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ABSTRACT
Despite the growing evidence confirming a negative relationship between violence and sero-
tonin neurotransmission in the brain, the development of this relationship is still poorly under-
stood. Among the regulatory molecules in the serotonergic neuron, the 5-HT1A auto-receptor
have been proposed as key players in this phenomenon. In this study we aimed at the charac-
terization of functional changes in the 5-HT1A receptors along with the development of aggres-
sion into violence. We used male mice genetically selected for high and low, i. e. the Short-
Attack Latency (SAL) and Long-Attack Latency (LAL), and Turku-Aggressive (TA) and Turku-
Non-Aggressive (TNA) mouse lines. Each mouse was surgically implanted with a transmitter for
biotelemetry recordings of core body temperature and the functionality of 5-HT1A receptors
was assessed injecting S-15535, the preferential pre-synaptic agonist and post-synaptic antago-
nist for 5-HT1A receptors. The reduction of stress-induced hyperthermia was recorded and used
as functional read-out of receptor activation. The pharmacological challenges were performed
before and after a 9-trial repeated aggression-test in which the mice from the aggressive lines
were expected to reinforce their genetic aggressive predisposition to more violent behaviour.
The results show that the repeated aggression-test lead to escalation of aggression levels partic-
ularly in the aggressive lines, and, overall, desensitization of 5-HT1A autoreceptors. At the end
of the treatment, but not at the beginning, the most violent mice were the ones that responded
more to the S-15535 challenge. In summary, repeated aggression tests reinforce aggressive
behavioural predispositions while affecting 5-HT1A autoreceptor functionality. In particular, the
association between 5-HT1A autoreceptor enhanced sensitivity and violence appears only after
its development in individuals genetically predisposed to high aggressiveness.   
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INTRODUCTION

Individuals with aggressive temperament are at a higher risk to engage in violent
behaviours than others, particularly if exposed to socioeconomical conditions that
reinforce competitive and dominant behaviours (Loeber and Pardini 2008).  Gene
X environment interactions seem to shape neurobiological substrates that may
activate exaggerated aggression and violence (Raine, 2002b; Van Goozen and
Fairchild 2008). Towards a neurobiological explanation of violence, low baseline
serotonin neurotransmission has been found in individuals with a history of
pathological forms of aggressive behaviour, in particular those that lack of
inhibitory control, e.g. impulsive aggression (Linnoila et al., 1983; Coccaro, 1989;
Mehlman et al., 1994; Higley et al., 1996). Dynamic changes in the serotonin
system seem to occur related to social experience that may differ depending on a
more or less aggressive temperament (Haller et al., 2006; Caramaschi et al.,
2008a).  

Serotonin (5-HT) neurotransmission is self-regulated by inhibitory feedback
mechanisms, i.e. the activation of 5-HT1A, 5-HT1B autoreceptors on the seroton-
ergic neurons and heteroreceptors (Pineyro and Blier 1999). The activation of 5-
HT1A and  5-HT1B receptors acutely inhibits selectively aggressive behaviours
(Olivier et al., 1989; Miczek et al., 1998; de Boer et al., 2000; DE Almeida and
Miczek 2002; van der Vegt et al., 2003b), suggesting an important inhibitory role
for these receptors in the motivation for and/or execution of aggressive acts.
While 5-HT1B receptors have a developmental role in protecting from adult trait
aggression, as shown in knock-out mice (Bouwknecht et al., 2001), the develop-
mental role of 5-HT1A receptors still remains controversial and may be more
generally related to anxiety (Gross et al., 2002). A causal role for 5-HT1A recep-
tors in the development of highly aggressive and violent personality is yet to be
demonstrated mainly for two reasons. First, auto- and hetero- 5-HT1A receptors in
different brain areas and at different stages of life might play contrasting roles in
the development of behavioural traits. The possibility to dissect these roles using
transgenic strategies has only recently become available. This issue can also be
addressed using specific pharmacological tools for auto- and hetero- receptors.
Secondly, most animal models focus on low to moderate species-typical aggres-
sion yet with no signs of violence and psychopathology. This might give different
results than animal models aimed at understanding human violent offenders
(Haller and Kruk 2006). 

Male mice genetically selected for high and low aggression display high and
low levels of offensive aggression against a docile male intruder in their home
cage, respectively. Mice of the SAL (Short Attack Latency) line are considered to
be violent (Caramaschi et al., 2008a; Natarajan et al., 2009) because the exhibit
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offensive aggression also against females and anaesthetized (inoffensive)
intruders. Moreover, their offensive behaviour is not sensitive to social signals
from the opponent. The mice of the TA (Turku Aggressive) line on the other hand
do not attack females and anaesthetized intruders, yet showing levels of aggres-
sion against males similar to those of SAL mice. The mice of the TNA (Turku Non-
Aggressive) line show some signs of offensive aggression to male intruders in their
home cage, although their aggression level is much lower than the SAL and TA
lines. Finally, mice of the LAL (Long Attack Latency) line rarely show offensive
aggression even against a male intruder (Caramaschi et al., 2008a; Natarajan et
al., 2009). Hence, these genetic selection lines of mice can be used to delineate
the neurobiology underlying high and low levels of aggression, but also to unravel
the neurobiological differences between high levels of aggression and violence.

These mouse lines differ also in their serotonergic system. SAL mice showed
lower serotonin levels than LAL, after a series of resident-intruder tests through
which their pathological aggression against females had increased (Caramaschi et
al., 2008a). Subsequent experiments in socially experienced SAL males showed
that these lower 5-HT levels may be due to enhanced 5-HT1A autoreceptor func-
tionality. Socially experienced TA mice showed enhanced 5-HT1A heteroreceptor
functionality compared to TNA (Caramaschi et al., 2007). These data suggest a
link between 5-HT1A autoreceptor functionality, brain serotonin levels and
violence. However, the role of the 5-HT1A autoreceptor in the neurobiological
dynamics accompanying the escalation of aggression into violence is not under-
stood. 

The aim of this study is to investigate whether the increased 5-HT1A autore-
ceptor functionality develops with the transition of aggression into violence or is a
stable characteristic of the high aggressive individuals independent of the devel-
opment of violence. 
In order to do evaluate 5-HT1A autoreceptor in vivo functionality we injected S-
15535 in mice previously implanted with biotelemetry transmitters and recorded
their core body temperature. As function of its agonistic action on the 5-HT1A

presynaptic autoreceptors, S-15535 has been shown to reduce the stress-induced
rise in body temperature that follows a subcutaneous injection. A stronger reduc-
tion of stress-induced hyperthermia would indicate a higher functionality of the 5-
HT1A autoreceptor. To measure the change in receptor functionality, coupled with
the development of violence, we performed the pharmacological challenge in
socially naïve animals and after a training of repeated social interactions, which is
in practice a repeated winning experience for the aggressive animals.
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METHODS

Animals
Male mice from the SAL, LAL, TA, and TNA genetic selection lines were used for
this study. The mice were bred at the Biological Center, Haren, the Netherlands.
After weaning at 21 days, the mice were kept with their siblings. Before reaching
sexual maturation, the mice were housed in male-female pairs to avoid intermale
aggression and social isolation in Makrolon type II cages provided with food shav-
ings as bedding material, Envirodry shredder paper for nesting, and a cardboard
tube as cage enrichment. Food in the form of rodent pellets (AMII, ABDiets,
Woerden, The Netherlands) and water were available ad libitum. The mice were
kept at a 12:12 light-dark schedule at 22 ± 2°C. All the experimental procedure
were conducted under approval of the Institutional Animal Care and Committee
of the University of Groningen, the Netherlands (licence number D4540C), in
compliance with the Dutch law on animal experimentation and the European
Communities Council Directive of 24 November 1986 (86/609/EEC).

The experimental design consisted of the following tests: pre-treatment drug
challenges, repeated resident-intruder experience, post-treatment drug challenges.
At the end of the experiment the all the mice were euthanized with a mixture of
CO2 and O2.  

Surgery and telemetry setup
At the age of three months the mice were surgically implanted with a transmitter
TA10ETA-F20 for biotelemetry chronic recordings of core body temperature (Data
Sciences Int., St Paul, Minnesota, USA) following a previously developed surgical
procedure (Caramaschi et al., 2007). During surgery, the animals were anes-
thetized with 5% isoflurane/O2/N2O, placed on a Harvard homoeothermic heating
pad in order to prevent hypothermia due to the anaesthetics, and maintained
under anaesthesia with 2.5% isoflurane/O2/N2O. A transmitter was placed inside
the abdominal cavity and one lead was fixed to the xiphoid process of the sternum
and the other to the pectoral muscular layer in the right mediastinum. Internal
suturing was performed by means of reabsorbable surgical thread, while skin was
sutured with silk with a reverse-knot method, in order to prevent chewing by the
animal. Natrium penicillin was injected as post-surgery antibiotic treatment.
The signal produced by each transmitter was received by an antenna/receiver
board (RPC-1, Data Sciences Int., 32 x 22 x 3 cm), placed underneath the
animal’s cage. Each receiver was connected to a consolidation matrix (BCM-100),
which was in turn connected to a PC data-acquisition and analysis system
(Dataquest A.R.T. silver, Data Sciences). The data-acquisition parameters were set
for 10-second sampling every 5 minutes on a 24 h basis.
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The animals were allowed to recover for at least 14 days after the surgery,
during which time their temperature and locomotor activity were monitored. The
re-establishment and stability of circadian rhythmicity was a prerequisite for the
start of the experiments.

Pharmacological challenges
Drug challenge tests were performed within the first three hours of the dark
phase. The injections were carried out in two consecutive days. Each experi-
mental animal received two subcutaneous injections, which consisted of distilled
water (vehicle, 5 ml/kg of body weight) and S-15535 (10 mg/kg). The volume
injected was 5-10 ml/kg of body weight. The animals were undisturbed in their
home cage before and immediately after the injections on the day of the experi-
ment to avoid any stress-related disturbance in the data. 

S-15535-3 methanesulfonate [(4-benzodioxan-5-yl)-1-(indan-2-yl)piperazin,
lot n.  EI798] was provided by Institut de Recherches Internationales Servier,
France, and it was dissolved in distilled water (vehicle) at room temperature on
the day of the injection.

Repeated Resident-Intruder (RRI) paradigm
A group of mice previously implanted with transmitter and tested with pharmaco-
logical challenges underwent a repeated resident-intruder treatment (RRI group).
This consisted of nine male-male resident-intruder (RI)  experiences, one each
day, carried out at the same time of the day (at the beginning of the dark phase)
in a test cage (75 x 29 x 27), where each male had previously been housed with a
female, in presence of food and water. Each day, 1 hour before the RI experience,
the female partner was removed from the cage. Subsequently, a naive male
intruder was placed in the cage and the attack latency, i.e., the time it took the
resident to attack the intruder, was scored. The intruder was removed from the
experimental cage immediately after the first attack from the resident. If there
was no attack, the test was stopped after 5 minutes and a score of 300 seconds
was given. In the first (RI1) and in the last resident-intruder experience (RI9), the
intruder was left for 5 minutes in the resident cage and a video recording was
made for subsequent behavioural analysis. The videos were analyzed with The
Observer 5.0 (Noldus Information Technology bv, Wageningen, the Netherlands).
From each 5-minute observation the following behavioural states were scored:
approach, attack, threat, chase, withdrawal, social exploration, non-social explo-
ration, walk/tail rattle, body care, and inactivity. Furthermore, the number of
open wounds on the opponent was counted as a rough estimate of the injurious
dimension of the interaction. 

Another group of male mice previously implanted with transmitter and tested
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with pharmacological challenges were used as a control group (CTR). They were
not subjected to the RRI paradigm, but instead were briefly handled and their
female partners removed for the same duration every day as for the RRI group.

Data analysis and statistics
The attack latency data were analyzed with ANOVA for repeated measurements
with “day” (9 levels) as within-subject factor and “strain” (2 levels: Groningen
and Turku) and “type” (2 levels: high-aggressive and low-aggressive) as between-
subject factors. 

Similarly, total duration of the single behaviours scored in the resident-tests
were analyzed with ANOVA for repeated measurements with “day” (2 levels: day1
and day9) as within-subject factor and “strain” (2 levels: Groningen and Turku)
and “type” (2 levels: high-aggressive and low-aggressive) as between-subject
factors. The number of wounds inflicted to the opponents was analyzed using
ANOVA for repeated measurements with “day” (2 levels: day1 and day9) as
within-subject factor and “strain” (2 levels: Groningen and Turku) and “type” (2
levels: high-aggressive and low-aggressive) as between-subject factors.

Core body temperature measurements were extracted from telemetry system
starting one hour before the injection took place until 90 minutes after the injec-
tion. The 60 minutes before the injection were averaged and considered as base-
line. The temperature response to S-15535 injection was divided by the tempera-
ture response to the vehicle injection, since the vehicle alone was previously
shown to induce a stress-induced hyperthermia (Caramaschi et al., 2007). From
the drug/vehicle ratios, the maximum deviation from baseline, and the area
under the curve were calculated. They were then analyzed statistically using
ANOVA for repeated measurements, in which “test” (2 levels: pre and post) was
the within-subject effect, while “group” (2 levels: rri and ctr), “strain” (2 levels:
Groningen and Turku), and “type” (2 levels: high-aggressive and low-aggressive)
were the between-subject effects. As post hoc, in case of significant within-subject
interaction effects separate analyses were performed in the “rri” and in the “ctr”
groups, to identify in which subgroup of subjects the effect was statistically signifi-
cant. In case of significant “strain*type” interaction effect Tukey’s multiple
comparisons were performed. 

To answer the question of the presence of a relationship between 5-HT1A

receptor and aggression/violence in naïve animals or only after the repeated resi-
dent-intruder experience, bivariate correlations were investigated between dmax
and AUC values pre- and post- treatment and attack duration, attack latency, and
number of wounds at day 1 and day 9, respectively.  
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RESULTS

Resident-Intruder tests
Overall, aggressive mice had shorter attack latencies (figure 6.1) than low-aggres-
sive mice (type: F(1,21)=39.87, p<0.001), while Turku had almost significantly
longer attack latencies than Groningen mice (selection: F(1,21)=4.03, p=0.058).
Attack latency was significantly reduced along with the repeated resident-intruder
experience (day: F(8,14)=4.19, p=0.010). The change was different depending on
the type (day*type: F(8,14)=3.16, p=0.029) and on the selection pair (day*selec-
tion: F(8,14)=2.93, p=0.038). Highly aggressive mice had significantly shorter
attack latencies than low-aggressive mice from day 3 to day 8. Turku mice had
significantly longer attack latencies than Groningen mice only at day 1. 

The total duration of the offensive behaviours is depicted in figure 6.2. Attack
duration increased overall from day 1 to day 9 (F(1,21)=6.0, p=0.023).
Throughout the experiment, aggressive mice attacked more than low-aggressive
mice (F(1,21)=22.13, p<0.001). Moreover Groningen mice attacked significantly
more than Turku (F(1,21)=5.46, p=0.03). Threat duration was significantly higher
in high- than low-aggressive lines (F(1,21)=7.79, p=0.011). Chase increased
significantly from day 1 to day 9 (F(1,21)=4.60, p=0.044).

The total duration of non-offensive behaviours is summarized in table 6.1.
Walk/tail rattle was significantly more in the high- than low-aggressive lines
(F(1,21)=13.55, p=0.002). Social exploration was significantly higher in the Turku
lines (F(1,21)=7.50, p=0.012). Approach did not differ significantly across any
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Figure 6.1 Attack latencies (group means ± SEM) of the SAL, LAL, TA and TNA mice during
the repeated resident-intruder paradigm. Statistical details are discussed in the text. 



condition tested. Withdrawal was significantly more in the aggressive lines
(F(1,21)=13.44, p=0.001) and in the Groningen lines (F(1,21)=7.08, p=0.015).
Non-social exploration was overall lower in the highly aggressive lines
(F(1,21)=10.63, p=0.004) and it changed significantly from day 1 to day 9
depending on the type (F(1,21)=4.86, p=0.039), which resulted in a significantly
longer duration in low- compared to high-aggressive mice at day 9 (t(24)=–3.9,
p=0.001). There were no significant differences in body care and inactivity. 

The number of wounds inflicted to the opponent was overall significantly
higher in the high-aggression lines (F(1,21)=29.16, p<0.001), in the Groningen
selection (F(1,21)=21.29, p<0.001), and more specifically in the SAL line
(F(1,21)=21.29, p=0.044). The change from day 1 to day 9 was significant
depending on the type (ANOVA “day*type”: F(1,21)=18.98, p<0.001) and on the
mouse line (ANOVA “day*type*selection”: F(1,21)=6.17, p=0.022). Tukey’s post
hoc comparisons show that SAL inflicted significantly more wounds than TA
(difference=6.86, p=0.002) and TNA (HSD=8.36, p=0.001) already at the day 1,
while LAL inflicted a similar amount of wounds, significantly higher than that of
TNA (HSD=5.50, p=0.030). From day 1 to day 9 the amount of wounds inflicted
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Figure 6.2 Time spent in offensive behaviour (attack, threat, and chase) and number of
wounds inflicted on the opponent by the SAL, LAL, TA and TNA mice during the first and the
last resident-intruder tests. All data are expressed as group means ± SEM. Statistical details are
discussed in the text. 



increased significantly in the SAL (paired t=-2.89, p=0.028) and the TA lines
(paired t=-3.32, p=0.021), while in LAL (paired t=2.8, p=0.038) it decreased
significantly and in the TNA it did not change. Consequently at day 9 SAL mice
inflicted significantly more wounds than all the other lines (Tukey’s HSD:
SAL–LAL=11.38, p<0.001; SAL–TA=9.04, p<0.001; SAL–TNA=12.88, p<0.001).

Serotonin-1A receptor functionality
Figures 6.3 shows an example of the core body temperature response to injection
of vehicle and S-15535. The dmax and AUC are summarized and depicted in
figure 6.4.

The maximum deviation from baseline, dmax, showed a significant effect of
strain (F(1,36)=4.94, p=0.033). The Groningen mice responded more to the chal-
lenge overall. Similarly, the overall response measured as area under the curve
showed a significant effect of “strain” (F(1,36)=8.83, p=0.005). The Groningen
mice responded more to the challenge overall. Moreover, there was a significant
effect of “group” (F =5.67, p=0.023). The RRI mice responded less to the chal-
lenge overall. There were no significant interaction effects.
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Table 6.1 Total duration (sec) of non-aggressive behaviours in the 1st and 9th resident-intruder
tests.

Soc. exp. Approach Withdraw Walk/ Non social Body care Inactivity
tail rattle exp.

RI1
SAL Mean 3.12 3.30 5.34 4.28 31.66 3.30 21.59

SEM 1.32 1.17 1.20 1.14 8.44 1.92 5.38
LAL Mean 15.88 2.15 2.16 1.89 40.88 0.72 26.66

SEM 6.93 0.80 0.83 0.95 10.50 0.59 15.03
TA Mean 25.90 2.71 1.78 4.30 34.74 6.48 8.92

SEM 4.87 0.90 0.69 1.75 8.85 3.15 2.53
TNA Mean 31.88 0.80 1.54 0.61 40.18 4.43 11.44

SEM 7.60 0.52 0.70 0.61 10.34 0.88 6.72

RI2
SAL Mean 0.11 2.53 4.30 2.59 12.67 3.69 19.29

SEM 0.08 0.56 0.58 0.59 3.01 2.33 2.28
LAL Mean 22.16 3.45 0.93 0.51 54.35 3.03 7.54

SEM 4.16 1.35 0.58 0.42 8.87 1.67 2.12
TA Mean 21.43 2.04 2.58 4.34 17.39 6.09 9.27

SEM 12.84 0.86 1.24 1.94 6.31 3.51 3.30
TNA Mean 21.07 1.33 0.53 0.74 46.39 6.21 6.72

SEM 6.43 0.80 0.27 0.62 9.70 2.21 2.66



Correlation between 5-HT1A receptor functionality and aggression
Table 6.2 summarizes the correlations between the response to S15535
(expressed as dmax and AUC) and the aggression levels (attack latency, attack
duration and wounds). Before the repeated resident-intruder experience, attack
duration was negatively correlated with the response to S-15535 while attack
latency was positively correlated with the response to S-15535. At the end of the
experiment, attack duration and latency remained correlated with the response to
S-15535. Additionally, a highly significant negative correlation was found
between the amount of wounds and the response to S15535, as shown in Figure
6.5.

DISCUSSION

The present study shows that repeated winning experience enhances aggressive
behaviour, in particular in the high aggressive males. Using the S15535-induced
reduction of stress-hyperthermia as a pharmacological index of 5-HT1A autore-
ceptor sensitivity, it was demonstrated that a repeated social experience affects
the sensitivity of the receptor in the direction of desensitization. However, the
mice that developed violent behaviour, beyond increasing the attack duration
time, were the ones with more sensitive 5-HT1A receptors after the experience.
The present study confirms the relationship between 5-HT1A autoreceptor func-
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Table 6.2 Bivariate correlations (Pearson coefficient) between 5-HT1A receptor sensitivity
before the repeated resident-intruder experience and aggression levels at 1st (RI1) and at the
9th (RI9) resident-intruder test.

Wounds Attack duration Attack latency
RI1 RI9 RI1 RI9 RI1 RI9

dmax Pearson -0.345 -0.713 -0.492 -0.471 0.430 0.455
p-value 0.116 0.000 0.020 0.027 0.046 0.033

AUC Pearson -0.281 -0.518 -0.298 -0.338 0.308 0.283
p-value 0.206 0.014 0.179 0.124 0.163 0.202



tionality and social behaviour. Additionally, it shows that enhanced 5-HT1A

autoreceptor functionality enhanced sensitivity is related to pathological rather
than species-typical aggression. Overall, the dynamics of 5-HT1A auto-receptors
seems to follow that of aggression escalation and depends on the genetic predis-
position to high or low aggressive temperament. 

In line with previous studies (Miczek et al., 1998; van der Vegt et al., 2001;
Schiller et al., 2006), our study shows that serotonin-1A autoreceptors play a role
in aggressive behaviour. In particular they appear to be sensitized in individuals
prone to develop pathological aggression. The same social experience desensi-
tized serotonin-1A autoreceptors of individuals that escalated less their aggres-
sion, while it did not affect those with low aggressive genetic background. The
differences in the resulting phenotype and the genetic predisposition are therefore
related to the serotonin-1A autoreceptor dynamics and might have interesting
implications on the fate of serotonin-1A autoreceptors and temperamental differ-
ences. As a consequence of this differential dynamics one might also expect differ-
ential effects on the serotonergic raphe nuclei. As the main effect of the 5-HT1A

autoreceptors is inhibitory, the raphe nuclei would become less activated in terms
of production and release of serotonin. However, serotonin is released both toni-
cally and phasically and it is not clear yet which of these release patterns will me
most affected. 
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Previous studies have tried to understand the functionality of the 5-HT1A

autoreceptors with the use of 8-OH-DPAT. However, the specificity of the chal-
lenge with such a full agonist is not enough to distinguish receptors subpopula-
tions. This full agonist was thought to determine hypothermia in mice through
autoreceptors, but unfortunately contradictory reports in mice and other species
keep the question still open. Studies on the receptor expression were not able to
find a link between the autoreceptors and aggression, or rather they showed a
link between 5-HT1A heteroreceptors and high trait-aggression (Korte et al., 1996;
van der Vegt et al., 2001; Veenema et al., 2005a). And other studies showed 5-
HT1A heteroreceptor expression and/or blunted functionality in aggressive indi-
viduals presenting different subtypes of aggression, e.g. in Alzheimer patients and
reactive/defensive rats (Vitiello and Stoff 1997; Lai et al., 2003; Popova et al.,
2005). Although it has been proposed that aggressive individuals differ in the
subtypes of aggression they display (Natarajan et al., 2009), detailed information
about the central serotonergic neurotransmission in these subtypes has not been
studied to our knowledge.

The main conclusion of this study is that individuals with differential behav-
ioural characteristics in aggression, whether genetically obtained or as a product
of genetic predisposition and social exposure, show distinct changes in 5-HT1A

auto-receptors. These findings might have very important consequences for the
functioning of raphe nuclei. This study also suggests that a better behavioural
characterization of subtypes of aggression into less and more pathological ones
might help disentangle otherwise controversial findings.
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