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ABSTRACT
The relationship between low serotonergic neurotransmission and high impulsive aggression
has been documented in several human and non-humans studies. Yet it is not always replicated
and it is limited to correlation relationships rather than causal effects. A major confounding
problem is the heterogeneous definition of aggression and the lack of animal models of more
violent forms of aggression known in human beings. In this study we investigated the effects on
intermale aggression of lowering brain serotonin levels by removing its essential precursor tryp-
tophan from the diet of mice genetically selected for high and low aggression, e.g. Short Attack
Latency, SAL, and Long Attack latency, LAL, respectively. Previous studies have shown that the
behaviour of the SAL mice is extreme and pathological, while that of the LAL mice is extremely
docile in a social interaction and vulnerable to depression/anxiety-like behavioural distur-
bances. Moreover, the mouse lines differ in their serotonergic system.  

The results show that, while tryptophan depletion reduced significantly prefrontal cortex
serotonin levels and body weight, and increased significantly plasma corticosterone levels in
both mouse lines, it did not cause any significant changes in their intermale behavioural reper-
toire. We conclude that a reduction of brain serotonin levels is not enough to change aggres-
siveness levels of individuals genetically predisposed for high and low aggressiveness. Instead,
the correlation between serotonin levels and aggression could be rather the consequence of an
upstream common mechanism that leads to both low serotonin levels and high aggressiveness. 
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INTRODUCTION

Serotonin is indisputably the most widely studied neurotransmitter in relation to
aggressive behaviour. The idea of aggressive individuals having low brain seroton-
ergic neurotransmission, i.e. the “serotonin-deficiency hypothesis of aggression”,
originated from early studies and has been supported by evidence in human and
non-human studies (Maas, 1962; Valzelli,  1982; Lee and Coccaro 2001; Ferrari et
al., 2005; Miczek et al., 2007). Low levels of the major serotonin metabolite, 5-
hydroxyindoleacetic acid or 5-HIAA, which is a measurement of the amount of
serotonin released and consequently metabolized, have been found in the cere-
brospinal fluid of impulsive aggressive human individuals (Brown and Linnoila
1990). Similarly, serotonergic functioning, measured through fenfluramine chal-
lenge, was inversely correlated both with self-reported and laboratory aggression
(Coccaro et al., 1996). Studies in mice showed that brain serotonin levels are
inversely correlated to aggression (Caramaschi et al., 2007). These data confirm
the general idea that high levels of aggression are associated with low levels of
brain serotonin.  However, it remains to be determined if this serotonin deficiency
is a predisposing causal factor for the development of aggression or rather a
consequence of other mechanisms that lead both to aggression and to serotonin
deficiency. The possible causal relationship between aggression and low serotonin
levels has been investigated by damaging the raphe nuclei and by inhibition of
serotonin production. Rats in which serotonin neurons were lesioned with 5,7-
dihydroxytryptamine showed more shock-elicited aggression and muricidal behav-
iour (Breese and Cooper 1975; Hole et al., 1977; Kantak,  1981; Kantak et al.,
1981; Vergnes et al., 1988). Increases in muricide and offensive aggression were
also observed when rats or mice were injected with para-chlorophenylalanine,
a serotonin-synthesis inhibitor (Miczek et al., 1975; Paxinos et al., 1977; Gibbons
et al., 1978; Valzelli et al., 1981; Sewell et al., 1982; Ieni and Thurmond 1985;
Albert et al., 1985; Molla-Hosseini,  1985; Vergnes et al., 1988; Keele,  2001). A
less invasive method used to inhibit the synthesis of serotonin is through
depleting the brain from tryptophan, the essential aminoacid precursor of sero-
tonin (Biggio et al., 1974). In rats, chronic tryptophan depletion increased shock-
induced aggression (Kantak et al., 1980b) and mouse-killing behaviour (Gibbons
et al., 1979). In humans and non-human primates, tryptophan depletion is
obtained giving the subjects a tryptophan-free aminoacid mixture (Bell et al.,
2001). Using this method, aggression was acutely increased in women during
menstrual phase (Bond et al., 2001), in healthy male subjects (Pihl et al., 1995;
Moeller et al., 1996; Bjork et al., 1999) and in male subjects with high trait
aggression (Cleare and Bond 1995; Pihl et al., 1995; Bjork et al., 2000;
McCloskey et al., 2008). In primates, a tryptophan-free aminoacid mixture
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increased aggression in males (Chamberlain et al., 1987). Although these findings
suggest a causative link between lower serotonin levels and aggression, other
studies showed an effect in the opposite direction or failed to show a a change in
aggression. Reduction of serotonin levels did not affect aggressive behaviour in
mice and rats (Conner et al., 1970; Miczek et al., 1975; Kantak et al., 1980a;
Vergnes and Kempf 1982; van der Vegt et al., 2003a), or even inhibited aggres-
sion (Malick and Barnett 1976; Jones et al., 1976). Similarly, in humans aggres-
sion levels did not change or hostility levels even improved following acute tryp-
tophan depletion (Salomon et al., 1994; Pihl et al., 1995; LeMarquand et al.,
1999).

These conflicting data corroborate the general view of a causal relationship
between serotonin and trait aggression. This may be due to the possibility that
tryptophan, and consequently serotonin depletion, may be affected only in a
certain group of individuals. Indeed, humans scoring high in trait aggression (Pihl
et al., 1995; Wingrove et al., 1999; Dougherty et al., 1999a; Dougherty et al.,
1999b), showed completely opposite effects compared to individuals with low
levels of aggressiveness (Cleare and Bond 1995; Bjork et al., 2000). Moreover, it is
still under discussion whether acute tryptophan depletion has an effect at all on
the levels of serotonin and on serotonergic neurotransmission (van der Plasse et
al., 2007). 

In addition to the issue of individual variation, it is important to notice that,
while serotonin levels are negatively correlated with aggression as a trait charac-
teristic, recent evidence shows that serotonin release is needed for the initiation
and/or execution of an aggressive act. In apparent paradox with the serotonin-
deficiency theory, serotonin seems to be released during a social interaction and
aggressive acts (van der Vegt et al., 2003b; Summers et al., 2005). Inhibiting this
release through enhanced presynaptic 5-HT1A and 5-HT1B autoreceptors activa-
tion reduces rodents’ offensive aggression (Bell and Hobson 1994; Joppa et al.,
1997; Miczek et al., 1998; de Boer et al., 2000; DE Almeida and Miczek 2002). If
serotonin release is indeed required for the performance of the aggressive act
itself, it can be hypothesized that 5-HT depletion in aggressive individuals may
lead to reduced serotonin release during a social interaction and consequently
reduce their aggression levels. 

To test the hypothesis that the effects of serotonin depletion on aggression
might only be observed in certain individuals, two mouse lines were used that
were artificially selected for short and long attack latency, SAL and LAL, respec-
tively, in a resident-intruder context. The mouse lines were generated from a wild
population of house mice near Groningen, the Netherlands, and have been shown
to represent extreme alternative phenotypes, with SAL being violent and LAL
being very docile, although occasionally a few LAL mice attacked very briefly
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(Caramaschi et al., 2008a; Natarajan et al., 2009). Moreover, these mouse lines
differ strongly in serotonergic neurotransmission. SAL and LAL mice that had been
exposed to resident-intruder tests, showed inverse relationship between serotonin
levels and aggression levels (Caramaschi et al., 2007; Caramaschi et al., 2008a).
Furthermore, SAL mice showed increased 5-HT1A auto- and hetero-receptor
inhibitory feedback, suggesting an inhibited serotonergic neurotransmission when
5-HT1A receptors are activated (van der Vegt et al., 2001; Caramaschi et al., 2007).

In view of this differentiation in both aggression and serotonergic neurotrans-
mission, we subjected socially naïve mice of the SAL and LAL lines to a chronic
tryptophan-free diet and studied its effects on their intermale offensive aggression
in the resident-intruder test, compared to mice fed with a balanced diet
containing tryptophan. If a certain level of serotonin neurotransmission is needed
for the execution of aggression, we expected that the serotonin-depleted SAL mice
would reduce their aggression levels. If low serotonin tissue levels are a causal
mechanism for the execution of aggression, we expected that a reduction of sero-
tonin tissue levels due to tryptophan-depleted diet in LAL mice would enhance
their aggressiveness. After completion of the behavioural experiments prefrontal
cortex samples were taken and analyzed for 5-HT content. In order to gain more
insights in the physiology underlying the hypothetical interaction between
chronic trypthophan-deficiency and aggressive behaviour, we examined also the
effects of the diet on body weight and plasma corticosterone. Based on previous
reports (D'Souza et al., 2004), we expected a decrease in body weight and an
increase in corticosterone levels in the tryptophan-depleted mice.

MATERIALS AND METHODS

Animals and dietary manipulation
The subjects of this study were male mice (n=32) from the SAL and LAL lines
obtained from our breeding colonies. The mice were kept in familiar groups until
21 days of age, then they were kept in unisexual groups of siblings until ca. 40
days of age, when each male was co-housed with a female, in order to avoid
social isolation and male-male competition. Each male-female pair was housed in
a cage in which the bedding was never changed or altered, in order to keep the
odours of the male residents. The bedding consisted of wood shavings and envi-
rodry material for nest building. The room conditions were maintained at 22 ± 2
°C on a 12:12 light-dark schedule. The mice had food and water available ad
libitum. A few days (3-6) before the start of the experiment, all the mice started
being fed with the control diet (Laboratori Piccioni, Segrate, MI, Italy), in order to
habituate to the new food. At the start of the experimental manipulation, half of
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the mice started being fed with tryptophan-free diet, TRP-free (Laboratori
Piccioni, Segrate, Italy), while the other half continued with a control diet, CTR,
containing tryptophan (Laboratori Piccioni, Segrate, Italy). The TRP-free diet
(Fadda et al., 2000) had the following composition per 100 g of food: zein
(protein extracted from corn) 2%, ammonium citrate 2.34%, gelatine 3%, glycine
3%, lysine HCl 1.06%, histidine 0.42%, methionine 0.53%, phenylalanine 0.71%,
leucine 1.42%, isoleucine 0.62%, threonine 0.97%, valine 1.11%, Hegsted salt 4%,
choline chloride 0.15%, maize oil 10%, sucrose 68.38%, plus complete vitamin
integration 0.25% (thiamine HCl, riboflavin, pyridoxine HCl, nicotinic acid,
calcium panthotenate, folic acid, biotin, vit. B12, A, D3, E, K). The CTR diet had
identical composition, except  that 0.7% of TRP was added in place of an equiva-
lent amount of sucrose (Fadda et al., 2000). The body weight of the mice was
checked every 1-2 days to monitor potential physiological changes due to the diet.

All the experimental procedures had been approved by the Institutional
Animal Care University Committee of the University of Groningen, the Nether-
lands (DEC protocol n. D4540B), and were in accordance with the Dutch Law on
Animal Experimentation of 12 January 1977 (reviewed in 2003) and with the
European Communities Council Directive of 24 November 1986 (86/609/ EEC).

Resident-intruder tests
Prior to the start of the dietary manipulation, the mice were subjected to the
Attack Latency Test (ALT). Briefly, the mice underwent resident-intruder tests for
three consecutive days, in order to habituate to the test and remove any novelty
effect. On the first day, the mice were only presented with an intruder in their
home-cage until they attacked it, or for 5 minutes in case of no attack. On the
third day, the intruder was left in the cage for 5 minutes for all the mice and a
video recording was made. This test accounted as Resident-Intruder 1 (RI1), and
was used as baseline. To investigate the effects of the dietary manipulation on
aggressive behaviour, a second and a third resident-intruder test was performed
after one and two weeks of dietary manipulation, respectively. These RI2 and RI3
tests were performed using the same protocol of RI1. All the resident-intruder
tests were performed in the beginning of the dark phase, in temporary absence of
the female, and against an unknown docile opponent of the albino strain A/J.

From the videotapes of the RI1, RI2, and RI3 the behaviour of the resident
mice was scored using The Observer 5.0 (Noldus Information Technology bv, the
Netherlands). Mutually exclusive behavioural states scored were attack (bite,
keep-down, charge), threat (lateral threat, tail rattling), chase, retreat (with-
drawal from attack), social exploration (sniffing, allogrooming), non-social explo-
ration (sniffing, climbing, digging), body-care (drink/eat, self-grooming), inac-
tivity (immobility, rest, freezing).
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Brain-tissue preparation and monoamine determination with HPLC
One day after the RI3 test, the animals were sacrificed under CO2 anaesthesia,
decapitated and their brains removed. The prefrontal cortex was dissected from
each brain, frozen in liquid nitrogen and stored at –80 ºC. The PFC samples were
homogenised in 1 ml 0.1 M perchloric acid for 60 seconds and centrifuged at
14,000 rpm for 10 min at 4ºC. The supernatant was removed and 100 µl were
injected into a HPLC (High-Performance Liquid Chromatography) column
(Gemini C18 110A, 150 x 4.60 mm, 5 u, Bester) connected to a detector (analyt-
ical cell: ESA model 5011, 0.34 V). The mobile phase consisted of 62.7 mM
Na2HPO4, 40.0 mM citric acid, 0.27 mM EDTA, 4.94 mM HSA and 10% MeOH
(pH 4.1). Known amounts of monoamines were run in parallel for standardisa-
tion. Monoamine levels were calculated as ng/g tissue.

Corticosterone assay
During the decapitation, trunk blood was collected in chilled tubes containing
EDTA for determination of corticosterone levels. Blood samples were centrifuged
at 2600 g for 10 min at 4°C. Plasma samples were stored at –20°C until assayed.
Plasma corticosterone was determined in duplicate using ImmuChemTM Mouse
Double-antibody Corticosterone 125I RIA Kit, MP Biomedicals, LLC, Diagnostics
division, Orangebourg, NY, US. The minimum detectable dose of corticosterone
using this assay was 7.7 ng/ml, with an intra-assay variation coefficient of 4.4%
and an inter-assay variation coefficient of 6.5%.

Statistical analyses
Body weights obtained on day 0, when the diet was started, at day 5, and at day
10 were compared using ANOVA for repeated measurements, with “measure-
ment” as within-subject factor (3 levels), “diet” (trp-free or ctr) and “line” (SAL or
LAL) as between-subject factors. Simple contrasts were set a priori to compare the
measurements after the diet (level 2 and 3) with the measurement 1. Corti-
costerone data were analyzed using two-way ANOVA with “line” and “diet” as
between-subject effects. A similar analysis was conducted on serotonin levels, 5-
HIAA levels and 5-HIAA/5-HT ratios. Attack latencies and behavioural total dura-
tions were analyzed using ANOVA for repeated measurements in a similar way to
the body weights.

Post hoc analyses were performed using t test for independent samples in case
of two groups and Tukey’s pairwise comparisons in case of more than two groups. 
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RESULTS

Body weight 
Statistical analyses were conducted on the raw body weight data. The change in
body weight relative to the baseline is depicted in figure 7.1. SAL mice were
overall significantly heavier than LAL mice (“line” effect: F1,28=11.08, p=0.002).
Body weight was significantly lower in the tryptophan-depleted group (“diet”
effect: F1,28=10.72, p=0.003). Body weight changed significantly along with the
experiment (“measurement” effect: F2,27=14.14, p<0.001). The change was
significantly different between tryptophan-depleted animals and controls (“meas-
urement*diet” interaction effect: F2,27=23.11, p<0.001). Contrasts analyzed
separately for trp-free and ctr groups showed that the interaction effect is caused
by a significant decrease in the tryptophan-depleted animals (level2 vs. level1:
F1,14=32.25, p<0.001; level3 vs. level1: F1,14=32.25, p<0.001), while no signifi-
cant changes occurred in the body weight of control animals. Moreover, body
weight of tryptophan-depleted mice was not lower than controls before the start
of the experiment (t30=1.08, p=0.29), but only at day 5 (t30=2.83, p=0.008)
and at day 10 (t30=4.53, p<0.001).

Plasma corticosterone levels
Figure 7.2 shows the corticosterone levels of the mice at the end of the experi-
ment. Two-Way ANOVA revealed that plasma corticosterone levels were signifi-
cantly higher in mice fed with trp-free diet than in controls (“diet” effect:
F1,28=30.17, p<0.001). There was no effect of line or line*diet interaction. 
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Figure 7.1 Group means and standard errors of change in body weight relative to baseline
(day 0). Asterisks indicate significant changes in the tryptophan (Trp)-depleted mice at day 5
and day 10 (p<0.001) after planned contrasts on raw data. 



Prefrontal cortex serotonin levels
The levels of prefrontal cortical serotonin, its metabolite 5-HIAA, and the
5-HIAA/5-HT turnover ratio measured at the end of the experiment are repre-
sented in Figure 7.3. 5-HT and 5-HIAA raw data were transformed to their natural
logarithms to obtain a normal distribution and to homogenize the group vari-
ances. Two-Way ANOVA revealed a significant line effect (F1,28=4.32, p=0.047)
and significant diet (F1,28=8.42, p=0.007) effect in serotonin levels. Overall, SAL
mice had lower serotonin levels than LAL, and tryptophan-depleted mice had
lower 5-HT levels than control mice. There was no significant interaction effect
between diet and line. However, the tryptophan-free diet reduced serotonin levels
by 45% in the LAL mice and by only 29% in the SAL mice. Neither 5-HIAA levels
nor serotonin turnover ratios were significantly affected by either diet or line.

Behaviour
Group means of the attack latencies during the experiment are depicted in Figure
7.4. On average, a trend to a significant reduction of attack latency towards the
end of the experiment was observed (“measurement” effect: F2,56=3.033,
p=0.056), and there was no interaction effect with “line” or diet”. Significant
between-subject effects were “diet” (F1,28=4.81, p=0.037), “line” (F1,28=177,
p<0.001), and there was a trend to significance in the “diet*line” interaction
effect (F1,28=3.77, p=0.062). As expected, SAL mice had significantly lower
attack latencies than LAL mice, and, overall, Trp-depleted mice had lower attack
latencies than controls.

SAL differed overall from LAL in the behavioural repertoire exhibited during
the resident-intruder interactions. Significant “line” effects were found in attack
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Figure 7.2 Group means and standard errors of plasma corticosterone levels. Asterisks indicate
ANOVA main effect of diet (control vs. tryptophan (TRP)-free, p<0.001) 



(F1,27=97.25, p<0.001), threat (F1,27=23.65, p<0.001), chase (F1,27=33.03,
p<0.001), social exploration (F1,27=21.25, p<0.001), non-social exploration
(F1,27=7.63, p=0.01), retreat (F1,27=60.89, p<0.001), and in the total offence
duration (F1,27=136.93, p<0.001). Moreover, social interaction increased almost
significantly along the experiment (F2,54=2.8, p=0.07), while inactivity decreased
significantly (F2,54=4.35, p=0.018). No significant effects of “diet” or “diet*line”
interaction were found in any of the behaviours scored in the resident-intruder test. 
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Figure 7.3 Group means and standard errors of 5-HT, 5-HIAA, and 5-HT turnover (5-HIAA/5-
HT). * indicates ANOVA main effect of line (LAL vs. SAL, p<0.05). ** indicates ANOVA main
effect of diet (control vs. tryptophan (TRP)-free, p<0.01). Statistical analyses were performed
on data transformed to their natural logarithms.
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DISCUSSION

This study confirms that SAL mice, while expressing high trait-aggression, have
less serotonin in the prefrontal cortex, a key area involved in the regulation of
social behaviour. This is in line with several reports that support the low serotonin
levels as a trait characteristic of highly aggressive individuals (Maas,  1962;
Valzelli,  1982; Brown and Linnoila 1990; Lee and Coccaro 2001; van der Plasse
et al., 2007). Similarly,  low serotonin brain levels were found in SAL mice that
had been exposed to male intruders (Caramaschi et al., 2008a). However, the
present study shows that further lowering serotonin levels by tryptophan deple-
tion does not affect aggression significantly. Low serotonin is apparently not a
sufficient condition to change the behavioural traits of mice with genetic predis-
position to extremely high and low aggression levels. 

The lack of behavioural changes in both SAL and LAL mice will be discussed
separately for the SAL and the LAL line. It was shown that serotonin is released
during a social interaction and aggressive acts (van der Vegt et al., 2003b;
Summers et al., 2005), and inhibiting this mechanism through enhanced presy-
naptic 5-HT1A and 5-HT1B autoreceptors activation reduces rodents’ offensive
aggression (Bell and Hobson 1994; Joppa et al., 1997; Miczek et al., 1998; de
Boer et al., 2000; DE Almeida and Miczek 2002). These reports suggest that an
acute reduction of serotonergic neurotransmission inhibits the execution of
aggression. In view of the fact that serotonin content in the cortex is severely
reduced by the tryptophan-free diet, the lack of behavioural changes in the SAL
line suggests that minimal levels of serotonin are sufficient to allow the expression
of aggression against another male. The lack of behavioural change might also be
due to homeostatic changes in the serotonergic system of the SAL mice, which
may keep serotonergic neurotransmission intact. In support of this idea it was
shown that both acute and chronic tryptophan depletion causes changes in the 5-
HT1A and 5-HT2A receptors (Kawai et al., 1994; D'Souza et al., 2004; Cahir et al.,
2007). Desensitization of 5-HT1A receptors might reduce the negative feedback
control of the 5-HT neuron and may in this way have maintained sufficient levels
of serotonin release. The lack of change in serotonin release was also recently
shown in rats (van der Plasse et al., 2007). 
Similarly, in LAL mice, the serotonin depletion alone did not change their low
aggressiveness. In line with our previous studies, it is more likely that aggressive-
ness is related to 5-HT1A autoreceptor sensitizations, therefore serotonin depletion
alone is not expected to increase aggressiveness.

This study further delineates another potential mechanism underlying the
lack of a behavioural effect of tryptophan depletion.  Homeostatic changes in the
stress physiology might have counteracted the brain changes and consequently
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maintained intact the behaviour of the mice. Glucocorticoids released via activa-
tion of the hypothalamic-pituitary axis during a stressful event are known to act
on the central serotonergic system, in particular modulating the expression of
somatodendritic 5-HT1A autoreceptors (de Kloet et al., 1986; Chalmers et al.,
1993; van Praag,  2004). Since tryptophan depletion caused an enhancement of
the stress induced plasma corticosterone response, this might have induced 5-
HT1A receptor desensitization. 

It is interesting to note that serotonin levels in the prefrontal cortex were not
completely reduced, but remained at minimal levels. Since tryptophan is lacking
completely from the diet, and serotonin needs to be produced in the liver and the
guts to a higher extent and in a minor amount in the brain, it is likely that protein
storages in the body are used to allow tryptophan to be used for serotonin
synthesis, therefore assuring a minimal serotonin amount to maintain basic physi-
ological functions. This might explain the reduction in body weight observed in
the present experiment.

Finally, in this study we explored mouse intermale aggression exhibited in the
context of a resident-intruder interaction against a non-offensive opponent. Other
rodent studies suggest that the effects of tryptophan depletion might be found in
different behavioural components, for example circadian activity, response to
amphetamine, and stress-sensitivity (Kawai et al., 1994; Carta et al., 2006; Tanke
et al., 2008).  The general reducing effect of tryptophan depletion on attack laten-
cies, not coupled with an increase in aggression levels in the LAL line, suggests
that behavioural traits as impulsivity and stress coping with novelty might be
affected by the treatment, while maintaining the non-aggressive characteristic
feature of the LAL mouse line. Human studies suggest that tryptophan depletion
might be effective in conditions of serotonin related disorders such as depression,
anxiety, sleep, eating disorders and obsessive-compulsive disorder (for review see
(Bell et al., 2001)). 

In conclusion, this study confirms in a mouse model for male violence that
brain serotonin levels are associated negatively with high aggressiveness, but it
shows also that low brain serotonin level may be a necessary but not a sufficient
condition for high aggressiveness. This conclusion will have implications for
future studies of human aggression, suggesting that its neurobiological determi-
nants might be found in the upstream molecular pathways that lead to low sero-
tonin levels in frontal cortical areas.
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