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Social withdrawal is a behavioral symptom expressed in a multitude of neuropsychiatric 
disorders, including autism spectrum disorder (ASD), major depressive disorder (MDD) 
and Schizophrenia (SZ), and can be defined as refraining from engaging in interactions  
with conspecifics (American Psychiatric Association, 2013; Porcelli et al., 2019). Higher 
levels of social withdrawal are associated with a lowered chance for short-term remis-
sion (Oliva et al., 2022) and pose a greater risk for mortality than other well-known risk 
factors such as smoking, alcohol use and high BMI (Holt-Lunstad et al., 2010). Interest-
ingly, social withdrawal is not only displayed by mental disordered human patients, it 
is a well-described phenotype that numerous species express under a wide range of 
circumstances (see Chapter 1 for review). Using this knowledge, the human symptom 
can be studied in model organisms such as the house mouse (mus musculus) or the 
vinegar fly (drosophila melanogaster), and in which it is possible to precisely disentangle 
the neural and molecular mechanisms underlying this behavior. However, the current 
methods  to assess social withdrawal in model organisms are found to be inconsistent 
and often focus on simple dyadic interactions. Social withdrawal is not a single behav-
ioral measurement (e.g., decreased approach behavior), but encompasses an array of 
different social displays (see chapter 1). It can be defined as a decrease in sociability and 
expresses itself as a lowered tendency to engage with conspecifics (e.g., approaching, 
sniffing or following) or an increased tendency to avoid conspecifics. An animal could 
display social withdrawal as all of these behaviors, or only a subset. Therefore, it is of great 
importance to assess the full repertoire of social behaviors of model organisms under 
(semi-)natural conditions, which most current methods disregard.  Thus, the main aim 
of this thesis is to develop and validate a generalizable and ethologically valid method 
to reliably quantify social withdrawal in rodents, with the goal of laying a foundation for 
future translational research.

overvIew of ThesIs

In chapter 1 we conducted a thorough literature review that confirmed that social with-
drawal is indeed a common behavioral phenotype across animal species that principally 
serves an adaptive function. It is orchestrated by an evolutionary well-conserved neural 
circuitry in the brain called the social decision-making network (SDMN). Its functional 
activity and output are influenced by a variety of both external (i.e. stressors, infectious 
agents) and internal (i.e. (epi)genetics) factors that result in either transient or endur-
ing alterations in social withdrawal. In particular long-lasting disengagement in social 
interactions are considered to be maladaptive, resulting in detrimental health effects.
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In Chapter 2 we reviewed the existing literature on the different  methods for studying 
social behavior, comparing the use of conventional manually-scored dyadic tests and 
semi-natural environments employing automated measurement of social behaviors of 
individual mice in a colony. We show the advantages of the latter and describe the use 
of these methods in the translation of human symptoms to rodent behavior in order to 
study the biological mechanisms underlying social withdrawal.

In Chapter 3 we experimentally tested if the profound social impairments in the BTBR 
T+ Itpr3tf/J strain (BTBR), as frequently reported using simple short-lasting dyadic be-
havioral testing conditions, could also be found in an ethologically valid semi-natural 
environment, over prolonged periods of time. We demonstrated that social withdrawal 
can indeed be assessed: BTBR mice showed less social exploration and spent more time 
alone, when compared to the C57BL/6j reference strain.

In Chapter 4 we aimed to show the robustness of the methods introduced in chapter 3. 
Here we used automatic behavioral annotation to reliably asses the social behaviors of 
the BTBR mice at two separate experimental sites and compare it to the C57BL/6j refer-
ence strain. At both experimental sites BTBR consistently showed a socially withdrawn 
phenotype, as they spent significantly less time on all social behaviors.

In Chapter 5 we aimed to test the (back-)translational nature of social withdrawal based 
on a human candidate gene that was previously associated with this phenotype (Bralten 
et al., 2021). For that reason, the gene coding for the dopamine D2 receptor (Drd2) was 
manipulated in both the vinegar fly (drosophila melanogaster) and the mouse (mus mus-
culus). In the vinegar fly we showed that a general whole-body deletion of the dopamine 
D2 receptor (D2R) resulted in a decreased  display of social contacts and locomotor 
activity. In mice we showed that the specific deletion of D2R in dopaminergic neurons 
(i.e., the D2R autoreceptor) also led to an increased social behavior and  decreased lo-
comotor activity.  General pharmacological agonism of D2R in mice led to the opposite 
response in social behavior, decreasing approach behavior and sniffing behavior, while 
not affecting locomotor activity. Although the models used in flies and mice are difficult 
to compare and showed contrasting results, our results do indicate that homologs of a 
human risk gene can lead to social effects in evolutionary distant species. In addition, we 
show that our automated long-term tracking and social behavioral phenotyping of ani-
mal colonies within a semi-natural can indeed be used for further translational research.



199

The seMI-naTural envIronMenT as a robusT 
TesTInG MeThod

Previous literature reporting on social withdrawal in mice often employs the classical 
tests for social behavior, such as the three-chamber social exploration test or the dyadic 
social interaction test (see for review chapter 2). These rather simple tests have been 
designed to screen animals for their sociability in a relatively efficient way, providing 
a fast assessment with high throughput. However, they do not allow for experimental 
animals to display their full range of social behaviors (see chapter 1).  Due to obvious 
deviations from the natural situation, it is possible that many of the behavioral compo-
nents of social withdrawal are missed and, consequently, that experiments screening for 
social impairments may lead to false negatives when using these conventional methods. 
In chapter 3 & 4 we aimed to develop a method that could solve these issues, by provid-
ing an environment in which the animals could interact freely and display all different 
types of social behaviors for prolonged periods of time. Furthermore, we aimed to come 
to a more robust measurement of social impairments, as results from the conventional 
tests are very sensitive to small methodological differences between and within labs, 
even if the protocols are aligned (Bohlen et al., 2014; Chesler et al., 2002; Wahlsten et al., 
2006). Interestingly, the researcher conducting the experiment has the biggest effect on 
the outcome (Chesler et al., 2002). Of which the researcher’s familiarity (Van Driel and 
Talling, 2005) and sex (Sorge et al., 2014) are shown to influence behavioral outcomes, 
although other characteristics might also play a role.  Differences caused by the experi-
menter might be solved with automated behavioral recognition and measurement, as 
it removes the need for subjective manual behavioral annotation which is often carried 
out by multiple researchers in order to increase throughput. Furthermore, studying the 
behavior longitudinally in a semi-natural environment minimizes short-term interaction 
with the experimenters, greatly lowering the experimenters effect on the behavioral per-
formance of the animals. In recent years the availability of technology for the automated 
recognition of behaviors in rodents has greatly increased and has progressed enough 
that it is now possible to not only recognize certain behaviors, but also identify which 
animal is producing this behavior over a long period of time in complex environments. 
An overview of these methods is provided in chapter 2, table 4. However, this list is not 
extensive as technological progress is made on a daily basis and new products emerge 
every year. These technologies mostly rely on pose estimation based on video and use 
complex algorithms to annotate behaviors. In general, two types of methods are ap-
plied, one featuring artificial neural networks that “learn” what a certain behavior entails 
and one utilizing predetermined detailed definitions of behavior. While the first relies 
a manually annotated dataset to extract behavioral definitions from, the latter makes 
use of simple parameters regarding time and location (see for example chapter 4, table 
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1). In chapter 4 and 5 of this thesis, we made use of automated behavioral annotation 
based on predetermined definitions of behavior, which we validated against manual 
annotations (see chapter 4, supplementary fig. 1). In chapter 3, we manually annotated 
the behavior of groups of socially interaction mice.

factors impacting the replication of conventional tests for social 
behavior
Before working with groups of mice in a semi-natural environment we wanted to rep-
licate the known social phenotype of the BTBR strain using conventional dyadic social 
tests. Thus, we conducted a pilot experiment using conventional dyadic social tests, 
comparing the BTBR mouse with the C57BL/6j reference strain. One of the employed 
tests was the three-chamber test, in which we found that the BTBR mice spent more 
time with a novel conspecific compared to a novel object (fig. 1), similar to the reference 
strain. These results contrast with those reported in the literature, where BTBR mice are 
often shown to not have a preference for either the unfamiliar mouse or the novel object 
(see for example Chao et al., 2018). Some of the most notable differences from Chao 
et al. (2018) included a longer duration of the experiment, testing in the dark phase 
instead of the light phase and the choice of novel animal to approach. Where we chose 
a mouse from the A/J strain as the “stimulus animal”, different from both tested strains, 
each of their tested animals encountered a novel animal from their own strain (Chao 
et al., 2018). However, with a similar duration of the experiment and testing in the dark 
phase, differences between BTBR and C57BL/6j are still found in other labs (McFarlane 
et al., 2008). Furthermore, BTBR sociability in the three chamber test is shown to be 
independent of the stimulus strain (Yang et al., 2012). The main differences that remain 
between our experiments and those mentioned above are, thus, the laboratory at which 
the experiments are performed and the experimenter performing them. Other reported 
studies showing the same results as ours could not be found, although personal com-

figure 1. Results from the Three Chamber Test. Data is presented as time spent in a chamber during a 10 min behavioral 
assessment. Both C57BL/6j and BTBR mice spent more time in the chamber with a novel animal.
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munications with other researchers at conferences/meetings confirmed that we were 
not the only ones struggling to replicate the sociability impairments of the BTBR mouse, 
and thus a publication bias may exist.

However, the fact remains that an experienced laboratory could not replicate the be-
havioral impairments that are characteristic of a well-known strain in a widely-used test. 
This suggest that either the behavior or the task used to measure it is not as robust as 
suggested. A reason for this lack in robustness might be the influence of novelty and 
handling stress, as every test takes place in a novel environment and animals are in con-
tact with the experimenter shortly before behavioral assessments are being performed. 
Environmental novelty is known to induce both behavioral and physiological changes, 
lasting at least for the duration of most conventional tests (Kurumaji et al., 2011). Basic 
handling is stressful for rodents, with its physiological effects also lasting longer than 
most conventional tests (Balcombe et al., 2004). Additionally, the type and frequency of 
handling has been shown to influence behavior (Sensini et al., 2020; Ueno et al., 2020) 
and the most frequently used handling technique, tail handling, increases data vari-
ability when compared to other techniques (Marcotte et al., 2021). Therefore, novelty 
and handling will certainly affect results in conventional tests. By assessing behavior 
long-term in a semi-natural environment, the effect of novelty, handling and other 
experimenter effects are significantly reduced, as contact with the experimenter only 
occurs at the moment the mice enter the environment where they stay for multiple days.

The  definition of a semi-natural environment
What exactly constitutes a semi-natural environment is rather vague. Many different 
approaches exist, even within our own studies. The common aim of these environments 
is to mimic that of the wild ancestor of laboratory rodents, while in a settings in which 
experimental variables can be controlled and manipulated. As the environment mimics 
the natural one, animals are expected to be able to show all their natural behavior, thus 
being ethologically valid. This is not a new phenomenon. Half a century ago, Warren 
already indicated that in order to study the brain and behavior in environments in which 
the animal evolved (Warren, 1972). In the 1970s already many different approaches 
existed, from large interconnected cages (Lubar et al., 1973) to large arenas with nest 
boxes (Anisko et al., 1978) and combinations of both (Blanchard and Blanchard, 1989; 
Holson, 1986). Designs differ based on the type of experiment, practicality, and creativ-
ity of the researcher. Interestingly, in all these previous study the reasoning for making 
use of a semi-natural environment was the same, it allowed for the display of the full 
range of relevant behaviors. In other words, the semi-natural environment provided 
ethological validity to the experiment. As we are mostly interested in social behavior, 
our first semi-natural environment needed to allow for the expression of the full social 
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repertoire. As such our semi-natural environments are based on the visible burrow 
system (VBS), used as an environment to study social behavior in rats (see for examples 
Blanchard et al., 2001; Blanchard and Blanchard, 1989). This environment reminds of that 
of wild rats (Schweinfurth, 2020) and provides all necessary components for the display 
of naturalistic social behavior: a social group appropriate for the species, the possibil-
ity for escape from this group, the opportunity of concealment and the elicitation of a 
variety of behaviors with which the behaviors of interest may interact (Blanchard and 
Blanchard, 1989). A semi-natural environment is, thus, not a specific type of environ-
ment, but defined by which behaviors are measured and which behaviors interact with 
them. For mice and rats, the basis appears to be a large open space with a light/dark-
cycle and connected nest boxes that remain dark.

Comparing behavior between conventional tests and semi-natural 
environments
Studying social behavior in a semi-natural environment can provide a context for behav-
ioral results. Specific behavioral changes can be pinpointed to a specific time, in a cer-
tain location and within an explicit social situation (chapters 3-5). Whereas conventional 
social tests often only differentiate between social and non-social behavior on a specific 
time (see for examples chapter 2, table 2). This contrast makes it difficult to compare 
results between the two methods. For example how does “time spent in chamber” (fig. 
1) relate to the results of chapter 4, where the social behavior of the BTBR strain was 
assessed during day and night over a period of 7 days? From the behaviors described in 
chapter 4 approach (chapter 4, fig. 1) and sniffing (chapter 4, fig. 2) behavior could be 
considered as the most direct comparison, as in the three-chamber test the animal first 
needs to approach the chamber of the novel animal and can then interact by sniffing. 
Further, the experiment from figure 1 was performed in the dark phase. Looking at both 
approach and sniffing results (chapter 4, fig. 1b and fig 2b) there is no significant differ-
ence between BTBR and C57BL/6j on the dark phase of day 1, when the environment is 
still relatively novel. As the three-chamber test is performed in a novel environment, the 
results appear to be quite similar. The comparison between the two also makes clear 
that the longitudinal test does not lead to the same false negative, as differences occur 
when the novelty wears off. This comparison indicates that the data from our pilot (fig. 1) 
might indeed be obscured by novelty/handling stress, as even in our longitudinal study 
in a semi-natural environment we see that BTBR animals do not significantly differ from 
the reference strain when measured in a novel environment shortly after contact with 
the experimenter.
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studying behavior in semi-natural environments
In chapter 3 and 4 we investigated the social behavior of the same two strains longitudi-
nally in an ethologically valid semi-natural environment. First using manual behavioral 
annotations (chapter 3) and then switching to high-throughput automated behavioral 
recognition (chapter 4).  Here we demonstrated that BTBR mice indeed display a 
decrease in social behavior, compared to the C57BL/6j reference strain. However, the 
design of the two studies differed and, although the overall conclusion was the same, 
the resulting behavioral outcomes were not identical. In chapter 3, colonies consisted 
of 6 male mice (either BTBR or C5BL/6j) and 2 females of the same strain. These animals 
were marked with various patterns, by bleaching their fur, to allow for visual identifi-
cation. A colony was placed in an environment consisting of a large open arena, con-
nected tunnels and 4 nests. The tunnels and nests were always dark, resembling natural 
burrows, and built from material that acted as an infrared-pass filter, meaning it was 
essentially see-through for our camera (see chapter 3, fig. 1). These “burrows” are char-
acteristic for the environment it was modeled after, the VBS (see for examples Blanchard 
et al., 2001; Blanchard and Blanchard, 1989). As behavior was manually annotated, we 
choose six 10-minute observations across each day to represent the behavior to allow 
for adequate throughput. In chapter 4 we could make use of automated behavioral 
annotation, meaning that we could now assess the behavior of our mice for the full 
24-hour day. When comparing social exploration from chapter 3 (chapter 3, fig. 1A-D) 
with sniffing behavior from chapter 4 (chapter 4, fig. 3B), its closest behavioral match, 
similar patterns can be seen. The BTBR mice consistently show less social behavior than 
the reference strain. However, there are clear differences that might be explained by 
the methods of the experiment. Firstly, the difference between BTBR and C57BL/6j is 
less apparent in chapter 3, where the difference is only significant on day 2. In chapter 
4 we showed that BTBR mice show a decrease in social behavior in both dark and light 
phase, where this strain almost displays no social activity in the light phase compared to 
the reference strain. The selected timepoints in chapter 3 barely cover the hours of the 
light phase, meaning that hours that contribute strongly to the difference between the 
strains are missed. Secondly, the total time spent on social exploration is substantially 
higher in chapter 3, even when combining approach, sniffing and following in chapter 
4. In chapter 3 only 1 hour of behavior was scored in total, while in chapter 4 it was 24 
times this amount, making this difference even more apparent. This could be explained 
by both the experimental design and the method of analysis. Considering de latter, hu-
man observers have a much lower reaction time than a software package, meaning that 
when a behavior is annotated some time will be added to the duration purely to press 
the button. This means that if a behavior occurs frequently, it may greatly increase the 
duration due to human error. Next to that human based annotation is less strict than 
that based on software, meaning that there might be false negatives when making use 
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of automated annotation, but also that sniffing behavior in the context of aggression 
is not scored as a separate behavior. However, the influence of these factors is most 
probably less than those of the experimental design. In chapter 3, groups consisted of 
double the number of animals (8 vs 4) which had access to an open arena of only about 
half the size (2500cm2 vs 4800cm2). This means that the likelihood of 2 mice meeting 
each other is much higher in chapter 3, which should increase the number of social in-
teractions. Also, the fact that chapter 3 included females led to differences between the 
measured behaviors. The fact that there are females present increased the occurrence of 
sexual and aggressive behavior, as the former triggers the latter (chapter 3). Further, the 
animals had access to a burrowing system in which behavior could be observed. These 
physical stimuli where not added to the environment of chapter 4 and neither where the 
means available to score the related behaviors. As such huddling and resting behavior 
was not scored, as it could only be annotated in the open arena. Sexual behavior was not 
scored, as there was no presence of females and our software package was not able to 
annotate the behavior. And aggressive behavior was also not scored, due to the inability 
of the software package to deal with the behavior. This shows the value of manual an-
notation in complex setups. However, automated annotation of behavior can provide an 
ideal tool, if the experiment is designed within the constraints of the chosen software 
package.

As stated above, automated annotation provides a more robust method by eliminat-
ing the subjective interpretation of human observers and the increase in throughput 
makes longitudinal experiments viable, which further improves the robustness of the 
study. Combining this with a semi-natural ethologically valid environment, more types 
of behavior can be measured over a longer time with less influence of the environment. 
In chapter 4 we have shown that, using this method, we were able to reproduce the so-
cially impaired phenotype of the BTBR strain in not just one but 2 different experimental 
sites. We employed a similar protocol, equipment and behavioral annotation algorithm, 
but with site-specific housing conditions, handling and experimenters, showing the 
robustness of our methods of using an ethologically valid semi-natural environment to 
study social behavior combined with automated annotation.

MakInG use of auToMaTed behavIoral 
annoTaTIon

Time resolution of manual vs automated annotation
The annotation of many different behaviors of a group of animals over multiple days 
takes considerable time if done by hand. Reaching proper statistical power would mean 
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months of work for a single experiment, often done by many different researchers. 
Every researcher adds its own subjective interpretation of the ethogram, meaning that 
subtle behavioral variations will be harder to pick up. In order to make the throughput 
realistic, many researchers choose to only annotate behaviors at specific intervals. When 
only looking at specific intervals, the time needed to score the behavior goes down 
substantially, but so does the time resolution of the measured behaviors. In chapter 3 
we annotated behavior for 10min starting at specific times chosen for their behavioral 
relevance (e.g. the beginning of the dark phase), however there are many more ways 
to select these intervals (see for example (Pobbe et al., 2010; Williamson et al., 2016). 
The main advantages of this method are that standard ethograms (i.e. definitions of 
the behaviors) can be used and that no additional equipment or training is necessary. 
Further, when scoring manually, any behavior can be scored, it just takes time. In chapter 
4 we made use of automated behavioral annotation, meaning that behavior could now 
be annotated in approximately the same time it took to run an experiment, greatly 
improving throughput. Although the behaviors that can be scored are limited by the 
software, software packages can often also include measurements that would be impos-
sible when scoring manually, such as the total distance moved by an animal (see chapter 
5) or the average distance between individuals, which provide an extra level of detail. 
However, there is also a fundamental difference in how the behaviors themselves are 
annotated.

Translation of ethograms to automated recognition
 In most behavioral experiments the behaviors are annotated according to an ethogram. 
An example of an ethogram can be found in chapter 3, table 1. Ethograms such as these 
provide clear definitions of behaviors which, in combination with training as a behavioral 
neuroscientist, should be enough to recognize a behavior when displayed by the animal 
of interest. In table 1 of chapter 3 we, for example, see “approach” being described as 
“moving towards another animal” (chapter 3). For most behavioral neuroscientist this 
description would be more than enough to recognize the behavior.  However, as auto-
mation of behavioral annotation is done by letting software recognize the behavior, it is 
necessary to explicitly provide the details that experimenters assume based on training 
and experience, as the software does not have this experience.

Ultimately, all behaviors can be described when applying the parameters time and 
space to points in images of animals, though more complex behaviors may require more 
points than simple ones. For example, simple locomotion in an arena can be described 
as a single point (e.g. the center of gravity of an animal, COG) moving through different 
locations over a period of time. More complicated behavior, such as social approach, 
requires multiple points (COGs of at least two animals) and the locational relationship 
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between them over time. In the description of behavior in ethograms for the manual 
annotation of behavior these same parameters are implicitly taken into account. When 
dissecting the description of approach behavior from the ethogram of chapter 3, these 
details become clearer. “Moving” implies that the subject goes from position A to posi-
tion B, meaning there is a spatial component. As we can assume that movement is not 
instantaneous there is also a time component. Thus, details need to be added about the 
minimal and maximum distance in which this movement takes place and the amount 
of time this is allowed to take. However, approach is not only movement, it is targeted 
movement towards another animal. “Towards” implies a direction, a beginning and 
an end. As such, the angle in relation to “another animal” in which the movement is 
seen as “towards another animal” has to be defined. Further, the distance in which the 
movement may begin and/or has to end can be an important factor here, as “moving 
towards” implies that the distance between the animals decreases. In chapter 4 and 5 
we employed automated behavioral annotation, using RFID-assisted Socialscan (Clever 
Sys Inc., Reston, Virginia, USA), for which we specified such details during the analysis, 
based on and validated against manual annotations. An example of these details can 
be found in table 1 of chapter 4. An ethogram that includes these details would not be 
workable when annotating the behavior manually, as researchers cannot measure these 
specific distances and angles when looking at (recordings of ) animals displaying various 
social behaviors. Observers base these details on past experiences. This also shows the 
biggest difference between the two methods. Where automated behavioral annotation 
recognizes behavior objectively within strict criteria, manual annotation adds subjective 
differences based on experience and training. Chapter three clearly shows how these 
subjective differences can lead to variations in the measurement of multiple behaviors, 
as some behaviors show more than double the duration in lab B versus lab A. When 
details were added to the ethograms the two labs are shown to have come to differ-
ent criteria for the assessed behaviors (chapter 4, table 1). The ethogram from lab A is 
more strict than the one from lab B, which clearly translates to the results. Although the 
pattern of the data is similar when the same dataset is assessed with both ethograms, 
there is a clear difference between the time spent on the behavior measured with either 
approach (chapter 4, figure 5). The higher duration measured with the ethogram from 
lab B might indicate some false positives, where the lower duration measured with the 
ethogram from lab A could indicate false negatives. This highlights both a positive and 
a negative aspect of automated behavioral annotation. When ethograms are aligned, 
subjective differences no longer play a role, leading to a more comparable dataset. How-
ever, an ethogram with these added details has clear thresholds. Any behavior falling 
within these thresholds is counted, all others are disregarded. This leads to both false 
positives and false negatives. Further, automated systems can, for now, not recognize 
all behaviors. Some behaviors occur when parts of the animals are obscured during 
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social interactions, making it hard for an image-based system to recognize what the 
separate animals are doing, and some behaviors only differ because of the context in 
which they occur. An example of the later is aggressive chasing behavior. During an 
aggressive encounter, rapidly following a conspecific can be seen as continuation of 
this aggressive encounter in the form of a chase, which is often followed by a biting 
event. However, following a conspecific is also a regular social behavior. Implementing 
the context of a behavior is something that is hard to translate into an algorithm, yet an 
experienced observer will have no trouble with this. Nevertheless, software packages 
are rapidly catching up.

deep learning as an alternative
Using novel machine learning techniques, a computer can also be “taught” to recognize 
behaviors based on past “experiences”. Here an artificial neural network is “trained” by 
feeding it samples of annotated behavior, from which it extracts certain features. When 
presented with recordings from an experiment, the neural network uses these features 
to label the displayed behaviors (see for example van Dam et al., 2020). This might be 
the way forward, as the annotation method of human observers, in which borders of be-
haviors definitions are not explicitly provided, can here be transferred to an automated 
system. Potentially, a neural network could be trained by a large number of behavioral 
neuroscientists, leading to recognition of behaviors based on general consensus of these 
researchers. This would lead to a software system that is essential a truly objective and 
consistent trained observer. Unfortunately, this solution is not available yet.

ConTrollInG for The soCIal envIronMenT 
beTween and wIThIn ColonIes

Measuring social withdrawal longitudinally in a semi-natural environment adds many 
details to the social phenotype and lowers the chance of false negatives in behavioral 
research. However, the environment is also substantially more complex, adding sev-
eral variables and, consequently, complicating study design. Section 1.4 of chapter 2 
summarizes many of the added factors of a semi-natural environment, which can be 
separated into social and non-social enrichment. Importantly, the study design needs to 
control for both types of enrichment. The non-social enrichment can be controlled for 
by providing all experimental groups with a similar enclosure in which the experiment 
is performed, comparable to conventional experiments. However, the social environ-
ment is substantially more complex. To properly control for this, every experimental unit 
should be exposed to similar social stimuli. Meaning that every animal should interact 
with the same number of comparable conspecifics (e.g., the same genotypes) and that 
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every experimental animal should have the option to acquire all ranking positions in its 
respective social hierarchy. Thus, every animal should technically have the chance to 
become the highest/lowest ranking one, even if the animal lacks the ability to actually 
acquire this rank.

same-genotype colonies
Considering the above, the experiments from chapter 3 and 4 may not have properly 
controlled for the social environment. In both experiments BTBR and C57BL/6j mice are 
housed with their respective conspecifics, meaning BTBR mice are housed with other 
BTBR mice and C57BL/6j’s are housed with other C57BL/6j’s. Technically, this would al-
ready mean that they are exposed to a different social environment, however, exposing 
all animals to the same strain would disregard clear physical differences between the 
strains that could confound the experiment (e.g. BTBR mice are significantly larger than 
C57BL/6j mice). We could consider housing them with others from their own strain to be 
a comparable social environment for both. In chapter 3 and 4, however, we took another 
step. Every animal in a colony (i.e. a group of animals housed together) was considered 
as a unique experimental unit. In one colony none of the animals can have the exact 
same position in the social hierarchy, therefore each member of the colony is exposed 
to a different social environment. Thus, their social position is not only determined by 
their background (i.e. the experimental group), but also by the design of the study. To 
control for this, every colony should be considered as a single experimental unit, greatly 
lowering the number of experimental units in the experiments of chapter 3 and 4. In 
this case, one would not be looking at behavior at the individual level, but rather at the 
colony level. Another way would be to consider the colony as a statistical factor during 
data analysis. However, that would still require a comparable number of colonies to have 
an effect. Thus, in chapter 3 and 4 we chose to not have a perfect control, as it would 
significantly increase the number of required animals.

Mixed-genotype colonies
In chapter 5 we compared genotypes within a strain in properly controlled colonies and 
assessed wildtype mice undergoing different pharmacological treatments. Here, the 
study was designed to allow for the most ideal control, including breeding steps. For 
the first experiment of chapter 5, where we assessed de impact of specific Drd2 gene 
deletion, knockout (KO) mice were compared to wildtype (WT) mice. Each KO and WT 
mice was placed in a colony with three other stimulus mice; from these one was always 
heterozygous and two mice were wildtype for the cre-gene (i.e. these animals did not 
express their deletion). As these three stimulus mice were similar in every colony, the 
social environment was highly comparable and, thus, every social effect found in either 
group could be ascribed to the genetic manipulation. The stimulus mice necessary for 



209

this significantly increased the required animals. For longitudinal data from a single 
mouse, four animals were necessary. And although we designed the breeding in such a 
way that all animals that would normally be disregarded for being the “wrong” genotype 
could now be used, there was still an increased number of animals going through a 
potentially stressful experiment. For assessing the effects of an agonist and antagonist 
for D2R, no additional stimulus animals were required. Here, each mouse could be his 
own control as its behavior was longitudinally assessed in a familiarized environment 
(chapter 5). Due to this difference in methodology, studying the effects of short-term 
treatments (e.g. pharmacological) in a semi-natural environment has clear advantages 
over conventional tests. While when studying long-term genetic manipulation, the 
number of required additional animals has to be weighed against the implications of 
the experiment and the chance for a false negative in conventional tests.

CoMparInG The soCIal phenoTypes of our 
MuTanTs

The studies in chapter 4 and 5 regarding murine social behavior were conducted in 
the same semi-natural environment (fig. 2). A such, we can compare the results over all 
experiments and look at different expressions of social withdrawal. When looking at the 

figure 2. Artistic impression of the semi-natural environment used in the experiments of chapter 3 and 5. The environment 
consists of a rectangular open arena with 5 tunnels that each lead to a single nest. Mice have ad libitum access to food and 
water, which are on opposite sides of the arena. The top of the rectangular arena is closed with a plastic lid on which LED 
lights (white and infrared) are attached. Behavior is scored based on images from a camera positioned above the arena.
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data from chapter 4 it is clear that the BTBR mice show a socially withdrawn phenotype, 
as they show a decrease in every social behavior. The biggest differences between the 
groups are in approach behavior, a behavior that involves active movement. Further, so-
cial impairments are clear in both light and dark phase, but they seem to be even more 
apparent in the light phase, where the BTBR mice display almost no (social) behavior at 
all. Unfortunately, total distance moved was not included as a measure during the analy-
sis of this experiment. However, from the fact that the clearest impairments are found 
in a social activity defined by movement (i.e. approach) and the fact that behaviors are 
lower both during the active and resting phase (dark and light phase respectively) we 
could make the cautious conclusion that BTBR mice show a general lack of activity. 
However, in literature, BTBR mice actually display increased locomotor activity, when 
compared to C57BL/6j controls, although this was measured in a novel environment 
(Chao et al., 2018). Together with our results from chapter 3 this would suggest a lack 
of motivated behavior, rather than activity in general. Indeed impairments regarding 
motivation are found in the BTBR mice (Martin et al., 2014).

When comparing these results to those of the genetic deletion of Drd2 (i.e. another 
long-term intervention), it is clear that Drd2 autoreceptor KOs display a greatly different 
phenotype. Autoreceptor KOs primarily show an increase in sociability during their ac-
tive phase (i.e. the dark phase) and a significant overall decrease in their activity in our 
semi-natural environments. A

speculative explanation would be that the prolonged lack of negative dopaminergic 
feedback, by D2R autoreceptor, desensitized postsynaptic DA receptors. Stimuli of high 
importance or of high reward, such as social stimuli, could then still elicit activation of 
the motivational dopaminergic system, but general activity would not.  These salient 
stimuli will even be inflated by lack of negative feedback, which could lead to an exag-
gerated dopaminergic response (fig. 3).

This would explain why the autoreceptor KOs could still be motivated to engage in social 
interaction and exaggerate these responses when the hierarchy is still formed, as these 
social interaction are then of high importance. Further, it would explain why their overall 
locomotor activity is lowered in primarily the dark phase. However, this contrasts with 
previous research which showed that autoreceptor KOs displayed increased locomotor 
activity when tested in the light period after being transferred to a test environment, for 
multiple consecutive days (Bello et al., 2011). In the first hour, when the environment is 
still novel, the autoreceptor KOs in our semi-natural environment do not differ signifi-
cantly from wildtypes (chapter 5, figure 2C). It could be that the transfer to the test envi-
ronment, which through this change in scenery might still be perceived as novel, created 
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a certain arousal in both situations. This could have motivated the animals to explore the 
environment more. In line with this is the finding that food-restricted autoreceptor KOs 
are more motivated to work for a food reward and appear more sensitive to the effects 
of cocaine (Bello et al., 2011). Further, in agreement with the inflated response proposed 
above, Bello et al. (2011) show that DA release in autoreceptor KOs is increased and more 
sustained. Evidence for the theory of desensitization of postsynaptic DA receptors in 
autoreceptor KOs is still lacking, although a hint is found in the KOs increased sensitivity 
for haloperidol, which reduces locomotion by competing with DA on the  postsynaptic 
D2R (Bello et al., 2011).

Mice in which both D2R auto- and heteroreceptors have been deleted are less sensi-
tive to cocaine (Chausmer et al., 2002) and show decreased locomotor activity  (Kelly 
et al., 1998). This is supported by our results following pharmaceutical intervention, as 

figure 3. Schematic representation of the speculated dopaminergic response during social behavior and general activity in au-
toreceptor KOs and wildtype animals. During social behavior, dopaminergic neurons are more stimulated (action potentials 
in yellow), leading to an increase in the release of dopamine (blue) into the synaptic cleft. In wildtype animal, D2Rs (green) 
are still present on the dopaminergic neuron, leading to negative feedback and hampering the release of dopamine. The 
lack of negative feedback in the KO animals leads to an exaggerated response after a strong stimulus, greatly increasing 
dopamine release. Subsequent postsynaptic responses (black) are altered due to desensitization of the D2 heterorecep-
tor in autoreceptor KO animals. Where the greatly exaggerated response after a social stimulus will also lead to increased 
postsynaptic activity, desensitization of postsynaptic receptors will decrease the response to weak stimuli.
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mice showed a decrease in sniffing behavior and approach behavior, following intra-
peritoneal injection of the D2R agonist Sumanirole, although locomotor activity was not 
substantially affected. Interestingly, D2R is also effected in the BTBR strain, as a blunted 
response is shown by both the pre- and post-synaptic receptor (Squillace et al., 2014). 
Furthermore, BTBR mice show decreased expression of tyrosine hydroxylase and dopa-
mine transport, indicating DA hypofunction. When this deficit is (partially) reestablished 
by an intranasal administration of DA, their social impairments are ameliorated (Chao et 
al., 2020). Together this suggests that knocking out both pre- and post-synaptic receptor 
lowers motivation in general, but knocking out the autoreceptor has different effects 
depending on the perceived importance of the stimulus.

d2r deletion in drosophila melanogaster
In chapter 5 we also assessed social behavior in the vinegar fly (drosophila melano-
gaster). Our aim was to show that the vinegar fly can be used as a model organism to 
screen human-derived genes that are thought to influence social behavior, before thor-
oughly scrutinizing their behavioral effects in mice. Showing this would be of a major 
advantage for a multitude of reasons: 1) Drosophila provide an ideal toolset for genetic 
manipulation, 2) Growing them is efficient, both in space and time, and 3) the ethical 
objections concerning the use of drosophila as a model organism are insignificant when 
compared to rodents. The combination of these traits makes the species perfect for ef-
ficient genetic screening. We did this by knocking out the drosophila homolog of Drd2 
and comparing the social behavior of groups of 4 KO flies with groups of 4 WT flies. For 
this, the flies were exposed to an open arena for 10 minutes, in which they could freely 
interact and walk around. Flies in which Drd2 was knocked-out showed a decrease in 
the frequency of social interactions, but not in the total duration of these interactions. 
Further, they showed a decrease in locomotor activity. As this behavior is measured 
in a novel environment, this may have obscured the behavior. However, it is clear that 
knocking out Drd2 in drosophila does not lead to a purely social effect. Interestingly, 
the effect of ablation of D2R on social behavior in drosophila is similar to stimulation of 
the receptor in mice, by D2R agonist Sumanirole, which also decrease social behavior. 
This suggest that D2R functions differently in mice, compared to vinegar flies, eliciting 
the opposite effect. This is reminiscent of how serotonin can function, as opposite 
effects between rodents and insects are suggested  with regards to some behaviors 
(Bacqué-cazenave et al., 2020). Unfortunately we could not make the logical step of a 
direct comparison to a murine KO model of both D2 receptors, as this model shows clear 
phenotypical impairments that would immediately put it at an disadvantage in a colony 
setting (Noaín et al., 2013). Further, a direct comparison between drosophila and mice is 
difficult due to the clear methodological differences. Drosophila are tested short-term in 
a, relatively smaller, novel environment and the measured behaviors are not as complex. 
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However, as a quick screening for any social effect of genetic manipulation, our study 
with drosophila fulfilled its purpose.

Taken together, abnormalities in de dopamine system, particularly regarding D2R, appear 
to have a clear impact on the social phenotype. However, it seems as if the social effects 
of D2R are not isolated from the receptor’s general effect on activity. Conceptually, this 
makes sense, as it is probably not necessary to dissociate a socially salient signal from 
another salient signal in the motivational core of the brain. This implies that the human 
symptom of social withdrawal is similarly related to other, more general, motivational 
complications. Additionally, our studies show that the same model tested in different 
environments can leads to contrasting results, with novelty and experimenter effects as 
the most probable cause. The D2R autoreceptor appears to be an interesting candidate 
for role in the etiology of social withdrawal. As we have demonstrated that deletion 
leads to a hypersocial phenotype with a general loss of activity, future studies should 
overexpress the receptor. If we assume that overexpression reverses the observed phe-
notype, this would lead to a socially withdrawn and hyperactive phenotype.

Our experiments show the need for a longitudinal approach in a semi-natural environ-
ment for studying social withdrawal, as it reveals the subtle differences between models 
for social disorders. Where the BTBR mice showed deviations in sociability in both their 
active and resting phase, D2 autoreceptor KOs showed this primarily in their active 
phase. Further, as a wide variety of social behaviors are measured simultaneously, there 
is also information on the nature of the expression of abnormalities in sociability. In 
the BTBR mice, these abnormalities where most clear in approach behavior, but in the 
translational D2R autoreceptor KO model social abnormalities were expressed most 
clearly in sniffing behavior.

Translating our findings to human disorders
In humans, social withdrawal is expressed as a symptom of multiple psychiatric dis-
orders. As one of our main aims is translating our findings to the human domain, the 
following question arises: To which psychiatric disorders do our results regarding the D2 
autoreceptor relate? A genome wide association study (GWAS) linking Drd2 to sociabil-
ity in the general population, also showed that their sociability trait correlated highly 
with ASD, MDD and SZ (Bralten et al., 2021). Another GWAS, that aimed at identifying 
genes related to SZ, confirmed the link between Drd2 and SZ (Ripke et al., 2014). The 
medication of choice for SZ, antipsychotics,  generally have a certain affinity for D2R, 
although binding profiles can differ greatly between them (Goldstein, 2000). D2R also 
seems most directly involved in modulating social behavior in a rat model for negative 
symptoms, as social behavioral deficits caused by the model could be mimicked and 
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potentiated using a D2R agonist (Quinpirole) and alleviated using a D2R antagonist 
(Sulpiride) (Sams-Dodd, 1998). Sulpiride is part of the substituted benzamide family 
of antipsychotics, which seems to be most effective against negative symptoms, the 
symptom cluster that encompasses social withdrawal, and for which the D2R autorecep-
tor is central in their efficacy ( see for review Pani and Gessa, 2002; Racagni et al., 2004). 
However, benzamides are effective for alleviating symptoms from both SZ and MDD, as 
dopamine is implicated in both disorders (Pani and Gessa, 2002; Racagni et al., 2004). 
Multiple disorders clearly overlap in their affected pathways and in their symptoms (see 
chapter 1).  Regarding the symptoms, in the GWAS mentioned above, and in most other 
studies, the measurement of sociability is based on questionnaires. Here specifically the 
assessed aspects were:  (1) a question about the frequency of friend/family visits, (2) a 
question on the number and type of social venues that are visited, (3) a question about 
worrying after social embarrassment, and (4) a question about feeling lonely (Bralten et 
al., 2021). Looking at these questions, only the first can directly be related to behaviors 
we can measure in mice. The frequency of friend/family visits comes close to the number 
of social interactions. In general, many questionnaires involve subjective human specific 
questions, although they do correlate with assessments of non-verbal behavior (see 
for example Brüne et al., 2008). Technological advancements have introduced new 
objective measurements of social withdrawal in humans (chapter 1), which can more 
directly be translated to mouse behavior. An recent example of this uses smartphones 
of participants to collect objective behavioral data (Jongs, 2021). Here smartphone 
readouts regarding communication, social media use and location were combined 
and compared between SZ patients, patients suffering from Alzheimer’s disease (AD) 
and healthy controls. Schizophrenic patients showed a decrease in communication, 
social media use and stayed at home more often, AD patients also showing a trend in 
this direction. Further, the combined measure also correlated with a questionnaire on 
social functioning (chaper 3 of Jongs, 2021). These objective measures already come 
closer to our rodent readouts. Patients stayed at home more often, and thus displayed 
less “approach” towards their conspecifics (their family/friends). They engaged less in 
communicative activities and social media, which could be translated roughly to social 
exploration (i.e. sniffing). As these behavioral readouts of human patients overlap quite 
well with our results regarding the social changes after deleting the D2R autorecep-
tor, we could conclude that our model relates to the social phenotype as observed in 
Schizophrenia patients. Although overexpression rather than deletion of the autore-
ceptor would most likely be the case in these patients. These measures, however, do 
not relate to the effects on activity we observed in our D2R autoreceptor KO mice and 
would even suggest the opposite. Physically hyperactivity is not a symptom of SZ. On 
the contrary, SZ patients engage is less physical activity than healthy controls (Kelly et 
al., 1998). Locomotor activity is mice, however, has been used as a proxy for the positive 
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symptoms of SZ. And, although its face validity is disputable, there is a certain construct 
and predictive validity to this measure (Van Den Buuse, 2010). Thus, our D2R autorecep-
tor model relates to both the negative and positive symptom clusters of SZ. Moreover, as 
phenotype, genotypes and affected neural pathways overlap across disorders, the D2R 
autoreceptor is most probably key in other disorders as well.

The genetic link of the D2R autoreceptor KO to social disorders and the phenotypical 
overlap with SZ indicate that its expression of social withdrawal in our semi-natural 
environment is closely related to the human symptom. This suggests deviations in both 
sniffing behavior and approach behavior, that occur primarily during the active phase, as 
a key metric in translational social withdrawal. However, to confirm this as a key metric, 
further translational studies need to be conducted using a similar method.

fuTure perspeCTIves

The aim of this thesis was to “provide a generalizable and ethologically valid method 
for the identification of social withdrawal in mice, with the goal of laying a foundation 
for further translational research”. Our method of exposing groups of mice to a semi-
natural environment for several days, in which behavior is continuously  and automati-
cally annotated, provides just that. We have shown that our method can effectively be 
used in studying strain differences, genetic factors and pharmacological treatments. 
Furthermore, we validated the method to provide robust results across laboratories and 
experimenters.

With our validated method of studying social withdrawal in a semi-natural environment, 
future studies could elucidate the mechanisms behind sociability in great detail. Where 
this thesis focused on genetic factors leading to changes in the social phenotype future 
studies could focus on other components, such as stress and infectious diseases, shown 
in figure 1 of chapter 1. For example, an experiment could be based on a similar protocol 
as what was used in chapter 5 for pharmacological treatment but instead inject lipopoly-
saccharide into one of the animals in the colony, which triggers an immune response. 
As “infected” individuals can be recognized by their conspecifics, it will be interesting to 
find out how this would affect both active and passive social behaviors. This approach 
could be taken a step further by housing animals together for even longer durations, 
up to years, introducing different interventions over time and observe how they affect 
(social) behavior.
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In humans, not everyone that expresses a certain risk gene also expresses the disorder 
that is associated with it. Heritability of neuropsychiatric disorders is not 100% and often 
an interaction between genes and the environment are at play (Ayhan et al., 2016). Thus, 
it would be interesting to combine risk genes, or other long-term manipulations, with 
short-term manipulation in order to clarify what increases susceptibility, and thus why 
some are affected and others are not. An important thing to take into account is that 
genetic manipulation as done in chapter 5 is much more extreme than what patients 
would express. Most human patients do not show a total deletion of a certain gene, but 
rather a more subtle change in expression. Studies like ours may thus contribute to the 
knowledge about the mechanism behind certain symptoms and associated disorders, 
possibly leading to novel treatment options. However, studies exploring susceptibility 
are necessary to scrutinize why a patient expresses a disorder, by assessing the factor 
contributing to its display. When we know who is susceptible and why, we cannot only 
aim to treat but also to prevent new patients suffering from neuropsychiatric disorders 
and social withdrawal.

Our work regarding the D2R autoreceptor suggest the receptor as a potential target for 
treatment. To confirm this target, our study should be followed-up by overexpressing 
the receptor rather than deleting it. Assuming this would induce the opposite of the 
social phenotype found in chapter 5, this would lead to a model for social withdrawal. 
Pharmacological interventions targeting the D2R autoreceptor can then be tested on 
this model, and those treatments that rescue the social impairments could carry through 
as a potential treatment for pathological social withdrawal.

The maladaptiveness of social withdrawal
With this I come back to chapter 1, in which we discussed maladaptive (i.e. pathological) 
and adaptive social withdrawal. If pharmacological intervention of D2R would be the 
cure for social withdrawal, when should it be given? Naturally one would target the cases 
of maladaptive social withdrawal, but when is a behavior maladaptive? In chapter 1, we 
define social withdrawal to be maladaptive if the behavior is displayed in an environment 
in which it is no longer relevant. For example, avoiding social contact in order to not 
be contaminated with a pathogen that has already been eradicated. However, environ-
ments are dynamic and often the environmental factors that may induce adaptive social 
withdrawal (e.g. pathogens) are not discrete, but rather continuous. Sociability, and thus 
social withdrawal, is, similarly, a continuous trait (Bralten et al., 2021). But where are the 
thresholds? When is a behavior still adaptive and when do the pros stop outweighing 
the cons? In the example of the pathogen, how much chance of being contaminated 
does there need to be in order to make a fully socially avoidant phenotype become 
an adaptive strategy? In a perfectly constant environment, this might have created a 
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species where all members show the same social phenotype. However, we, as a species, 
live in a dynamic environment which might be a probable cause of why the trait of a so-
ciability is continuously distributed across the population. The continuously distributed 
trait of sociability negatively correlates with multiple neuropsychiatric disorders, such as 
SZ and ASD (Bralten et al., 2021). Not only sociability, but rather most diagnostic criteria 
of these disorders are all continuous. However, we treat the psychiatric disorders them-
selves as discrete values: you either have a disorder or not. But, based on what is stated 
above, one could assume that neuropsychiatric disorders themselves are also continu-
ously disturbed among the population. Indeed, disorders appear to be on a continuum, 
with diagnosed individuals on the extremes (Hanssen et al., 2005; Kaiser et al., 2011; 
McLennan, 2016). Disorders are diagnosed based on subjective questionnaires, often 
with arbitrary thresholds, and subjective interpretations of experts in the field. However, 
a central criterion for the diagnosis of any neuropsychiatric disorder is that the patient is 
suffering from its symptoms (American Psychiatric Association, 2013). Thus, there might 
be people that technically have a disorder, but do not suffer and seek help. For me this 
raises the question whether or not neuropsychiatric disorders might have situations in 
which they are adaptive or, as we often see adaptive as “normal”, situations in which 
patients with these disorders can be seen as normal and were “healthy” people are at a 
disadvantage. Of course, this includes the situations described in chapter 1, where the 
offspring is “programmed” to function better in a harsher environment. However, there 
might also be some non-aversive situations in which neuropsychiatric patients might be 
better adapted. An example that might point towards this is the relative high frequency 
of ASD in Eindhoven, a city in the Netherlands with a big IT and tech sector (Roelfsema 
et al., 2011). ASD patients are thought to hyper-systemize, meaning they are generally 
better at recognizing repeated patterns, a trait that is very useful in occupational fields 
such as engineering and computer sciences (Baron-Cohen et al., 2009; Roelfsema et al., 
2011). In these situations, it seems as if the continuum has shifted, as disorder-linked 
traits seem to be adaptive in this area. Although people on the extremes of the con-
tinuum might still be maladapted, it might be advantageous to not view people with 
certain traits as patients that need to be fixed, but as people on a continuum that might 
be adapted to a different environment.  Research has already shown that continuum 
thinking reduces stigma (Violeau et al., 2020).

As we get closer to biological biomarkers of neuropsychiatric disorders, our view on 
them as discrete factors might be changed. Modern techniques used to measure human 
behavior and physiology (see for example chapter 4 of Jongs, 2021) will be crucial. This 
biologically sound approach would allow for a better translation to model organisms, 
which cannot be labeled with a discrete disorder, but can characterize on continuous 
symptoms. The methods presented in this thesis, and related methods, are crucial in the 
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translation from humans to animal model and vice versa. Studying model organisms in an 
environment that permits them to interact in the most natural way, while still maintain-
ing the control of a laboratory experiment allows for a much more detailed study of the 
social behavior of these animals, when compared to conventional approaches. Instead of 
interpretations of artificial screenings, influenced by the presence of the experimenter, 
we get insights into natural expressed behaviors with which we can compare groups 
directly on a quantitative level. Complex social hierarchical structures are a measurable 
and controllable factor, instead of disturbance in the data. However, without automated 
behavioral recognition it is impossible to attempt these long-term experiments, as 
human observers cannot consistently score objectively behaviors. Further, to come to 
the same throughput, many human observers would need to annotate the behaviors 
within the same experiment, leading to a big variety in the subjective scoring of these 
behaviors. An automated behavioral recognition system is thus, not only more efficient 
but also more sensitive for the effects of the treatment of choice. However, there are still 
many limitations to the technique, as a maximum of 4 animals can be placed in a single 
colony and not all different behaviors can be properly recognized. One example of these 
behaviors is aggressive behavior, which is central to the social hierarchy. Although with 
the current technology we can already study more than ever.

ConClusIon

For years, the field of behavioral neuroscience has made use of tests that efficiently 
screen for behavioral variations. While this greatly contributed to our knowledge of biol-
ogy as a whole, I think the focus is still too much on artificial experiments concentrating 
on a single behavioral trait. The field should go back to objectively observing all actions 
of the individual, as the technology to do this efficient enough to allow for elaborate 
experimental manipulation is finally available.

We have developed a method for scrutinizing the social phenotype of mice that is evi-
dently less influenced by novelty and handling effects and minimizes contact with the 
experimenter, the biggest source of variation in experimental outcomes. Our method 
of studying groups of freely-interacting rodents in a semi-natural environment allows 
rodents to display their full behavioral repertoire, providing an unprecedented richness 
of data. After establishing this method in chapter 3, we greatly increased throughput 
by automating the behavioral analysis. Due to this, we could now analyze the full 
behavioral expression over all 24 hours, for several days, by making use of objective 
behavioral parameters. We have shown that the social behavior measured with this 
method is reproducible and robust, as our results matched those found at the lab of a 



219

collaborator in chapter 4. Then in chapter 5 we showed how our method of using semi-
natural environments can be used to study the genetic basis of human disorders, both 
by making use of genetically modified animals and pharmacological models. With this 
we have validated the use of studying translational rodent models in a naturalistic en-
vironment and shown its unmistakable value in understanding the behavioral changes 
that result from neuropsychological disorders and genetic alterations.
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