

the Gini index for each input variable. These values provided a

robust estimate for the importance of each of the given behaviors

to differentiate Tph2−/− from Tph2+/+ mice (Figure 4F). With

the Gini index ≥1, the behaviors with the greatest potential
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FIGURE 4

The total number of occurrences of social and non-social behaviors in the home cage. (A–E) The total number of behaviors (grouped by domains)

per genotype and over all experimental days during dark phases. ATB, approach to back; ATF, approach to front. (F) From the RF classifier, plots of

100 Gini values, for each VBS variable, during the dark and light phases separately. Gini index >1 (dotted line) indicates behaviors highly di�erent

between genotypes. SAF: struggle at feeder. Boxplots show median, quartiles, 5th/95th percentiles, and outlying points ({ggplot2}, R). Exact

Wilcoxon-Mann-Whitney test, *p < 0.05. (G) Social networks for “struggle at feeder” (top) and “allogrooming” (bottom) of an exemplary group of

Tph2−/− and of Tph2+/+ mice across dark phases of successive days. A node represents an individual and the width of a line of the overall strength of

that behavior between the pair of animals for the given day.
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for differentiation of the two genotypes were “allogrooming”,

“struggling at feeder” and “eating” during the dark phase and

“eating” and “struggle” during the light phase (Figure 4F).

3.2 Role of serotonin in the dynamic
organization of groups of mice in their
home cage and across days

3.2.1 Evolution of aggressive and a�liative
relationship strength between pairs of
group-living individuals using social network
analysis

The network of two of the most discriminative variables

between genotypes, “struggle at feeder” (offensive) and

“allogrooming” (affiliative), showed clear differences in their

topologies across days (Exact Wilcoxon-Mann-Whitney test,

overall interaction strength, struggling at feeder, Z = −4.2158,

p-value = 1.2446e−5; allogrooming, Z = −4.6798, p-value =

1.4358e−6; Figure 4G showing two representative groups of mice).

On a daily basis, Tph2−/− mice compared to Tph2+/+ mice

struggled at feeder with a higher interaction strength, from days 1

to 5, (day 1: Z = −3.6607, p-value = 0.0001; day 2: Z = −3.7961,

p-value = 7.3489e−5; day 3: Z = −2.8738, p-value = 0.0020; day

4: Z = −5.1147, p-value = 1.5709e−7; day 5: Z = −4.277, p-value

= 9.4703e−6; Figure 4G) but performed “allogrooming” with a

lower interaction strength from days 2 to 5 (day 2: Z = −5.1973,

p-value = 1.0111e−7; day 3: Z = −3.3003, p-value = 0.0005; day

4: Z = −2.3549, p-value = 0.0093; day 5: Z = −3.8115, p-value =

6.907e−5; Figure 4G). This showed that each mouse would struggle

at feeder with all the other mice of the group (between all pairs),

repeatedly (edges are thick) and consistently over days, in contrast

to the Tph2+/+ networks where struggling at feeder was observed

between fewer and varying pairs of mice over days.

3.2.2 Emergence and stability of hierarchical
ranking using the Glicko rating method and
power distribution within groups

In both genotypes changes in individual Glicko ratings

over time indicated the emergence of dominance within

each group (Figure 5A for two groups and all groups in

Supplementary Figure S3). In all groups, one (in two groups)

or two animals’ rankings were found above their initial Glicko

rating (y= 0; Figure 5B) indicating in both genotypes, stratification

of the individuals at the end of the VBS, into higher and lower

ranked individuals (Figure 5B). In the Tph2+/+ groups, the highest

ranked individual already emerged as the most dominant animal

after a median number of 61 agonistic interactions (mean =

85.8 ± SD: 54.13; group scores: 16, 60, 61, 171, 121; Figure 5C).

In the Tph2−/− groups, dominant males emerged as dominant

individuals of their groups after a median number of 243 agonistic

interactions (mean = 269.2 ± SD: 122.53; group scores: 125, 243,

158, 382, 438; Figure 5C). Taken together, dominance emerged

more readily, after less interactions, in the Tph2+/+ groups

compared to the Tph2−/− groups. The results were consistent after

controlling for the overall higher number of interactions in the

Tph2−/− groups by dividing the count at emergence by the overall

count of interactions within the groups (Supplementary Figure S3).

Finally, we examined the power exerted by the dominant male

on subordinate animals by evaluating how much each dominant

male monopolized agonistic interactions within their social group

or said otherwise, how (un)equally distributed the power was

within groups. Considering the individual’s final Glicko rating, a

dominant male is considered “despotic” when it imposes toward

the second-highest-ranked male power of one-third or more of the

total imposed power on the lowest-ranked animal. Here we found

that three out of the six most despotic males (above alpha = 0.33)

were Tph2+/+ animals, indicating no difference in (despotic) style

between genotypes (Figure 5D, Supplementary Table S3).

3.3 Pathological aggression in mice in the
VBS

The first attack in Tph2−/− mice occurred sooner than

for the Tph2+/+ mice. They attacked (struggle and struggle at

feeder together) with a higher frequency and used significantly

fewer warning signals (e.g., threats: chasing, following, ATB) than

Tph2+/+ mice. However, the duration of a given attack was not

longer for the Tph2−/− mice than Tph2+/+ mice and fights

occurred mainly at the feeder (Table 2).

3.4 Social cognition in the three-chamber
test

In the first 5min of the social preference test, both groups

of mice preferred interacting with the “unfamiliar” individual

(Figure 6A, Mann-Whitney test, Tph2−/− mice: W = 96, p-value

= 3.544e−6; Tph2+/+ mice: W = 61.5, p-value = 0.001556). In the

next 5min while Tph2+/+ mice lost interest in the now “familiar”

animal, the Tph2−/− mice kept interacting more with the mouse

than with the empty cage (Figure 6B, Tph2−/− mice: W = 185,

p-value = 0.001575). Tph2−/− mice did not habituate as fast as

the Tph2+/+ mice to a new individual. They kept investigating the

novel individual over the 10min of the test while the preference for

the novel individual was reduced in Tph2+/+ after 5min of the test.

In the social recognition test, for both genotypes, the duration spent

in the chamber with the “familiar” individual was not different from

the time spent in the chamber with the “unfamiliar” individual,

precluding further interpretation of this second phase of the test

(Supplementary Figure S4).

4 Discussion

In this study, we performed an in-depth analysis of home

cage behavior of group living mice to investigate the role of

central serotonin in the expression of everyday-life aggression,

social and non-social activities and the dynamics of group

organization. In this semi-natural environment, Tph2−/− animals

did show some well-conserved mouse behavioral characteristics.

However, the lack of brain serotonin also resulted in significant
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FIGURE 5

Temporal and social properties of individual Glicko ratings for Tph2+/+ groups (batches 1–5) and Tph2−/− groups (batches 6-10). (A) Change in

individual Glicko ratings over time of two selected groups [batch 3 (Tph2+/+) and batch 10 (Tph2−/−)] illustrating early and late establishment of

dominance depending on genotype. Each line represents the ratings of one individual in the group, while the solid black line represents the final

dominant male. Ratings are recalculated for every individual after each agonistic interaction. Rating values are normalized as the ratio of absolute

maximum rating within a given group history ({matplotlib}, Python). (B) The final individual ranking of each group normalized to the absolute

maximum rating within a given genotype. The initial rating value is shown as a vertical dotted line at zero. (C) The minimum number of agonistic

interactions, each dominant animal engaged in before they reached the top Glicko rating that remained their rank until the end of the rating period.

(D) The power of the dominant male is defined as the ratio of absolute power exhibited by the dominant toward the second-ranked male over the

total power expressed toward the lowest ranking animal. Despotic dominance is above 0.33 (dotted line).

FIGURE 6

Social preference and habituation in the three-chamber test. The total duration of interaction with the empty grid or the grid with enclosed

unfamiliar mouse during 1–5min (A) and 6–10min (B) of test ({ggplot2}, R). Wilcoxon-Mann-Whitney test, *p < 0.05 between empty and unfamiliar

for the same genotype. s, seconds.

behavioral anomalies in mice and led to altered social network

characteristics and dynamics of group formation, indicative of

broader cognitive impairments.

In the undisturbed ethological-like conditions of the VBS

housing, Tph2−/− mice showed typical day-night fluctuations of

activity and a similar pattern of home-cage zone use throughout

the day. Similar to wild-type controls, they visited more frequently

the food and open areas during active phases and the safe and

sheltered areas during inactive phases. Serotonin ablation did

not impact the typical day/night fluctuations in mouse activity
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observed as a response to changes in environmental light. Despite

known interactions between serotonin and circadian control

systems (regulation of the sleep-wake cycle) and their respective

roles in the expression of seasonal mood disorders for instance

(Gallardo et al., 2020), this result confirms the role of a larger

neurobiological network for the regulation of these homeostatic

processes. Moreover, the lack of congenital serotonin did not

abolish the expression of any specific behavior in mice, however,

it drastically affected their relative frequencies. Only the life-

essential affiliative behavior of “huddling” (i.e. “sleeping in direct

contact with at least one other mouse”), in Tph2−/− mice was

unaffected. The expression of “huddling”, which is essential for the

maintenance of group cohesion (Gilbert et al., 2010; Arakawa et al.,

2007), was well-preserved and negatively correlated with offensive

behaviors in both Tph2−/− and Tph2+/+ groups. Finally, despite

the altered behavior patterns of Tph2−/− mice, their groups are

still organized hierarchically with time. The conservation of typical

daily life characteristics along with the simultaneous expression

of deficits give this model comprehensive face validity. Indeed,

in their everyday life, violent patients are not socially maladapted

in all contexts and all endeavors, they can also adapt to some

social contexts.

Nevertheless, the lack of brain serotonin had a strong impact

on most other individual and group characteristics. Pathological

aggression has been described as inappropriate, frequent, and

prolonged bouts of aggression, which leads to an increased

burden for the individual (Haller et al., 2005). On the five

criteria of pathological aggression that we could analyze (Table 2),

Tph2−/− mice attacked sooner, more often, and displayed fewer

“warning” signs than Tph2+/+ animals. However, fights were

of similar duration between genotypes and rarely occurred in

inappropriate zones of the cage, such as in the burrows, but

mostly occurred at the feeder, a typical area for fights. Moreover,

Tph2−/− mice might visit the feeder more often due to their

increased metabolism (van Lingen et al., 2019), increasing their

chances to meet and potentially fight as food is a resource that

naturally triggers aggression (Blanchard and Blanchard, 2003).

While these observations could indicate more adaptive aggression,

the analysis of the day-to-day network of their fights revealed

an atypical lack of de-escalation of aggression over time. In

the absence of de-escalation of aggression and in addition to

the other markers of pathological aggression, this home cage

analysis suggests Tph2−/− mice as a potential model to study

pathological aggression.

On a complementary note, the lack of de-escalation of

aggression in these mice could indicate poor behavioral control and

cognitive flexibility. Indeed, serotonin and its multiple receptors are

essential players in the control of behavior, behavioral flexibility,

and the extinction of context-dependent conditioned behaviors

(Bacqué-Cazenave et al., 2020; Dellu-Hagedorn et al., 2018; Alvarez

et al., 2021).

Moreover, our study highlights impairments of the Tph2−/−

mice to form familiar social memories and to show typical

communication behavior. Since exhibiting adaptable and

appropriate social behaviors, in particular, inhibiting aggression

and preventing conflict, is crucial to establishing social memories

and effectively communicating this knowledge to others, a lack of

appropriate social knowledge could prevent Tph2−/− mice from

flexibly adjusting their behavior and controlling aggression.

While Tph2−/− mice do not have olfactory deficits, which

allows them to use olfactory cues to form social knowledge (Carlson

et al., 2016; Mosienko, 2013), in the three-chamber test, Tph2−/−

mice kept investigating the unfamiliar mouse for twice as long as a

Tph2+/+ mouse indicating a deficit in their ability to build familiar

memories. The role of serotonin in forming social memories is

consistent with serotonin being a new pharmacological target

to counter memory alteration through lack of synaptic plasticity

(González-Burgos and Feria-Velasco, 2008). It further plays an

essential role in memory formation, especially short and working

memory (Hritcu et al., 2007; Coray and Quednow, 2022) and the

encoding of familiarity and phenomena of déjà vu (Kalra et al.,

2007). In regards to these studies and following a “for better for

worse model” (Kiser et al., 2012), one hypothesis is the lack of

serotonin in the Tph2−/− mice could dampen their sensitivity to

social and non-social cues present in the environment, potentially

delaying the formation of new social memories.

Another key result is the lack of expression of typical

communication skills. Tph2−/− mice showed low “sniffing” and

“allogrooming” counts (here and Beis et al., 2015; Kane et al.,

2012), which are also among the four most discriminating

behaviors between genotypes (along with “aggression” and “feeding

behavior”) identified by the Random Forest classifier. These two

behaviors are essential for social communication (Berg et al.,

2018) in animals to build social knowledge (Lee et al., 2019)

and for the maintenance of group cohesion in mice (Wu et al.,

2021; Schweinfurth et al., 2017). In mice, through their tactile

sensitivity, sniffing (i.e., air movement on face and fur between

animals) and allogrooming are important modalities for sharing

an understanding of each individual’s leadership position (Wesson,

2013; Lee et al., 2019). In the undisturbed environment of their

home cage, these animals did not display the typical behaviors that

allow them to gather, communicate, and use important social cues

from their conspecifics. In the absence of such social information,

the Tph2−/− mice could not have typical social knowledge of the

different individuals in the cage which would lead to an inability to

behavioral adjustment.

Here we also showed that very aggressive genetically-similar

mice did dynamically organize their groups into individually

stratified and stable hierarchies (dynamic and final Glicko ratings).

This was although hierarchies emerged later, and the power of the

alpha male was more diffuse in Tph2−/− mice than in Tph2+/+

groups. These results highlight the non-essential role of serotonin

in building up a social hierarchy but at the same time serotonin’s

absence impacts the structuring and dynamic aspects of group

formation (SNA, diffused power, late emergence of leader). The

emergence of a dominant individual is a dynamic process relying

in part on communication, social knowledge, and behavioral

flexibility of the individuals of the group (Wesson, 2013), which are

social competences for which Tph2−/− mice are highly impaired.

Our findings confirm the increased aggression, delayed social

memory formation, and impulsivity previously reported in male

and female Tph2-deficient mice and rats, which resemble aspects

of ASD in humans (Angoa-Pérez et al., 2012; Mosienko et al.,

2012, 2015a,b; Kane et al., 2012; Beis et al., 2015; Kästner et al.,
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2019; Maddaloni et al., 2018; Meng et al., 2022). These behavioral

abnormalities are probably not caused by developmental alterations

in a serotonin-deficient brain, since the silencing of serotonergic

neurons by overexpression of the inhibiting autoreceptor 5-HT1A

in adulthood also increased aggressive behavior (Audero et al.,

2013).

Finally, while most of the social and everyday life impairments

in human patients are not easily measurable in preclinical or

clinical settings, in pre-clinical research, the use of ethological-

like testing systems offers a novel avenue to catch everyday-life

complexity.With this new semi-natural cage and the corresponding

analytical tools, we developed for this project, we could study the

everyday-life longitudinal symptomatology of our animal models,

in different cage contexts, at both individual and group levels.

This methodology provided a unique set-up for evaluating complex

behaviors and further expanded our knowledge of the role of brain

serotonin in pathological aggression.

This study has several limitations. We aimed to investigate

the effect of the congenital lack of brain serotonin on group

behavior in mice. Only males, but not females were included

in the experimental design. Although females do not typically

engage in aggressive behaviors as males do, they can engage

in affiliative types of behaviors that could have been disturbed

by a lack of serotonin. Therefore, it is of high importance to

perform similar studies in cohorts of female mice in the future.

Another limitation of our study is the potential confounding effect

introduced by the use of unfamiliar mice from different litters.

Due to the constraints of our breeding scheme, it was necessary

to group animals of the same genotype from different litters,

resulting in the introduction of mice that were not previously

co-housed. However, these animals were mixed together between

5 and 6 weeks of age and kept in the same cage for at least

1 week before experimentation, this period may not have been

sufficient for full acclimatization and establishment of social

hierarchies. Consequently, the developing familiarity among the

mice could have influenced their behavior and physiological

responses, potentially impacting the study’s outcomes. This

limitation should be taken into account when interpreting

the findings, and future studies may consider extending the

acclimatization period or employing alternative strategies to

mitigate this confounding factor. In addition, the use of a

congenital model lacking the enzyme responsible for the central

serotonin synthesis did not allow us to distinguish whether the

differences in the behavioral profile are a result of developmental

alterations caused by the absence of brain serotonin or serotonergic

transmission itself. Although studies in 5-HT1A animal models

(Audero et al., 2013) argue for the direct involvement of

serotonergic neurotransmission in the manifestation of observed

phenotypes, the reestablishment of other systems due to the

congenital lack of serotonin (Maddaloni et al., 2024) cannot

be excluded. To overcome this limitation and to study more

precisely the mechanisms and downstream pathways resulting

in the behavioral phenotypes observed in Tph2-deficeint mice,

future studies should involve more sophisticated methods using

conditional knockouts or chemogenetic/optogenetic approaches A

combination of innovative methods developed in frames of this

study in combination with such animal models in a follow up study

may shed light on the nature of observed phenotypes.

5 Conclusion

In this study, we show that Tph2−/− mice present several

characteristics of pathological aggression. However, beyond

aggression, in their undisturbed housing conditions, Tph2−/−

mice have a more subtle, complex, and dynamically maladaptive

phenotype. Mice lacking serotonin had poorer communication

skills (i.e., sniffing and allogrooming), possibly poorer sensitivity

to environmental cues (social and non-social), and altered short

term memory formation of social knowledge, as well as more

slowly developing hierarchical ranking and different social network

dynamics. In this study, we highlighted the great advantages

of using home cage monitoring systems for the integrated

analysis of the several layers, temporality, and relationships of

social and non-social behaviors in mice, from individual to

group levels.

We consider Tph2−/− mice to be a great potential tool to

further investigate the role of serotonin in the expression of

food related aggression, short term social memory formation, and

aspects of social competence. Finally, in this study, by integrating

home cage environments with specialized analytical methods

tailored for assessing complex, spontaneously occurring home cage

behaviors, we enabled the study of the dynamic and temporal

aspects of mice living in self-organized groups.
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