
 
 

 
DISSERTATION 

 
 

Multidimensional description of behavioral phenotypes –  
Role of serotonin in individual profiles of behavior  

 
Multidimensionale Beschreibung von Verhaltensphänotypen – 

Die Rolle von Serotonin für individuelle Verhaltensprofile 
 
 
 
 

zur Erlangung des akademischen Grades  
Doctor of Philosophy (PhD) 

 
 
 

vorgelegt der Medizinischen Fakultät  
Charité – Universitätsmedizin Berlin 

 
 
 

von  
 
 

Lucille Alonso 
 
 
 
 

Erstbetreuung: Prof. Dr. York Winter 

 
 

Datum der Promotion: 29.11.2024 
 



 

 

 



 i 

Table of contents 

List of tables ................................................................................................................... iv 

List of figures ................................................................................................................... v 

List of abbreviations ........................................................................................................ vi 

Abstract ........................................................................................................................... 1 

1 Introduction ............................................................................................................... 4 

1.1 Mental disorders and their preclinical study ........................................................ 4 

1.2 Inter-individual differences in animals’ behavior as a model of the diversity of 

humans’ behavior and symptoms ................................................................................ 5 

1.3 Serotonin a promising marker of mental disorder ............................................... 7 

1.4  Research questions and objectives .................................................................... 9 

1.4.1 Part I. Validation of the multidimensional profiling approach with a case of 

strain comparison in rats .......................................................................................... 9 

1.4.2 Part II. Effect of constitutive brain serotonin depletion on individual bio-

behavioral profile .................................................................................................... 10 

1.4.3 Part III. Effect of acute and moderate brain serotonin depletion on the 

vulnerable behavioral profile ................................................................................... 10 

2 Methods .................................................................................................................. 12 

2.1 Animals ............................................................................................................. 12 

2.2 Behavioral tests ................................................................................................ 13 

2.2.1 Tests in the operant system ....................................................................... 13 

2.2.2 Other tests ................................................................................................. 14 

2.2.3 Semi-automated Visible Burrow System (VBS) ......................................... 15 

2.3 Serotonin measurements ................................................................................. 17 

2.4 Statistical analysis ............................................................................................ 18 

2.5 Multidimensional analysis ................................................................................. 18 

2.3.1  One variable per function .......................................................................... 18 



 ii 

2.3.2  Random Forest (RF) ................................................................................. 18 

2.3.3  Principal component analysis (PCA) ......................................................... 19 

2.3.2  Network analysis of behavioral profiles ..................................................... 19 

3. Results ................................................................................................................... 20 

3.1 Validation of the multidimensional profiling approach and comparison of DA and 

WH strains of rats, published in Behavioral Brain Research (Alonso et al., 2019b) ... 20 

3.2 Effect of constitutive brain serotonin depletion on the bio-behavioral profile of DA 

rats, published in iScience (Alonso et al., 2023) ........................................................ 24 

3.3 Effect of acute and moderate brain serotonin depletion on the behavioral profile 

of SD rats, published in the International Journal of Molecular Sciences (Alonso et al., 

2024b) ........................................................................................................................ 28 

4. Discussion .............................................................................................................. 31 

4.1 Short summary of results .................................................................................. 31 

4.2 Interpretation of results ..................................................................................... 32 

4.3 Embedding the results into the current state of research ................................. 35 

4.4 Strengths and weaknesses of the studies ........................................................ 37 

4.5 Implications for future research ........................................................................ 39 

5. Conclusions ............................................................................................................ 40 

Reference list ................................................................................................................. 41 

Statutory Declaration ..................................................................................................... 51 

Declaration of your own contribution to the publications ................................................ 52 

Printing copies of the publications ................................................................................. 54 

Publication 1 in an international journal ..................................................................... 54 

Publication 2 in an international leading “Top” journal ............................................... 68 

Publication 3 in an international leading “Top” journal ............................................... 93 

Curriculum Vitae .......................................................................................................... 109 

Publication list .............................................................................................................. 112 

Acknowledgments ....................................................................................................... 114 



 iii 

 



 iv 

List of tables 

Table 1: Comparison of the WH and DA rats’ performances with the Wilcoxon rank sum 

test…………………………………………………………………………………….…………...22 

Table 2: Behaviors of the good and poor decision makers in DA and WH strains     

………………………………………………………………………...…………………….......23 

Table 3: Tph2+/+ and Tph2−/− rats’ performances and comparison between genotypes with 

the Wilcoxon rank sum test…………………………………………………………….……...26 

Table 4: Control and Tph2-kd rats’ performances and comparison with the Wilcoxon rank 

sum test and additional performances of the subgroup of Tph2-kd poor decision 

makers……...…...……………………………………………………………………………...29 

  



 v 

List of figures 

Figure 1. Random Forest classification of the Dark Agouti and Wistar Han rats….……24 

Figure 2. Principal component analysis and random forest classification of the Tph2+/+ 

and Tph2−/− rats.……………………………………………………………………………..…27  

Figure 3. Network analysis of the behavioral profiles of Tph2-knockdown and control rats 

with Spearman’s correlations…………………………………………………………………30 

 



 vi 

List of abbreviations 

DA: Dark Agouti 

GDM: good decision maker 

PDM: poor decision maker 

SD: Sprague-Dawley 

TPH2: Tryptophan hydroxylase 2  

WH: Wistar Han 

 

 

 



Abstract 1 

Abstract 

Despite the considerable global burden of mental disorders, the development of new 

therapeutic options still does not meet the need. New approaches to study and 

understand the complexity of mental disorders are essential. The dimensional approach 

of mental health brings normal and pathological states on the same continuum. The 

worsening of a symptom along this continuum is then conceptualized as the consequence 

of an underlying biological change. In preclinical research, behavioral animal studies aim 

at identifying specific neurobiological markers of different behavioral dimensions. The 

study of the expression of natural evolutionary shaped behaviors and their alterations is 

now encouraged to bridge the translational gap between clinical and preclinical studies 

and to foster the development of new therapies. Studying inter-individual differences is 

another strategy to model spontaneous maladapted behavioral dimensions in animals 

and scrutinize their neurobiology. Using the Rat Gambling task, a decision-making task 

that mimics real-life complexity of choice, three types of decision makers, spontaneously 

existing in a population of rats, can be identified. Among them, individuals called “poor 

decision makers” make less favorable decisions on the long term in the task. These 

individuals also present a set of maladaptive behaviors and biological specificities 

including a dysregulation of the serotonergic metabolism. Serotonin is a neurotransmitter 

associated with the expression of several mental disorders and is the main biological 

target of many available clinical treatments. However, whether serotonin would modulate 

several behavioral dimensions simultaneously and in the same individual is not yet 

known. In a translational effort, I first aimed to establish a new multidimensional and 

differential profiling approach to characterize individual-based complex bio-behavioral 

profiles in healthy rats. The second objective was to evaluate how changes in brain 

serotonin would influence the identified bio-behavioral profiles. The role of serotonin was 

investigated with two genetical rat models targeting the synthesis of central serotonin. 

Rats with a constitutive lack of brain serotonin expressed compromised everyday life 

behaviors in their semi-naturalistic home-cage. Rats with an induced and moderate 

decrease of central serotonin presented a higher proportion of poor decision makers 

which presented an aggravated cognitive profile. Overall, this extensive work established 

the use of machine learning and multivariate analysis as essential to apprehend the 

complexity of animals’ phenotype. Multidimensional testing, especially in semi-naturalistic 

home-cages, was key in the identification of real-life markers of serotonergic function with 
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high translational value. This work confirmed the specific role of serotonin in the 

worsening of the behavioral profile of the most vulnerable individuals specifically and 

through their social cognition abilities. 

Zusammenfassung 

Die Entwicklung therapeutischer Optionen wird dem Bedarf trotz der enormen globalen 

Belastung durch psychische Störungen nicht gerecht. Neue Ansätze zum Verständnis 

der Komplexität psychischer Störungen sind unerlässlich. Im dimensionalen Ansatz zur 

psychischen Gesundheit werden normale und pathologische Zustände in einem 

Kontinuum zusammengefasst. Hier wird das Verschlechtern eines Symptoms als Folge 

zugrundeliegender biologischen Veränderung interpretiert. Verhaltensstudien an Tieren 

zielen auf die Identifikation spezifischer neurobiologischer Marker der verschiedenen 

Verhaltensdimensionen. Die Untersuchung natürlicher, evolutionär geprägter 

Verhaltensweisen und ihrer Veränderungen ist ein neuer Ansatz, um die Kluft zwischen 

klinischen und präklinischen Studien zu schießen und die Entwicklung neuer Therapien 

zu stärken. Spontane, fehlangepasste Verhaltensdimensionen bei Tieren und ihre 

Neurobiologie können durch interindividuelle Unterschiede untersucht werden. Mit dem 

“Rat Gambling task“, einer Entscheidungsaufgabe, mit einer Komplexität wie im 

wirklichen Leben, können drei Typen von Entscheidungsträgern in einer Rattenpopulation 

identifiziert werden. Hierbei treffen "schlechte Entscheider" genannte Individuen weniger 

günstige langfristige Entscheidungen. Diese Tiere weisen zusätzlich eine Reihe von 

Verhaltensstörungen und biologischen Besonderheiten auf, darunter die Dysregulation 

des serotonergen Stoffwechsels. Serotonin ist ein Neurotransmitter, der mit 

verschiedenen psychischen Störungen im Zusammenhang steht und das biologische Ziel 

vieler klinischer Behandlungen ist. Es ist nicht bekannt, ob Serotonin gleichzeitig mehrere 

Verhaltensdimensionen innerhalb eines Individuums moduliert. Im Rahmen eines 

translationalen Konzepts wollte ich zunächst einen neuen multidimensionalen und 

differenzierenden Profiling-Ansatz für individuelle komplexe biologische Verhaltensprofile 

bei gesunden Ratten entwickeln. Das zweite Ziel war zu untersuchen, wie Serotonin-

Veränderungen im Gehirn die ermittelten Verhaltensprofile beeinflussen. Dieser Einfluss 

wurde durch zwei genetische Rattenmodelle mit adaptierter Synthese des zentralen 

Serotonins untersucht. Ratten mit einem starken Serotonin-Mangel im Gehirn zeigten in 

ihrem halbnatürlichen Heimkäfig beeinträchtigte Verhaltensweisen im Alltag. Ratten mit 
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einem moderaten Mangel wiesen einen hohen Anteil schlechter Entscheidungsträger mit 

verschlechtertem kognitivem Profil auf. Insgesamt hat diese umfangreiche Arbeit gezeigt, 

dass der Einsatz multivariater Analysen für die Erfassung der Phänotyp-Komplexität von 

Tieren unerlässlich ist. Multidimensionale Tests, insbesondere in semi-naturalistischen 

Heimkäfigen, ermöglichten die Identifizierung realer translationaler Marker der 

serotonergen Funktion. Diese Arbeit stärkte unser Verständnis der spezifischen Rolle von 

Serotonin in der Verschlechterung des Verhaltensprofils, insbesondere der sozialen 

kognitiven Fähigkeiten der verwundbarsten Individuen.
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1 Introduction 

1.1 Mental disorders and their preclinical study 

The World Health Organization defines mental health as a human right (World Health 

Organization, 2022a). Mental disorders, are defined as “a clinically significant disturbance 

in an individual’s cognition, emotional regulation, or behavior” (World Health 

Organization, 2022b). In the world one in eight people suffer from mental disorders with 

anxiety disorders, depression, and bipolar disorder being the first three most prevalent 

disorders (Institute for Health Metrics and Evaluation (IHME), 2019). However, despite 

their considerable global burden, the development of new therapeutic options for the 

improved treatment of all mental disorders is slow (Insel and Scolnick, 2006; Menke, 

2018). One key element to explain this paradox is the overall complexity of mental 

disorders resulting from intricated interactions of the sociocultural environment, genetic 

factors, development, and experience (Collins et al., 2011; Insel, 2009; Menke, 2018). 

In clinical setting, mental disorders are diagnosed using the Diagnostic and Statistical 

Manual of Mental Disorders (DSM, American Psychiatric Association, 2013) or the 

International Classification of Diseases (ICD, World Health Organization, 2019). Using 

these manuals, each mental disorder is delineated on the basis of its symptoms and 

disorders are defined as separated diseases. However in practice, the diagnosis for one 

disease is based on the number of symptoms expressed out of a list of criteria which 

leads to a strong comorbidity level within groups of patients (Park et al., 2017; 

Zimmerman et al., 2015). In contrast to other non-mental disorders, so far, the diagnosis 

of mental disorders is not based on objective biological descriptions of the diseases. 

Moreover, the continuous distribution in the population of symptoms count, severity and 

genetic risk factors opposes to this purely categorical classification of ill and health 

(Hyman, 2021). 

For the last decades, there has been a growing consensus that beyond such categorical 

classifications of mental disorders, normal and pathological states are on the same 

continuum of each existing behavioral dimension (Adam, 2013; Caspi and Moffitt, 2018; 

Markon et al., 2005). The dimensional approach of mental disorders also defines a 

disorder by measurable entities i.e. the dimensions, or symptoms, which severity is rated 

from normal to severely ill (Avasthi et al., 2014). One of the end goals of the dimensional 
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approach applied to psychiatry is to understand the biology of mental disorders by 

uncovering the physiopathology of extreme behaviors recognized as psychiatric 

symptoms (Budde et al., 2018; Waszczuk et al., 2023).  

In preclinical research, animal models are used to investigate the measurable 

neurobiological markers underlying behavioral dimensions (Insel et al., 2010; Morris and 

Cuthbert, 2012; Rivalan et al., 2009b). The complexity of mental disorders is never 

entirely modeled in animals even if recent models try to recapitulate more than one 

dimension (or symptom) at a time (Rodríguez de Los Santos et al., 2021). The 

translational validity of an animal model is however fundamental to further foster the 

development of new therapeutic ways (Bolker, 2017). Recently, the use of semi-natural 

and home-cage testing is more largely encouraged for longitudinal studies and to allow 

the evaluation of the spontaneous expression of natural evolutionary shaped behaviors 

and their alterations (Dennis et al., 2021; Kahnau et al., 2023; Kondrakiewicz et al., 2019; 

Krakauer et al., 2017; Shemesh and Chen, 2023). This powerful approach holds the 

promise, through well validated and realistic animal models and the study of complex 

behaviors, to discover objective and measurable markers leading to the development of 

effective and curative therapies (Gould and Gottesman, 2006; Nestler and Hyman, 2010; 

Oikonomidis et al., 2017; Robbins et al., 2012; Robinson et al., 2019).  

1.2 Inter-individual differences in animals’ behavior as a model of the diversity 

of humans’ behavior and symptoms 

Behavioral inter-individual differences represent the variation in the expression of a 

behavioral response. The characterization of inter-individual differences allows the 

definition of specific subpopulations which express specific behavioral responses. 

Several methods can be used to define subpopulations of interest, although the grouping 

of the individual is always based on the variance of the data. It is possible to use the 

distribution of the behavioral response directly, for example with the use of the median as 

a threshold (subgrouping above and below) or the selection of extreme quartiles to 

separate the individuals. Classical methods to consider several behavioral dimensions 

together are the correlations and multivariate analysis techniques such as principal 

component analysis (PCA), linear discrimination analysis (LDA) or cluster analysis (de 

Boer et al., 2017; Forkosh et al., 2019; Laloyaux et al., 2018; van der Staay et al., 2009). 

In the field of ethology, social network analysis has been used to identify personality traits 
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in groups of individuals (Krause et al., 2010). Classical methods are used in combination 

with methods of the newest techniques such as machine learning and network analysis 

(Lekkas et al., 2022; Sorella et al., 2022). 

Spontaneous differences in behavioral response may reflect evolutionarily conserved 

value and so better translate to human clinical symptoms than differences caused by an 

experimental intervention (Rivalan et al., 2009b; Shemesh and Chen, 2023). The study 

of inter-individual differences may allow to model maladapted behavioral dimensions in 

animals and to scrutinize their neurobiology in order to pinpoint translational biological 

markers, underlying cause or vulnerability associated with human psychiatric symptoms 

(Robbins et al., 2012). 

Decision making is a fundamental and complex adaptive process. It involves a large 

number of cognitive functions and brains structures (cortico-subcortical circuits). It is a 

common symptom altered in many mental disorders (Cáceda et al., 2014; Griffiths et al., 

2014; Lee, 2013). Indeed, poor decision making ranges from keeping washing hands 

when it is not necessary (obsessive-compulsive disorders), choosing short vs. long-term 

gratification (addiction) or avoiding social contact when it is important for well-being 

(anxiety disorders, depression). Importantly and in line with a continuum between health 

and pathology, poor decision making abilities are also observed in non-pathological 

individuals and in population at risk especially (Bechara and Damasio, 2002; Denburg et 

al., 2006; Glicksohn et al., 2007; Oswald et al., 2015; Suhr and Hammers, 2010; van den 

Bos et al., 2009). Similarly, in healthy populations of rats, different types of decision 

makers spontaneously exist. These different types of decision makers can be identified 

using a one session test of the Rat Gambling task (Rivalan et al., 2009a), which is a 

rodent version of the human Iowa Gambling task (Bechara et al., 1994). During this test, 

rats are confronted with an uncertain and conflicting situation of choice recapitulated in 

four options which contingencies are unknown to the subjects at the start. Choice after 

choice, rats must understand the immediate and long-term gains associated with the four 

options in order to earn more food at the end of the test.  

In this task, similarly as in the human task, “good” decision making individuals present 

the most efficient strategy. They are able to figure out trial after trial which options are the 

most advantageous ones on the long term (although these options are the least 

advantageous on the short term/immediately after a choice) allowing them to collect a 
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maximized amount of food reward. The so-called “intermediate” individuals are those that 

do not develop a preference for any options during the task. And finally, the “poor” 

decision makers represent the most ineffective strategy. Trial after trial, “poor” decision 

makers develop a preference for the options that are the least rewarding on the long term. 

Their attraction to these options being driven by the immediate value of the options and 

the long-term loss being largely ignored by these individuals.  

Very interestingly the poor decision makers represent a healthy sub-population of rats 

with an extreme phenotype on the decision making dimension. Further studies on these 

animals, revealed that they also expressed an ensemble of behavioral traits namely 

inflexibility, motor impulsivity, reward seeking (Rivalan et al., 2013). These behavioral 

traits are typically observed in hypo-serotonergic conditions. The behavioral profile of 

poor decision makers was indeed associated to a cortical-subcortical monoaminergic 

imbalance (Fitoussi et al., 2015). This behavioral profile gathers a set of maladaptive 

behaviors nevertheless they are healthy and functioning individuals which make them a 

good model to study the shift from vulnerability to pathology (Rivalan et al., 2009a). Our 

hypothesis is that manipulation of the serotonergic system will affect an individual's 

decision-making strategy, ability to flexibly adapt, ability to inhibit responses, sensitivity 

to reward, and, ultimately, the entire behavioral profile. We also hypothesize that poor 

decision makers constitute a vulnerability model, they are most at risk of developing a 

worsened profile in changing conditions such as a modification of brain functioning.  

1.3 Serotonin a promising marker of mental disorder 

Serotonin (5-hydroxytryptamine) is an ancient molecule that has evolved in plants, 

invertebrates and vertebrates. In animals, serotonin is a peripheral hormone and a 

neurotransmitter of the central nervous system. The central serotonergic system 

regulates vital functions such as the circadian rhythm, food intake, memory, cognition, 

pain, mood and social behavior (Bacqué-Cazenave et al., 2020). The central serotonergic 

system is a complex system. Serotonin synthesis happens in the raphe nuclei neurons, 

and is distributed throughout the whole brain through a vast axonal network (Jacobs and 

Azmitia, 1992). Serotonin synthesis is a two-step process. The essential amino acid 

tryptophan is first hydroxylated into 5-hydroxytryptophan by the enzyme tryptophan 

hydroxylase. Secondly hydroxytryptophan is decarboxylated into serotonin by the 

enzyme aromatic L-amino acid decarboxylase. Tryptophan hydroxylase is the rate-
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limiting enzyme for serotonin synthesis. Tryptophan hydroxylase 2 (TPH2) is the brain 

specific isoform separated by the blood brain barrier from TPH1 which synthesizes the 

separated bodily serotonin pool (Walther et al., 2003). Alteration of the TPH2 function, 

directly and specifically alters the synthesis of brain serotonin without impacting 

peripheral serotonin. 

Serotonin has been associated with several mental disorders: depression, anxiety 

disorder, bipolar disorder, substance-related disorder, attention-deficit/hyperactivity 

disorder, autism and schizophrenia (Baumgarten and Grozdanovic, 1995; Gaspar et al., 

2003; Heinz et al., 2001; Maddaloni et al., 2017). Available treatments for these 

psychiatric conditions also mainly target the serotonergic system. The most prescribed 

medicine are the selective serotonin reuptake inhibitors, selective serotonin reuptake 

enhancers and atypical antipsychotics (Grünze and Möller, 2003; Li et al., 2012; Maher 

and Theodore, 2012; Spielmans et al., 2013). Serotonin receptor agonists and 

antagonists are also prescribed (Filip and Bader, 2009). 

Animal studies have investigated the role of serotonin in modulating different socio-

cognitive abilities, one at a time, which are also altered in most mental disorders. Lower 

serotonin concentration in the lateral orbitofrontal cortex were described in animals with 

lower cognitive flexibility (Barlow et al., 2015). Serotonin depletion was found to increase 

different types of behavioral dis-inhibition although not always cognitive impulsivity 

(Mobini et al., 2000; Winstanley et al., 2003). Serotonin decrease through tryptophan 

deficiency induced increased risk-taking impulsivity and impaired decision-making ability 

(Koot et al., 2012). Decision-making ability was also improved in serotonin transporter 

knock-out animals which supposedly extends the presence of serotonin in the synaptic 

cleft (Homberg et al., 2008). Social recognition memory deficit was linked to the activation 

of serotonergic receptors in the frontal cortex (Bert et al., 2008; Loiseau et al., 2008). 

Finally in mice, aggressive behavior was increased in serotonin depleted condition via 

tryptophan hydroxylase 2 knock-out while anxiety was decreased (Mosienko et al., 2012). 

It is however currently unknown how serotonin would modulate these multiple abilities 

simultaneously in the same individual. In humans a mental disorder is defined by the 

simultaneous expression of several impairments. Personalized solutions are needed for 

an optimal and adapted care. Understanding the impact of serotonin modulation on 

complex behavioral profiles at the level of the individual is indispensable.  
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1.4  Research questions and objectives  

Serotonin is an important modulator of cognitive and social abilities and a promising 

biomarker of human psychiatric disorders. However, at a preclinical level it is not known 

how serotonin modulates several behavioral dimensions at the same time in the same 

individual. In a translational goal, we aimed to establish the importance of using a 

multidimensional profiling method to identify and characterize complex behavioral profiles 

in rats, at the group and individual levels. At the level of the individual, the objective was 

to measure a large variety of behavioral dimensions, including social and cognitive 

abilities, in and out of their social home-cage environment, and physiological parameters 

using non-invasive methods whenever possible. Furthermore, we evaluated with 

multivariate analysis and machine learning the interactions between all behavioral and 

physiological measures of the profiles. With this method, our main goal was to understand 

how brain serotonin modulates the identified rat’s multidimensional bio-behavioral 

profiles. Our hypothesis was that brain serotonin deficiency would result in a bio-

behavioral profile that is impaired on multiple dimensions recalling aspects of human 

mental disorders such as decision making, behavioral flexibility, impulsivity, social 

recognition, or aggression. We expected the level of brain serotonin deficiency, from 

complete depletion to partial and temporary decrease, to impact directly the level of 

phenotypic alterations. We expected to see a total absence of brain serotonin to have the 

strongest effect on the individual profiles and affecting all bio-behavioral dimensions. 

While a more moderate decrease of brain serotonin would induce a more moderate 

impairment affecting the most sensitive dimensions. Regarding the inter-individual 

differences in decision making based profiles, we expected the probability of developing 

a poor decision making strategy to (inversely) increase with the decrease of the levels of 

brain serotonin. Moreover, we expected a worsening of the socio-cognitive profile of the 

most vulnerable individuals specifically the low-serotonin poor decision makers. 

1.4.1 Part I. Validation of the multidimensional profiling approach with a case of strain 

comparison in rats 

Our first goal was to develop and test a multidimensional profiling method that allows to 

discriminate between groups and individuals based on the expression of a specific 

combination of physiological and behavioral factors. To this end, we used a case of rat 

strain comparison. We chose a group of healthy individuals of the reference strain the 
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Wistar Han (WH) strain and another group of healthy individuals of the inbred Dark Agouti 

(DA) strain. DA rats were chosen as they are the background strain of the transgenic rats 

used in Part II of the project. Behavioral data of this strain were largely lacking at the time 

of the project. This original study established the bio-behavioral profile of DA rats, testing 

the same behavioral traits in WH rats. The behavioral traits were selected for their 

documented dependence on the serotonergic system. With this study we extended the 

characterization of the behavioral profile of the poor decision makers to yet untested 

serotonin-sensitive functions such as probability-based decision making, sociability and 

spontaneous behaviors in undisturbed group-housed semi-natural environment.  

These results were published as a preprint publication in bioRxiv in 2019 (Alonso et al., 

2019a) and in the peer-reviewed journal Behavioral Brain Research in 2019 (Alonso et 

al., 2019b) 

1.4.2 Part II. Effect of constitutive brain serotonin depletion on individual bio-behavioral 

profile 

We investigated the effect of a complete brain serotonin depletion on the bio-behavioral 

profiles, established in Part I of the project, in full knock-out rats (Tph2−/− rats) 

constitutively devoid of brain serotonin. We characterized the expression of several 

cognitive, social, affective and biological functions at the group and individual level in this 

line of rats. We found that the most impacted dimensions were everyday life functions 

expressed within the undisturbed group-housed home-cage and that these extreme 

manifestations compared to symptoms of serotonin related mental conditions observed 

in humans. This important study also revealed that only the use of the semi-natural home-

cage made it possible to detect the complex alterations of the phenotype of the Tph2−/− 

rats demonstrating the urgent need to study natural-based behavior. 

These results were published as a preprint publication in bioRxiv in 2021 (Alonso et al., 

2021) and in the peer-reviewed journal iScience in 2023 (Alonso et al., 2023) 

1.4.3 Part III. Effect of acute and moderate brain serotonin depletion on the vulnerable 

behavioral profile 

We investigated the effect of an acute and moderate brain serotonin decrease on the bio-

behavioral profile of inducible knock-down rats (tetO-shTPh2 rats). TetO-shTPh2 rats 

were created on a Sprague Dawley (SD) background which behavioral characteristics are 
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well known, contrary to DA rats, confirming the validity to use this strain without the need 

to pre-screen their spontaneous profiles. We focused our study on the cognitive 

dimensions (in stand-alone tests) which were not impacted in Part II but were most 

susceptible to be worsened by serotonin decrease in the vulnerable (poor decision maker) 

subpopulation of rats. The behavioral profile of the poor decision makers under low-

serotonin condition was indeed the one presenting most deficits compared to other 

individuals.  

These results were published as a preprint publication in bioRxiv in 2024 (Alonso et al., 

2024a) and in the peer-reviewed journal International Journal of Molecular Sciences in 

2024 (Alonso et al., 2024b) 
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2 Methods 

2.1 Animals 

Animal experiments were designed and performed in accordance with the European 

Union Directive 2010/63/EU relating to animal welfare and ethics of animal 

experimentation and with the regulations of the animal care and use committee of the 

state of Berlin and under the supervision of the animal welfare officer of our institution. 

In total, we used 42 Wistar Han rats, 48 Dark Agouti rats, 30 Tph2−/− rats (Kaplan et al., 

2016), 96 male TetO-shTPH2 rats (Reichhart et al., 2017) and 24 Sprague Dawley rats. 

All rats were males. Unless in the Visible burrow (see below), they were housed in pairs 

of the same genotype (or strain) in standardly enriched rat cages (Eurostandard Type IV, 

38 cm x 59 cm) in two temperature-controlled rooms (22°C–24°C and 45%–55% 

humidity) with inverted 12-hour light-dark cycles. Rats receive ad libitum access to water 

and to standard maintenance food (V1534-000, Ssniff, Germany). During operant training 

and testing, animals were maintained at 95% of their free-feeding weight. The Tph2-kd 

rats were 60 TetO-shTPH2 rats treated with doxycycline at a dosage of 40 mg/kg of body 

weight in the drinking water of the cage. The treatment lasted over the duration of the 

behavioral protocol. Radio-frequency identification (RFID) was done two weeks before 

the beginning of the behavioral training for the animals participating in the visible burrow 

system experiment. They received a RFID chip (glass transponder 3 × 13 mm, Euro I.D.) 

subcutaneously in the ventral left lower quadrant under short isoflurane anesthesia. 

Animals were tested in batches of 12 animals including six animals of each experimental 

group. For the three experiments, the experimental groups were the strains: WH vs. DA, 

the genotypes: control vs. Tph2−/−, the treatment: control vs. Tph2-kd. Two batches were 

usually run during the same period of time. They started the behavioral training between 

9 and 13 weeks of age. Over the whole protocol, behavioral tests and biological 

measurements were done one after the other following the same order for all 

experiments. The order of tests was chosen to minimize the influence of one test over the 

other ones. 
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2.2 Behavioral tests  

In this section I will describe for each test the principle of the test and the main outcome 

measure (variable) that was later used in the multidimensional analysis, technical details 

about the methods can be found in the publications of this thesis (Alonso et al., 2019b, 

2023, 2024a). The individual represents the experimental unit of analysis. 

2.2.1 Tests in the operant system 

We used four rat operant cages (Imetronic, France). They were equipped depending on 

the test with one to four nose-poke holes or one lever on one side. On the opposite side 

was a food magazine connected to a pellet dispenser filled with 45 mg sweet pellets 

(5TUL Cat#1811155, TestDiet, USA).  

Rat Gambling Task (RGT) and reversal (rev-RGT) 

The RGT assesses complex decision making which is the ability to choose in complex 

and conflicting situations. It was used to identify the different types of decision makers 

(Rivalan et al., 2009a). For the animal it consists in identifying the most advantageous 

options among four unfamiliar options with different reward magnitudes and probability of 

penalty (waiting time before the next choice) in one hour. 

We computed the percentage of advantageous choices per 10 min over time and for the 

last 20 minutes (RGT score). The later was used to identify the subtypes of decision 

makers: good decision makers with more than 70% of advantageous choices, poor 

decision makers with less than 30% of advantageous choices and intermediate animals 

in between. The mean latency to visit the feeder after a choice was used as an index for 

the motivation for the reward.  

Animals were tested in the rev-RGT (reversal RGT) 48 h after the RGT in order to assess 

their behavioral flexibility. The positions of the advantageous and disadvantageous 

options were spatially switched. The flexibility score depended on the preference 

developed during RGT and was calculated as the preference for the new location of the 

option that was preferred during RGT. 
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Delay Discounting Task (DDT) 

The DDT assesses cognitive impulsivity which is the ability to wait in order to get a reward 

of higher magnitude. The protocol was adapted from Rivalan et al. 2013. For the animal 

it consists in pondering the magnitude of rewards and the duration of the delay to obtain 

the reward among two options. The preference for the large delayed reward was 

calculated for each applied delay. From the resulting overall preference curve, the area 

under the curve (AUC) representing an index of cognitive impulsivity was calculated. The 

lower the preference for the delayed option the more impulsive was the animal. 

Probability Discounting Task (PDT) 

The PDT assesses cognitive risk-taking (or risky decision making) which is the ability to 

choose in a probabilistic context. The protocol was adapted from Koot et al. 2012. For the 

animal it consists in pondering the magnitude of rewards to the probability to obtain the 

reward among two options. The preference for the large and uncertain reward was 

calculated for each applied probability. From the resulting overall preference curve, the 

AUC representing an index of sensitivity to probabilistic uncertainty and risk-taking was 

calculated. The lower the preference for the probabilistic option the less risk-taker was 

the animal.  

Fixed interval and extinction schedule of reinforcement (FI-EXT)  

The FIEXT assesses motor impulsivity in two ways: anticipatory activity and perseveration 

(Rivalan et al., 2013). For the animal it consists in responding during an active period 

associated with reward delivery and during an inactive period. The test was run with a 

nose-poke hole or a lever as response manipulandum. The mean number of responses 

were determined for each FI and EXT period. A higher number of responses was 

associated with higher motor impulsivity. 

2.2.2 Other tests 

Social Recognition test (SRt) 

The SRt assesses social preference which is the tendency to interact with a social partner 

over an object motor and social recognition memory which is the ability to remember a 

social partner. The protocol was adapted from Shahar-Gold et al., 2013 (Shahar-Gold et 
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al., 2013). For the animal it consists in meeting through a grid an unfamiliar social partner 

in a familiar context (open field) for 5 minutes. The encounter is then repeated multiple 

times with the same social partner or a new one. The time of interaction was measured 

for each encounter and during habituation to the open field without the social partner in 

order to compute ratio of interaction time as indexes of social preference and social 

recognition memory. 

Odor discrimination test (Odor test) 

I developed the odor discrimination test that assesses the ability to detect the smell of a 

social partner. For the animal it consists exploring used and fresh bedding in two petri 

dishes for 5 minutes in an open field. The time of interaction was measured for each 

bedding and a preference index was calculated. 

Dark-Light box (DL-box) 

DL-box test assesses risk-taking behavior which is the exploration of a bright environment 

over the exploration of a covered environment both unfamiliar. The risk-taking index was 

calculated as the sum of the duration of the first visit to the dark compartment, the number 

of risk assessment into the light compartment and the time spent in the dark compartment. 

Elevated Plus Maze (EPM) 

EPM test assesses risk-taking behavior which is the exploration of an open environment 

over more closed environment both unfamiliar. The number of visits to open arms was 

measured. 

2.2.3 Semi-automated Visible Burrow System (VBS) 

We used the VBS to assess spontaneous social and non-social behaviors, activity, spatial 

occupation, social hierarchy, social network analysis and physiological responses. Six 

animals (three pairs) were introduced at the same time in the semi-natural enclosure. For 

the animal the VBS stay consisted in exploring with its cage-mate a new complex arena 

for up to seven days and meeting two new pairs of individuals. 

The individual animal positions were recorded 24/7 by a grid of 32 RFID detectors 

(PhenoSys, Germany) placed underneath the VBS. 30-second videos were recorded 
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every 10 min by an infrared camera (IP-Camera NC-230WF HD 720p, Tri-Vision Tech, 

USA) mounted above the VBS. 

Behavioral analyses: social network analysis, glicko rating and Blanchard 

dominance score 

The videos of the first 4 hours of the dark and light phases were scored by trained 

experimenters who recorded the occurrence, duration and location of behaviors from a 

list of behaviors of several types: affiliative, maintenance, aggressive and defensive 

behaviors. The experimenter reported the ID of the initiator, the duration of the behavior, 

where it took place and the ID of the receiver if applicable in an ethogram. From this 

ethogram the number of occurrences of each type of behavior was calculated. 

Social network analysis was done for the behaviors implicating an initiator and a receiver. 

Matrices of interaction were done for each behavior (for example: huddling, sniffing, 

struggling at feeder, aggression, and sexual behavior). From those matrices social 

networks were drawn and several global and individual parameters were computed with 

the package iGraph (Csardi and Nepusz, 2006). The hub centrality represented a 

measure of the power of individuals within networks, especially aggression networks 

(Kleinberg, 1999; So et al., 2015). 

The glicko rating system was used to define the social rank of the individual. It was 

calculated from the aggressive and sexual (when applicable) interactions between 

individuals with the package PayerRating (Stephenson and Sonas, 2020) 

The Blanchard dominance score (Blanchard et al., 2001) is another non-behavioral 

measure of dominance. It originally combines three parameters: the number and location 

of wounds, the time spent in the open area of the VBS and the weight loss. Wounds were 

rarely observed during the studies, they were documented at the end of VBS housing but 

not used to calculate the Blanchard dominance score. The time spent in the open area 

(see in section Location parameter analyses) and weight loss (see measurement in 

section Biological measures) for the entire stay in the VBS were ranked from 1 to 6, and 

the average of both ranks was the Blanchard dominance score.  
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Location data analyses  

The time spent in the open area of the VBS was computed from the 24/7 location data. 

The activity (distance traveled) and the place preference were extracted from the 24/7 

location data using the software PhenoSoft analytics (PhenoSys, Germany). 

The roaming entropy is the probability to be at a certain place at a given time. In the VBS 

it is an index of spatial dispersion and indicates how the animals use the space i.e. the 

relative size of their territory. We used the classical equation of Shannon:  

REi,d = – Σ (pi,j,d log pi,j,d)/log(k) 

where pi,j,d is the probabilities of detection of each animal i at each reader j on a day d 

and k is the number of detectors in the automated VBS. 

Biological measures of weight and corticosterone metabolites 

The body weight of the animals was measured before and after VBS housing. The 

difference of weight was calculated.  

Non-invasive measurements of corticosterone metabolites were done in fecal samples. 

Feces collection happened one day before and immediately after VBS housing, both 

times at the same time of the day. Rats were housed in individual cages with food, water 

and clean bedding for up to 4 hours. Fecal samples were stored at −20°C until extraction 

and enzyme immunoassay (Lepschy et al., 2007). The variation of corticosterone 

metabolite concentrations was calculated and was an index of the stress response to 

VBS housing.  

2.3 Serotonin measurements 

Two days after the last test, whatever the length of the protocol, rats were anesthetized 

via an intraperitoneal injection of Ketamine (100mg/kg) and Xylazine (10mg/kg) under 

isoflurane anesthesia. Animals were transcardially perfused with phosphate-buffered 

saline. Brain parts were immediately collected, snap-frozen on dry ice, and stored at 

−80°C until measurements. High-performance liquid chromatography was used to 

measure brain tissue levels of tryptophan, serotonin and its metabolite 5-HIAA (Alonso et 

al., 2024a, 2024b). 
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2.4 Statistical analysis 

In this doctoral work non-parametric tests were favored whenever possible as I did not 

expect our data to follow a normal distribution, which they did not. The analyses were 

done with R and R studio (R Core Team, 2019). In this report I present descriptive 

statistics (median and inter-quartile range). I present also the results of the Wilcoxon rank 

sum test that was used to compare groups of animals (strains or genotypes or treatment 

or decision making subgroups); a continuity correction was automatically applied to the 

data whenever appropriated. 

2.5 Multidimensional analysis 

2.3.1  One variable per function  

The performance of the animals was recapitulated into variables representative of the 

behavioral dimensions (ex: RGT score representative of complex decision making ability 

in the RGT). Variables that represented the same dimension would not be included 

together in the analysis (ex: activity indexes from two operant tests). Combinations of 

variables into indexes could be made to create a new variable that better represented a 

dimension (ex: risk-taking index in the DL-box or weight variation in the VBS).  

Our datasets consisted of a suite of variables for each individual. We used Random 

Forest (RF) and Principal component analysis (PCA) to identify the functions most 

affected by the experimental condition (strain, genotype or treatment). RF and PCA were 

run on the same datasets. Missing values were not allowed by the models therefore 

animals that had a missing value for one variable were removed from the whole analysis. 

2.3.2  Random Forest (RF) 

The RF (R package randomForest) can predict experimental condition (strain, genotype 

or treatment) of an individual based on its scores in each test. Then the RF returns the 

importance of each variable for the classification that was done (Gini index). Therefore, it 

allows to rank the variables by order of importance in the prediction of the experimental 

condition. We used a Leave-One-Out cross-validation which allows to use the dataset 

minus the individual to be classified as a training dataset to make the classification. This 
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supervised method of machine learning allowed us to do the analysis without a dedicated 

training dataset. 

2.3.3  Principal component analysis (PCA) 

The PCA (R package stats) is an unsupervised method of machine learning that 

summarizes the dataset in new non-correlated dimensions that recapitulate the variance 

observed between individuals. It allows to represent the contribution of each variable to 

the observed variance which enables to extract the variables the most influenced by the 

experimental condition. 

2.3.2  Network analysis of behavioral profiles 

We used a network analysis method to visually represent behavioral networks of 

subgroups of decision makers. The network is a representation of the strength of 

connections between the variables. I used the Package qgraph (Epskamp et al., 2012) to 

create association graphs with Spearman’s correlations to draw the edge weights 

between two nodes. Partial correlations are usually used because they enable to account 

for the relationships of the network for each pair. However, it was not possible in our 

analysis to apply Spearman’s partial correlation due to a small number of animals in the 

Tph2-kd poor decision maker group. 
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3. Results 

3.1 Validation of the multidimensional profiling approach and comparison of DA 

and WH strains of rats, published in Behavioral Brain Research (Alonso et al., 

2019b) 

In order to enrich current approaches to identify multidimensional and objective strain-

specific characteristics in different animal models of mental disorder, the first goal of my 

doctoral work was to study and compare the unknown multidimensional profile of normal 

males of one common (the WH) and one uncommon (DA) strain of rats. In this aim we 

used a combination of classical and new behavioral and statistical approaches to 

accommodate the complexity of their natural profiles. We used several fine-tuned 

classical tests to assess cognitive abilities. We developed and validated ethological-like 

and physiological non-invasive methods to access new social and naturalistic features 

within the animals’ home cage. This study is one of the few that thoroughly analyzed 

several dimensions of animals’ spontaneous cognitive abilities, natural behaviors 

and physiological responses in order to delineate complex and integrated profiles. 

Finally, we selected and used supervised machine learning and other statistical 

approaches to extract the multidimensional profiles. Thanks to this innovative approach 

we could identify objective differences between the two rat strains in 8 out of the 19 traits 

we evaluated (Table 1) and reveal the key discriminative traits of DA and WH rats (Fig. 

1).  

The random forest classification with a leave-one-out cross-validation was able to predict 

the strain of the individuals based on their behavioral traits with an accuracy of 84% (±0.72 

SD over 10 runs). The Gini index provided a ranking of the differences in dimensions 

between the strains (Fig. 1). The most important traits to differentiate WH from DA rats 

were the cognitive impulsivity (AUC of the DDT) and the activity in the VBS (total distance) 

with the highest Gini indexes. WH rats appeared more impulsive and more active in the 

VBS than DA rats (Table 1). The motivation for reward (latency to collect a reward in the 

RGT) and the time spent in the open area in the VBS were the next more important 

behaviors to differentiate WH and DA rats. WH rats appeared more sensitive to reward 

than DA rats and more present in the open area of the VBS. Of lesser significance were 

the social preference, the aggressive behavior in the VBS, and the cognitive risk-taking 

(AUC of the PDT). WH were more aggressive in the VBS whereas DA rats expressed 
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more affiliative behaviors but had a weaker social preference in the SRt. Finally, WH rats 

were more sensitive to the absence of reward in the PDT than DA rats. 

Interestingly, poor decision makers from the two strains behaved very similarly (Table 2). 

As expected from previous studies, WH poor decision makers which had opposite 

response than WH good decision makers in complex decision making task, also 

presented higher motivation for reward, and increased cognitive inflexibility. This was also 

the case of DA poor decision makers compared to DA good decision makers. 

Interestingly, among the new traits investigated in the semi-natural conditions of the 

home-cage, we showed new differences between the decision maker subtypes. Poor 

decision makers occupied more the open area, they were more active and tended to lose 

less weight than good decision makers during the VBS stay (Table 2), which confer them 

a more dominant profile than other decision makers.  

To conclude we observed large phenotypic variations between WH and DA rats while the 

poor decision maker profiles kept stable between the two genetically different strains. The 

use of the VBS, through the variety of parameters it can measure, enriched the output of 

classical testing methods to draw more complete behavioral profiles.  
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Table 1: Comparison of the WH and DA rats’ performances with the Wilcoxon rank sum test, 

own representation for this doctoral work. 

Trait Test Parameter WH 

Median 
(IQR) 

DA  

Median 
(IQR) 

Wilcoxon rank 
sum test 

W (p-value) 

Complex decision 
making 

RGT RGT score 81.7 (80) 93.8 (20) 1133 (0.01) 

Sensitivity to reward RGT Latency to collect 
reward 

1.1 (0.3) 1.8 (0.4) 1613 (<0.001) 

Cognitive flexibility Rev-RGT Flexibility score 23.5 (47) 47.1 (52) 909 (0.5) 

Cognitive impulsivity DDT AUC 0.4 (0.3) 0.7 (0.3) 923 (<0.001) 

Cognitive risk-taking PDT AUC 0.6 (0.3) 0.7 (0.2) 516 (0.006) 

Anticipatory activity FI Mean number of 
responses 

3.4 (4) 5.1 (5) 589 (0.03) 

Perseverative activity EXT Mean number of 
responses 

9.1 (6) 17.1 (15) 690 (<0.001) 

Social preference SRt Ratio of 
interaction time 

2.7 (2) 1.9 (1) 121 (0.01) 

Short-term social 
recognition memory 

SRt Ratio of 
interaction time 

2 (2) 1.6 (1) 186 (0.5) 

Exploration EPM EPM Number of visits 
to open arms 

9.5 (5) 1 (0.5) 5.5 (<0.001) 

Affiliative behavior VBS Occurrences 25 (12) 37 (15) 384 (0.008) 

Aggressive behavior VBS Occurrences 21 (16) 9 (11) 120 (0.002) 

Maintenance behavior VBS Occurrences 33.5 (11) 23 (15) 172 (0.04) 

Defensive behavior VBS Occurrences 2 (1) 1 (1) 175 (0.04) 

Place preference VBS Preference for 
open area 

60 (16) 36 (7) 23 (<0.001) 

Open area occupation VBS Time spent 73 (29) 44 (9) 72 (<0.001) 

Activity VBS Total distance 3878 (735) 3015 (404) 41 (<0.001) 

Weight loss VBS Weight loss -4.6 (8) -6.2 (5) 543 (0.24) 

Stress response VBS Corticosterone 
variation 

34 (100) -15 (87) 221 (0.35) 

IQR: interquartile range; Following a Bonferroni correction for multiple testing, the significance level in Table 1 
is 0.003, significant p-values are shown in bold.  
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Table 2: Behaviors of the good and poor decision makers in DA and WH strains. In bold the 

dimensions with differences between good and poor decision makers for either strains of rats, 

adapted from Alonso et al., 2019b.  

Trait Test Parameter GDM-WH 
Median 
(IQR) 

PDM-WH 
Median 
(IQR) 

GDM-DA 
Median 
(IQR) 

PDM-DA 
Median 
(IQR) 

Sensitivity to reward RGT Latency to 
collect reward 

1.4 (0.4) 1.1 (0.1) 1.9 (0.4) 1.6 (0.5) 

Cognitive flexibility Rev-RGT Flexibility score 48.3 (52) 7.4 (16) 52.3 (53) 15 (8) 

Cognitive impulsivity DDT AUC 0.4 (0.3) 0.4 (0.3) 0.6 (0.2) 0.9 (0.1) 

Cognitive risk-taking PDT AUC 0.6 (0.2) 0.6 (0.3) 0.8 (0.3) 0.6 (0.2) 

Anticipatory activity FI Mean number of 
responses 

3 (4) 2.6 (2) 4.9 (5) 6.7 (4) 

Perseverative activity EXT Mean number of 
responses 

10 (12) 9 (3) 15 (13) 19 (19) 

Social preference SRt Ratio of 
interaction time 

2.8 (1.5) 2.6 (1.1) 2 (1.5) 1.8 (0.6) 

Short-term social 
recognition memory 

SRt Ratio of 
interaction time 

2.2 (1.9) 1.5 (1) 1.5 (0.7) 2.1 (1.4) 

Exploration EPM EPM Number of visits 
to open arms 

10 (4) 11 (4) 1 (1) 1 (1) 

Affiliative behavior VBS Occurrences 25 (11) 28 (12) 39 (14) 35 (18) 

Aggressive behavior VBS Occurrences 19 (13) 22 (13) 9 (14) 8 (9) 

Maintenance behavior VBS Occurrences 33 (9) 37 (15) 24 (13) 22 (5) 

Defensive behavior VBS Occurrences 2 (1) 2 (1) 1 (1) 1 (0) 

Place preference VBS Preference for 
open area 

58 (19) 60 (14) 36 (7) 40 (4) 

Open area occupation VBS Time spent 68 (33) 74 (30) 43 (9) 47 (10) 

Activity VBS Total distance 3809 (401) 4449 (1096) 3051 (410) 2952 (789) 

Weight loss VBS Weight loss -6.4 (7) -3.7 (7) -6.9 (5) -1.7 (5) 

Stress response VBS Corticosterone 
variation 

9.1 (100) 43.4 (62) -12.3 (85) -19 (38) 

GDM: good decision makers, PDM: poor decision makers, IQR: interquartile range, AUC: area under the curve 
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Figure 1. Random Forest classification of the DA and WH rats. Gini index indicates for each 

trait its importance to discriminate DA and WH strains. Area under the curve in the delay 

discounting task (AUC DDT), total distance traveled in VBS (Activity VBS), latency to collect pellet 

in RGT (Latency RGT), time spent in open area (Time open VBS), social preference ratio (Social 

pref.), total occurrences of aggressive behaviors (Aggro. VBS), area under the curve in the 

probability discounting task (AUC PDT), mean number of responses in FI (FI), total occurrences 

of affiliative behaviors (Affil. VBS), percentage of weight variation (Weight Variation), mean 

number of responses in EXT (EXT), total occurrences of maintenance behaviors (Maint. VBS), 

flexibility score in reversed-RGT (Flexibility), activity in the delay discounting task (Activity DDT), 

preference in last 20 minutes of rat gambling task (RGT score), short-term social recognition ratio 

(Short term Recog), percentage of corticosterone metabolite variation (CORT. Variation). WH n 

= 22 and DA n = 24. Figure modified from Alonso et al., 2019a. 

3.2 Effect of constitutive brain serotonin depletion on the bio-behavioral profile 

of DA rats, published in iScience (Alonso et al., 2023) 

In order to investigate the effect of the constitutive brain serotonin depletion on the socio-

cognitive profile of the Tph2−/− rats (background strain DA), we used the successful 

multidimensional profiling and statistical approach developed in our first study. We 

deepened the analysis of the behaviors expressed in the semi-natural home cage (VBS) 

with an analysis of the social dynamics using a social network analysis to evaluate group 

structure evolution and Blanchard’s dominance score and Glicko rating to establish 
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hierarchical specificities of the groups. We complemented the uses of the random forest 

analysis (RF) with an unsupervised approach the principal component analysis (PCA) to 

further confirm the key discriminant characteristics of the Tph2−/− rats. 

Among all measured behaviors, the random forest classifier identified those most 

impacted by the lack of brain serotonin (with an average accuracy of 98.5%, ± SD = 0.54) 

and this was confirmed by the PCA. PCA’s first dimension clearly separated both 

genotypes (Fig. 2A-left). The behavioral dimensions (variables) contributing the most to 

the PCA’s first dimension (Fig. 2A-right) were also the most important to discriminate 

between genotypes using the RF classifier (Fig. 2B). Dimension 1 was primarily loaded 

by weight loss, maintenance behavior, roaming entropy, corticosterone variation, 

defensive behaviors and sexual behaviors (Fig. 2A-right). The RF indicated other relevant 

variables comprising total distance traveled in VBS, Glicko rating score, affiliative 

behaviors, aggressive behaviors, and occupation of VBS open area (Fig. 2B). Indeed, 

under the complex and experimenter-free conditions of the experimental home-cage, 

Tph2−/− rats presented drastic changes in their daily life (Table 3). In the VBS, brain 

serotonin depletion induced increased aggression and sexual behavior, increased activity 

but reduced territory, reduced self-care and body weight, and exacerbated corticosterone 

levels. Group-housed Tph2−/− rats showed strong social disorganization with disrupted 

social networks and hierarchical structure. None of the cognitive variables, evaluated in 

classical conditions of test such as operant chamber and open field, could predict the 

animals’ genotypes (Fig. 2B) or contribute to explain the variance of dimension 1 (Fig. 

2A-right and B). Tph2−/− rats presented unexpected normal cognitive abilities (Table 3) 

such as decision making performance in the RGT, same levels of flexibility, very similar 

levels of cognitive impulsivity and risk-taking and same levels of social recognition 

memory and odor discrimination.  

Overall central serotonin appeared as a strong modulator of the expression of undisturbed 

group-housed behaviors, social structure and hierarchy. However, in the same animals 

the constitutive absence of central serotonin had little to no effect on the expression of 

several distinct cognitive abilities assessed in controlled conditions. 
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Table 3: Tph2+/+ and Tph2−/− rats’ performances and comparison between genotypes with the 

Wilcoxon rank sum test, own representation for this doctoral work. 

Trait Test Parameter Tph2+/+ 
Median 
(IQR) 

Tph2−/− 

Median 
(IQR) 

Wilcoxon rank 
sum test 

W (p-value) 

Complex decision 
making 

RGT RGT score 92 (29) 97 (30) 560 (0.13) 

Sensitivity to reward RGT Latency to collect 
reward 

1.8 (0.4) 1.7 (0.5) 832 (0.19) 

Flexibility Rev-RGT Flexibility score 33 (51) 40 (58) 614 (0.34) 

Cognitive impulsivity DDT AUC 0.6 (0.2) 0.5 (0.2) 916 (0.04) 

Cognitive risk-taking PDT AUC 0.6 (0.2) 0.5 (0.2) 373 (0.08) 

Anticipatory activity FIEXT Mean number of 
responses  

NP, lever 

247 (254), 

254 (144) 

151 (99), 

248 (85) 

269 (0.01), 

72 (1) 

Perseverative activity FIEXT Mean number of 
responses  

NP, lever 

137 (121), 

87 (67) 

78 (55), 

84 (46) 

275 (0.009), 

84 (0.5) 

Social preference SRt Ratio of 
interaction time 

2.1 (1) 2.2 (1) 495 (0.6) 

Short-term social 
recognition memory 

SRt Ratio of 
interaction time 

1.3 (0.9) 1.2 (1.2) 498 (0.6) 

Odor discrimination Odor test Ratio of 
interaction time 

65 (18) 60 (31) 306 (0.5) 

Risk-taking DL-box Risk-taking index 568 (166) 569 (544) 324 (0.47) 

Affiliative behavior VBS Occurrences 74 (23) 56 (24) 1037 (0.001) 

Aggressive behavior VBS Occurrences 23 (19) 39 (26) 227 (<0.001) 

Sexual behavior VBS Occurrences 0 (1) 10 (15) 67 (<0.001) 

Maintenance behavior VBS Occurrences 48 (24) 21 (16) 1242 (<0.001) 

Defensive behavior VBS Occurrences 1 (2) 7 (7) 247 (<0.001) 

Roaming entropy VBS Roaming entropy 0.9 (0.1) 0.8 (0.1) 1279 (<0.001) 

Open area occupation VBS Number of 
detections 

250046 
(96955) 

175916 
(278687) 

870 (0.1) 

Activity VBS Total distance 1734 
(323) 

2493 
(1220) 

288 (<0.001) 

Weight loss VBS Weight loss -13 (13) -46 (13) 1421 (<0.001) 

Stress response VBS Corticosterone 
variation 

-5 (53) 286 (520) 143 (<0.001) 

IQR: interquartile range, AUC: area under the curve, NP: protocol with nose-poke. Following a Bonferroni 
correction for multiple testing, the significance level in table 3 is 0.003, significant p-values are shown in 
bold. 
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Figure 2. Principal component analysis and random forest classification. A- left. Dimension 

1 and 2 of the principal component analysis, genotypes are separated along dimension 1. Tph2+/+ 

in purple and Tph2−/− in yellow; large symbols show group centroids and ellipses show the 0.95 

confidence interval. A- right. Contribution of the behavioral traits to dimensions 1 and 2 of the 

principal component analysis, higher contribution with warmer color (red) and lower contribution 

with colder color (blue). B. Gini index of the RF classification indicating for each trait its importance 

to discriminate between Tph2+/+ and Tph2−/− animals. The dashed line indicates the groups of 

variables resulting from the k-means clustering of the Gini indexes over 100 RF runs. Total 

occurrences of sexual behaviors (Sexual), percentage of weight variation (Weight), percentage 

of corticosterone metabolite variation (Corticosterone), total distance traveled (Distance), total 

roaming entropy (Entropy), total occurrences of defensive behaviors (Defensive), total 

occurrences of maintenance behaviors (Maintenance; drinking, eating, grooming), total 

occurrences of aggressive behaviors (Aggressive), total preference for the open area (Pref.open 

area), total occurrences of affiliative behaviors (Affiliative; allogrooming, attending, huddling, 

sniffing), area under the curve in the delay discounting task (AUC.DDT), hub centrality in 
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aggression social network (HUB.agg), flexibility score in reversed-RGT (Flexibility), preference in 

last 20 minutes of rat gambling task (RGT), latency to collect pellet in RGT (Latency RGT), 

Blanchard dominance score (Blanchard). Panels A–B: +/+ n = 48, −/− n = 30. Figure from Alonso 

et al., 2023.  

3.3 Effect of acute and moderate brain serotonin depletion on the behavioral 

profile of SD rats, published in the International Journal of Molecular Sciences 

(Alonso et al., 2024b) 

In order to avoid the potential consequences of the developmental compensations 

inherent to the genetic models of constitutive depletion, we used an inducible knock-down 

rat model (tetO-shTPh2 rats) to investigate the effect of an acute and moderate decrease 

of brain serotonin on the behavioral profile of rats. We focused the behavioral profile on 

the cognitive dimensions, namely complex and risky decision making, flexibility, and 

social recognition memory. We used network analysis which originates from the field of 

psychopathology to transform the behavioral profiles into behavioral networks to explore 

changes of structure and connections between the cognitive dimensions of the profiles of 

different spontaneous decision-makers under lower serotonin conditions.  

After three weeks of chronic doxycycline treatment the low-serotonin group showed a 

lower performance in the rat gambling task with a higher proportion of poor decision 

makers. Moreover, those low-serotonin poor decision makers showed a lower risk taking 

and a lower social recognition memory (Table 4). Applying the network analysis as an 

exploratory approach, we described the interactions between the cognitive dimensions 

within the profiles of the Control and low-serotonin groups without poor decision makers. 

In both groups, the decision making and the motivation for the reward (RGT-Lat) were 

highly connected and this connection was stable and unchanged between groups (Fig. 

3AB). Other connections were impacted by serotonin decrease: the strong connection 

between the social preference and the short-term social recognition memory (SP-STM) 

was not seen and the connection between short-term social recognition memory and 

motivation for the reward (STM-Lat) was found (Fig. 3AB). The behavioral network of the 

low-serotonin poor decision makers presented strong connections between STM and all 

other cognitive dimensions and between social preference, decision making and social 

preference and risk taking (Fig. 3C, n = 5). Short-term social recognition memory was a 

central node in this strongly connected network (Fig. 3C).  
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In this last study we found that complex decision making ability was impacted by the acute 

and moderate serotonin decrease and that only low-serotonin poor decision makers 

expressed additional impaired cognitive abilities with social recognition memory a core 

symptom of the behavioral network. 

Table 4: Control and Tph2-kd rats’ performances and comparison with the Wilcoxon rank sum 

test and additional performances of the subgroup of low-serotonin poor decision makers, own 

representation for this doctoral work. 

Trait Test Parameter Control 
Median 
(IQR) 

Tph2-kd 

Median 
(IQR) 

Wilcoxon rank 
sum test 
W (p-value) 

Tph2-kd-PDM 
Median  
(IQR) 

Complex decision 
making 

RGT RGT score 91 (21) 88 (39) 2113 (0.045) 0 (10) 

Sensitivity to reward RGT Latency to collect 
reward 

1.7 (0.5) 1.7 (0.3) 1725 (0.94) 1.5 (0.3) 

Cognitive flexibility Rev-RGT Flexibility score 28 (53) 20 (69) 1166 (0.78) 16 (8) 

Cognitive risk-taking PDT AUC 0.8 (0.3) 0.6 (0.2) 863 (0.007) 0.5 (0.1) 

Social preference SRt Ratio of 
interaction time 

2.3 (0.8) 2.5 (0.9) 814 (0.67) 2.6 (0.1) 

Short-term social 
recognition memory 

SRt Ratio of 
interaction time 

1.5 (0.5) 1.5 (0.8) 856 (0.97) 0.9 (0.2) 

Odor discrimination Odor test Ratio of 
interaction time 

0.6 (0.1) 0.6 (0.2) 417 (0.79) 0.6 (0.1) 

IQR: interquartile range, PDM: poor decision makers, AUC: area under the curve. Following a Bonferroni correction for 
multiple testing, the significance level in table 4 is 0.007, significant p-values are shown in bold. 
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Figure 3. Network analysis of the behavioral profiles with Spearman’s correlations. A-

Control group without poor decision makers. B- Low-serotonin (Tph2-kd) group without poor 

decision makers. C- Low-serotonin poor decision maker subgroup (from the Tph2-kd group). 

Edges between cognitive functions are Spearman’s correlations, green edges for positive 

correlations and red edges for negative correlations. Thickness of the edge represents the 

strength of the correlation. Correlations lower than 0.29 are filtered out. Decision making ability 

(RGT), motivation to collect reward (Lat), risky choices (PDT), recognition of social novelty (SP), 

recognition of social familiarity (STM). Control without PDM, n = 35, Tph2-kd without PDM, n = 

29, Tph2-kd-PDMs, n = 5. Figure from Alonso et al., 2024. 
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4. Discussion 

4.1 Short summary of results 

In this doctoral work I have developed a multidimensional and differential profiling 

approach for preclinical studies with translational value. The primary objective was to 

develop a methodology to integrate several socio-cognitive and biological dimensions 

together for the establishment of individual-based bio-behavioral profiles of healthy rats. 

The second objective was to evaluate how brain serotonin would influence the identified 

bio-behavioral profiles in two genetical models and also in a complex environment of living 

using the same multidimensional and differential approaches and to identify reliable bio-

behavioral markers of serotonin functioning. The final objective was to confirm the specific 

role of serotonin in the worsening of the behavioral profile of the most vulnerable 

individuals specifically. 

As a proof of concept for the development and the validation of the method, I first applied 

this multidimensional and differential approach to describe and compare the behavioral 

profile of individuals of one inbred and one outbred rat strains: the Dark Agouti strain, a 

rare inbred strain of rats vs. the Wistar Han strain, a classical outbred strain of rats. Here 

I showed that despite genetic differences, both strains of rats spontaneously displayed 

comparable behavioral phenotypic variations at the individual level although in different 

proportions. For instance, in both strains, individuals spontaneously presented either one 

of the three typical decision making strategies seen in healthy populations of rats. This 

work replicated and augmented the description of the behavioral characteristics 

associated to each decision making type. The profiles associated to each decision making 

type were found comparable between strains. Finally, and critically, at the strain level, the 

multidimensional analysis revealed specific bio-behavioral characteristics with different 

baselines of reward sensitivity, impulsivity, anxiety and activity for each strain. These 

refined results are critical for the choice of a given strain of rats depending on the human 

mental conditions that is to be modeled.  

The same multidimensional and differential approach was used to investigate the role of 

brain serotonin in the expression of those spontaneous behavioral profiles. Two different 

and novel rat models with genetic modifications of brain serotonin function were used. 

First using a rat’s strain with complete constitutive serotonin depletion in the brain 
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(Tph2−/−), I revealed an unexpected contrasting role of serotonin in modulating behaviors 

in social vs. non-social contexts. While the absence of brain serotonin in these animals 

affected drastically the expression of spontaneous behaviors expressed in the 

unconstrained context of the home-cage, these same animals could correctly perform 

operant and somewhat complex cognitive tasks, when outside the home-cage. Within the 

group-housed social context of their home-cage the complete absence of brain serotonin 

impacted the Tph2−/− rats’ quality and quantity of social interactions, their social 

organization and hierarchy but also patterns of space occupation. These animals 

exhibited higher levels of stress and experienced greater weight loss than controls. 

Interestingly, using machine learning analysis the most affected spontaneous dimensions 

in Tph2−/− rats appeared to be reminiscent of symptoms of mental disorders such as 

impulse control disorders and stress and anxiety disorders. In parallel, however, the same 

individuals with (still) no brain serotonin behaved at the same level of performance as 

control animals in classical testing, outside of the home cage when tested individually in 

operant chamber or open field.  

Finally, using an inducible knockdown model (TetO-shTPH2), I showed that the acute 

and moderate decrease of serotonin (low-serotonin condition) led to an increase in the 

proportion of individuals showing poor decision making abilities (one of the three typical 

decision making type). Remarkably, this subset of individuals, the poor decision makers, 

was also the only one impaired on other dimensions namely short-term social recognition 

memory and economical risk-taking. For the first time in a preclinical setting, I used a 

behavioral network approach to illustrate the interactions between the cognitive 

dimensions of control and low-serotonin animals. Social cognition emerged as a core 

parameter of the behavioral profile of low-serotonin poor decision makers. These original 

results suggest that social cognition, modulated by serotonin, could be a potentially strong 

marker of vulnerability in rats, which could be eventually targeted as a therapeutic entry 

door in humans.  

4.2 Interpretation of results 

The strain differences that we have established will help in the choice between the Wistar 

Han (WH) and Dark Agouti (DA) strains in behavioral preclinical studies. Each laboratory 

usually has a traditional use of one strain over another (Lindsey and Baker, 2005). 

Change in rat strain may be necessary for technical reasons such as the creation of a 
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new genetically-modified line. Knowledge about strain specificities is essential (Butler-

Struben et al., 2022) however, rat strain comparison studies and phenotyping studies 

remain sparse. One reason may be the difficulty to publish strain comparison results. In 

our case it was quite challenging despite the addition of two innovative methods: the 

multidimensional analysis and the home-cage monitoring system. According to our 

results, the WH strain should preferentially be used to investigate processes involved in 

reward related behavior, impulsivity, locomotor exploration and to test strategies that tend 

to the reduction of those phenotypes. Although the use of the DA strain of rats in 

behavioral studies is rare, its characterization was essential as the background strain of 

one of our genetic models. Moreover, we have shown the interesting results that DA rats 

present a more prosocial and anxious-like profile than WH and could be a very relevant 

strain to use to investigate anxiety-related dimensions and to test strategies that tend to 

the reduction of those phenotypes.  

All strains of rats used in this doctoral work, namely the DA, WH and Sprague-Dawley, 

presented intra-strains’ individual variations in behavior and the three different 

subpopulations of decision makers. Poor decision makers of each strains behaved as 

expected with regard to their decision making type in the other cognitive tasks and context 

conditions (Rivalan et al., 2013, 2009a). The conservation of this behavioral profile 

between genetically distinct strains of rats supports a strong translational power of this 

naturally existing profile in healthy populations. 

Beyond the study of the spontaneously existing behavioral profiles of healthy subjects, 

the induction of a more extreme or pathological phenotype allows the study of the 

transition from vulnerability to pathology and therefore, to examine risk factors to 

pathology, new phenotypes and associated markers with the pathological phenotype. 

Inducing a moderate decrease of brain serotonin specifically impaired cognitive 

dimensions in the profile of poor decision makers. Low-serotonin poor decision makers 

lost their ability to socially habituate and to make risky decisions in probabilistic 

conditions. One interpretation would be that due to a lower serotonin level, they used 

preferentially a “short term” strategy prioritizing immediate and certain gains which can 

be in line with an increase of reward sensitivity towards whether food or social reward (El 

Rawas et al., 2020). Considering the strong centrality of social recognition memory in the 

behavioral network of low-serotonin poor decision makers, an alternative view of our 
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results would be that a decrease in serotonin availability, altered social recognition 

memory in the first place and, by diffusion through the behavioral network, had impacted 

the other functions, strongly connected to social recognition memory, namely risky 

decision making and latency to collect the reward. The hypothesis of the diffusion of a 

dysfunction between cognitive dimensions from social to more executive should be 

further tested. In humans, for instance, network approach studies have demonstrated the 

importance of social cognition for executive function and daily activity performance in the 

context of schizophrenia (Galderisi et al., 2018; Hajdúk et al., 2021). Further 

investigations of the properties of the behavioral network of poor decision makers in 

normal and “pathological” low-serotonin conditions are needed to better understand the 

role of social cognition in the transition from normal to impaired behavioral network and 

thus as a potential marker of the establishment of psychopathology. The combination of 

the differential, multidimensional and genetic approaches presented here revealed a 

novel emerging social marker of pathology in spontaneously vulnerable individuals.  

 

Investigating a constitutive lack of brain serotonin, I was able to observe a strong 

pathological profile in Tph2−/− rats. From this profile, using machine learning methods, the 

most impaired dimensions were interestingly similar to clinical symptoms of impulse 

control disorders (disruptive, impulse control, and conduct disorders, compulsive sexual 

behavior disorder, and behavioral addictions) and stress and anxiety disorders 

(obsessive-compulsive, post-traumatic stress, and generalized anxiety disorders). The 

main discriminative markers of serotonin function were: (1) exacerbated sexual behaviors 

reminiscent of uncontrollable repetitive sexual behavior (World Health Organization, 

2019), (2) strongly reduced maintenance (eating, drinking, grooming) behaviors and (3) 

increased weight loss reminiscent of neglect of personal care (American Psychiatric 

Association, 2013; World Health Organization, 2019), (4) increased defensive behaviors 

and (5) reduced home-cage occupation (entropy) reminiscent of hypervigilance, over-

reaction to harmless stimuli disturbing daily life, avoidance of situations with negative 

expectation and repetitive checking behavior (Baldwin, 2013; Cludius et al., 2019; 

Dunsmoor and Paz, 2015; Gillig and Sanders, 2011; Weintraub et al., 2015). Finally (6) 

their increased corticosterone levels was reminiscent of cortisol disturbances and stress 

triggering impulses (Buchanan et al., 2020; Cackowski et al., 2014; Djamshidian et al., 

2011; Grant and Potenza, 2004; Seo et al., 2016). All those markers and all the other 

impaired functions of Tph2−/− rats (discussed in more details in Alonso et al. 2023) were 
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specifically expressed in the visible burrow system. The use of this semi-natural home 

cage revealed the essential role of serotonin in the modulation of social and non-social 

daily life behaviors. However, in stand-alone tests no such role could be observed as 

Tph2−/− rats expressed preserved cognitive performance. This was highly unexpected 

and contrasted with the dominant literature indicating an essential role of serotonin in 

modulating decision making (Izquierdo, 2017; Koot et al., 2012), flexibility (Brigman et al., 

2010; Clarke et al., 2004), cognitive impulsivity (Baarendse and Vanderschuren, 2012; 

Winstanley et al., 2006), and cognitive risk-taking (Ishii et al., 2015; Kirkpatrick et al., 

2014) using the same classical tests as in our study. I proposed two explanations for 

these negative results. First, constitutive genetic models are known for their unexpected 

developmental compensations (Kreiner, 2015). In Tph2−/− rats, the lack of serotonin may 

have led to an increase in neuronal development (hyperinnervation) through the brain-

derived neurotrophic factor pathway (Brivio et al., 2018; Kronenberg et al., 2016; Migliarini 

et al., 2013) which could have impeded stronger deficits. Second, I proposed that the 

inherent differences between the semi-natural home-cage and the classical setups 

(operant chambers and open field), which were historically developed to challenge one 

specific cognitive function at a time, had a strong impact on the cognitive demand required 

from the animal. While the more dynamic, experimenter-free setup would challenge 

several functions, including social functions, and allowing the expression of complex 

behaviors on the long term, and would require a higher cognitive effort from the individuals 

(Kondrakiewicz et al., 2019; Matusz et al., 2019; van den Bos et al., 2013b). Our data 

support the facilitating role of serotonin for behavioral adaptation in social environments 

through its influence on neural plasticity (Branchi, 2011; Kiser et al., 2012). Tph2−/− rats 

present a rich phenotype that can be further used to model everyday life features of 

several human disorders. 

4.3 Embedding the results into the current state of research 

We obtained profoundly different results with the two genetic rat models that we used, 

although the common point of the two models was brain serotonin. This allows us to 

elaborate about the overall role of brain serotonin in the modulation of individual profiles 

of behavior in rats. On one hand, the moderate destabilization of the serotonergic system 

in Tph2-kd induced individual-specific socio-cognitive impairments and changes in the 

behavioral network of a subset of individuals from the general population: the vulnerable 
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poor decision makers. On the other hand, the constitutive lack of brain serotonin induced 

a maladapted profile of behavior that could be observed within the home-cage 

environment for all individuals, independently of their decision making type. In both 

studies however, the social context was decisive for the expression of impairments and 

social cognition appeared particularly sensitive to the disturbance of the serotonergic 

system. Taken together, our results point towards an essential role of serotonin in the 

adaptation to the social environment through the ability to adaptively respond and interact 

with social stimuli. In human, social cognition attracts more and more interest as a trans-

diagnostic construct and a marker of mental disorders (Lakhani et al., 2021). Social 

cognition impairments undercover for instance social reward sensitivity in schizophrenia 

patients, interpersonal accuracy in remitted patients with bipolar disorders and relatives 

(Bora and Özerdem, 2017; Espinós et al., 2019; Lee et al., 2019). Rehabilitation through 

social cognition trainings is being developed and promising (Jones and Harvey, 2020; 

Nijman et al., 2020). The development of robust measures of social cognition in clinical 

and healthy populations is deeply needed (Lakhani et al., 2021; Patin and Hurlemann, 

2015). From the preclinical perspective, we must pursue the development of methods 

that can evidence and measure social cognition in animals to fuel clinical research on 

personalized preventive medicine. This will be essential to finally bridge the gap currently 

existing between clinical and preclinical research and contribute to improve therapeutic 

development. 

A recent study combining transcriptomic mapping and neuroimaging in human and mice, 

linked patterns of brain-wide serotonin receptor expression to human individual variation 

in cognitive impulsivity, reward responsiveness and affective response (Salvan et al., 

2023). This study suggests a serotonergic origin of inter-individual differences in human 

behavior. In the case of the rat poor decision makers a cortical-subcortical monoaminergic 

imbalance was reported along with reduced brain network activations during the Rat 

Gambling Task (Fitoussi et al., 2015). Which is in line with the hypothesis of serotonin 

being at the origin of the vulnerability of the poor decision makers as well as the molecular 

trigger of the transition from non-pathological to pathological states.  

During this doctoral work, I have developed a semi-automatic version of the Visible 

Burrow System for rats (Alonso et al., 2019b) that is an adaptation of the non-automated 

Visible Burrow System created by Blanchard and colleagues (Blanchard et al., 2001). 
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The original semi-naturalistic enclosure was used as a home-cage to study the hormonal 

correlates of social hierarchy in rats. Blanchard and colleagues thoroughly described 

aggressive and defensive behavioral sequences associated with social ranking as well 

as non-social behavior dominance criteria (see Blanchard dominance score in the 

methods). In our system, the addition of an individual tracking system and an automatic 

video recording made it possible to collect numerous time-series, individualized locations 

and behavioral data. Home-cage monitoring exists since the 70’s and has been growing 

faster the last 10 years with a jump in technology allowing the development of longitudinal 

studies (Kahnau et al., 2023; Nachev et al., 2021; Torquet et al., 2018). More recently the 

development of automated machine learning methods for analysis of animal behavior 

within the home-cage is revolutionizing the continuous detection of individuals and 

behaviors (de Chaumont et al., 2019; Kahnau et al., 2023; Lauer et al., 2022; Mathis et 

al., 2018; Múgica et al., 2022). Home-cage monitoring improves welfare for the animals 

and reproducibility of the results (COST Action CA20135, 2021; Kahnau et al., 2023). In 

our case the use of the visible burrow system allowed us to integrate context complexity 

(including social complexity) into our experimental design. Only in this dynamic 

environment Tph2−/− rats were unable to adjust their behavior to the inherent uncertainty 

of naturalistic group living conditions revealing strong behavioral markers of serotonin 

deficit. It would be enlightening to test the decision making ability, flexibility, and 

impulsivity of the Tph2−/− rats within home-cage settings (Huang et al., 2023). The 

multivariate analysis and supervised machine learning methods are essential to 

apprehend the complexity of animals’ phenotypes and to identify markers of vulnerability 

or pathology. They allowed us to identify real-life markers of serotonergic function: sexual, 

maintenance and defensive behaviors, home-cage occupation, weight maintenance and 

corticosterone levels. 

4.4 Strengths and weaknesses of the studies 

Our goal with the multidimensional approach was to precisely define behavioral 

phenotypes and extract translational, novel, real-life (spontaneous and home-cage 

based) markers of serotonergic function. Beyond our study, the translation effort is 

important to unveil new (bio)markers and fuel the field of precision medicine (Menke, 

2018). Our strategy to obtain the highest translational value as possible, was to include 

as much diversity as possible in our design (Devlin and Roberts, 2022). First the study of 
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interindividual differences sets the analysis in the direction of exploring the whole 

variability of the animal response. We also used a variety of complementary statistical 

analyses. Then we included a large diversity of tests to scrutinized several behavioral 

dimensions and in different testing environment. The use of the visible burrow system 

was critical to this work. Semi-natural housing allows the expression of a large repertoire 

of natural behavior and the discovery of phenotypes otherwise ignored, contrary to brief 

assessments outside of the home-cage influenced by random elements and with limited 

face validity (Kas and Van Ree, 2004). Ethologically relevant setups for rodents will help 

closing the gap between preclinical and clinical research (Shemesh and Chen, 2023). 

The direct comparison of classical and home-cage testing has shown very informative 

(Körholz et al., 2018; Mieske et al., 2023), in our case it was essential to the interpretation 

of our data. 

In this doctoral work, we confirmed the vulnerability of poor decision making individuals 

to a modification of brain functioning. Poor decision makers constitute a very valuable 

model of vulnerability. However, they represent a minority of the population. This implies 

that the sample size may be hard to reach when working with this subpopulation. 

Preparing the experiment with power analysis and pilot experiment is crucial. The choice 

of the rat strain is decisive as the proportion of poor decision makers depends on it. So 

far, the best strain to use to have the highest proportion of poor decision makers (in % of 

the population) remains the Wistar Han, before Dark Agouti and Sprague Dawley strains 

with much less poor decision makers. 

The use of the HPLC method was technically challenging. We did not succeed to obtain 

data of sufficient quality to include the individual serotonin levels as a variable in our 

multivariate and network analyses. Brain samples were limited, repeated and non-

invasive sampling is not possible for serotonin measurements.  

In this doctoral work we investigated the involvement of serotonergic function in the 

expression of behavioral profiles in male rats. In the last decade, the inclusion of females 

in rodent studies has exploded and soon will become the standard. Sex differences in 

decision making have been evidenced in animals and human with serotonergic 

neurobiological correlates (Truckenbrod et al., 2023; van den Bos et al., 2013a, 2012) 

and the higher vulnerability of females is documented (Radke et al., 2021). The study of 

the behavioral profile of poor decision makers must be extended to female individuals. It 
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is of prime importance to investigate at the preclinical level the sex differences evidenced 

in clinical and non-clinical populations (Leger and Neill, 2016; Paletta et al., 2023). 

4.5 Implications for future research 

In this doctoral work, we observed strong behavioral markers associated with disruption 

of the serotonergic system in social context and related to social cognition. Future 

research on the role of serotonin in animal behavior should strongly focus on social 

cognition features. The use of ethologically relevant tests, longitudinal designs and 

multidimensional approach are highly recommended for their translational power. 

The network approach to psychopathology is one of the newest ways to conceptualize 

and study mental disorders. It considers that the interactions between the symptoms are 

causally responsible for the emergence of the pathology (Borsboom, 2017; Gauld, 2020). 

For the first time to our knowledge in an animal study, we used network analysis as a 

behavioral profiling method. It yielded interesting results and innovative hypotheses about 

the interactions between behavioral impairments. Combining network analysis of 

behavioral profile with a longitudinal design and high throughput home-cage testing is a 

very promising approach. 

The multidimensional approach was thoroughly described in this thesis and our 

publications. Data and scripts developed in part II and III are openly available online. The 

approach is flexible and can be adapted to other similar designs. The blueprint of the 

visible burrow system is also openly available (Alonso et al., 2019a).  
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5. Conclusions  

In this doctoral work, I have developed a behavioral, statistical and home-cage method 

for the description and comparison of multidimensional and differential behavioral profiles 

in healthy and genetically modified rats. Using this multidimensional, naturalistic and 

differential approach, I was able to compare two strains of rats and to identify the 

dimensions that characterized each strain the most. Applying the multidimensional, 

naturalistic and differential approach to two genetically modified rat models targeting the 

synthesis of central serotonin, I identified strong behavioral markers associated with the 

disruption of the serotonergic system. First, in rats with a constitutive lack of central 

serotonin the expression of everyday life behaviors was compromised in the group-

housed naturalistic home-cage. The dimensions most critically impaired resembled 

symptoms of impulse control disorder and stress and anxiety disorder. When tested in 

classical stand-alone tests, the cognitive abilities of the same rats were surprisingly 

preserved. Secondly, in rats with an induced and moderate decrease of central serotonin 

the proportion of poor decision makers increased and these individuals specifically 

presented impairments in other cognitive abilities. Social recognition memory was the 

central node of their maladapted behavioral network. From these two interventional 

studies and thanks to the variety of analyses, I could conclude on a primary role of the 

serotonergic system in modulating social cognition and on the importance to further study 

behavioral markers of social cognition as translational markers of vulnerability. 

Multidimensional and differential analysis and the home-cage semi-naturalistic setup 

were key to this discovery offering a way to access the complexity of individual profiles of 

behaviors and generating a very high translational value for this doctoral work. 
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