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ABSTRACT
Violent behaviour has been associated with low baseline brain serotonergic activity in both
humans and other animals. In feral house mice, individuals of the Short Attack Latency (SAL)
strain are genetically predisposed to develop pathological aggression. Recently we demon-
strated that these violent mice have significantly enhanced inhibitory 5-HT1A receptor (5-HT1A-
R) function that may underlie or lead to their reduced brain 5-HT activity. However, the mecha-
nism of this hypersensitization is not yet clear. Since the functionality of 5-HT1A-R relates to its
presence on the neuronal cell membrane, we investigated the subcellular distribution of the 5-
HT1A-R in mice of the SAL (aggressive) and LAL (non-aggressive) lines, under baseline condi-
tions and after 5-HT1A-agonist stimulation. We visualized both the autoreceptors in the dorsal
raphe and the postsynaptic heteroreceptors of the prefrontal cortex ex vivo with immuno-elec-
tron microscopy using sensitive gold substituted silver-enhanced peroxidase staining. In non-
stimulated, saline-injected control mice, the label distribution showed fewer 5-HT1A-R in intra-
cellular compartment in neurons of SAL mice compared to LAL. After injection of the full
5-HT1A-R agonist 8-OH-DPAT (0.5 mg/kg), a more pronounced intracellular labeling in the
prefrontal cortex, but not dorsal raphe, was seen in SAL mice compared to saline-injected
controls. This differs from the LAL animals, where an agonist challenge did not change receptor
distribution. The results indicate that prefrontal 5-HT1A-R in violent individuals show acceler-
ated/enhanced dynamics. We argue that the subcellular distribution of 5-HT1A-R does not
explain the enhanced 5-HT1A-R sensitivity and that a more responsive 5-HT1A-R dynamics in
violent individuals may relate to their higher receptor sensitivity.  
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INTRODUCTION

Four decades of preclinical and clinical studies have accumulated an over-
whelming body of evidence that brain serotonergic neurotransmission plays a crit-
ical role in modulating aggressive behaviour (Valzelli, 1984; Brown and Linnoila
1990; Virkkunen and Linnoila 1990; Miczek et al., 2007). This scientific database
strongly favours a negative link between basal measures of serotonin (5-HT)
activity and indices of aggressive and violent behaviour, i.e. the 5-HT deficiency
hypothesis of aggression (Coccaro, 1989). Indeed, serotonergic agonists, in partic-
ular 5-HT1A and 5-HT1B receptor agonists, acutely reduce aggression levels in
many animal models (White et al., 1991; Mos et al., 1993; Bell and Hobson 1994;
Joppa et al., 1997; Miczek et al., 1998; de Boer et al., 1999; Pruus et al., 2000;
Sperry et al., 2003; Clotfelter et al., 2007). These data suggest that the activation
of 5-HT1A receptors is strongly involved in restraining aggressive behaviour, and
that diminished 5-HT signalling at these receptors is associated with increased
aggression. This idea is supported by a number of observations that healthy
people scoring high in trait-aggression, Alzheimer’s patients with enhanced
aggression, aggressive pre-pubertal pigs and rats genetically selected for defensive
aggression show reduced 5-HT1A receptor expression and/or functionality (Netter
et al., 1999; Cleare and Bond 2000; Parsey et al., 2002; Lai et al., 2003; D'Eath et
al., 2005; Popova et al., 2005; Popova et al., 2007). 

In sharp contrast, however, a large number of other studies showed a positive
association between structural and functional properties of 5-HT1A receptors and
trait-like offensive aggressiveness (Korte et al., 1996; van der Vegt et al., 2001;
Van Riel et al., 2002; Feldker et al., 2003a; de Boer and Koolhaas 2005; Veenema
et al., 2005a; Schiller et al., 2006; Caramaschi et al., 2007). One way to explain
this discrepancy is the heterogeneity of the operational definition of aggression
and violence used in the various studies. In general, preclinical studies have
obtained neurobiological data that were associated with normal species-specific
aggression levels and have tried to extrapolate them to the pathological human
condition of violence. Only recently, in our and in some other labs, parameters for
pathological aggression in rodents have been described (de Boer et al., 2003;
Haller and Kruk 2006; Miczek et al., 2007; Cervantes and Delville 2007;
Caramaschi et al., 2008a). 

The Short Attack Latency (SAL) mice genetically selected for high aggressive-
ness from a wild population (van Oortmerssen and Bakker 1981) show signs of
pathological aggression toward docile and/or immobilized opponents in terms of
high intensity of attacks, lack of gender discrimination, high dominance, and lack
of inhibition from the opponent’s signals (Caramaschi et al., 2008a; Natarajan et
al., 2009). These mice were originally selected through a bidirectional selection
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for attack latency that generated both the high aggressive line, SAL, and the low
aggressive line, LAL (Long Attack Latency) (van Oortmerssen and Bakker 1981). In
a resident-intruder test SAL male mice attack a standard docile intruder in less than
50 seconds, spend 50% of the test duration on offensive behaviour (attack, threat,
and chase) and their bites cause several wounds on the opponent’s body. A LAL
male very rarely attack, and if so, with a long latency (more than 300 seconds) and
for a short duration (less than 5% of the total time) and without causing injuries.
Compared to other genetically selected aggressive mouse lines, we recently
proposed that the offensive aggressive behaviour of SAL mice mimics human
violence (Sluyter et al., 2003; Caramaschi et al., 2008a; Natarajan et al., 2009). 

In line with the 5-HT deficiency hypothesis of aggression, SAL mice showed
lower serotonin tissue levels in the prefrontal cortex than LAL mice, in particular
after repeated social experience (Caramaschi et al., 2007; Caramaschi et al.,
2008a). In addition, they showed increased structural and functional properties of
postsynaptic 5-HT1A heteroreceptors (van der Vegt et al., 2001; Van Riel et al.,
2002; Feldker et al., 2003a). SAL mice also exhibited enhanced somatodendritic
5-HT1A autoreceptor functionality, suggesting exaggerated raphe 5-HT autoinhibi-
tion in the aggressive and violent-prone mouse line (van der Vegt et al., 2001;
Caramaschi et al., 2007). However, in contrast to the postsynaptic heterorecep-
tors, this increased autoreceptor functionality does not seem to be associated with
increased 5-HT1A receptor levels in this brain region: 5-HT1A mRNA expression
and 8-OH-DPAT radioligand binding showed no quantitative differences between
SAL and LAL in the raphe nuclei (Korte et al., 1996; Veenema et al., 2005a). 

Furthermore, the 5-HT1A receptor is highly dynamic both in its expression and
functionality. Hence, the temporal dynamics of 5-HT1A receptors may generate
differential results if samples are taken at different time-points relative to age,
social experiences, etc. and analyzed with different techniques that look at
different spatial-temporal aspects (e.g. mRNA, protein, G-protein activation,
temperature/hormone response to agonists, etc.). More details on the 5-HT1A

receptor dynamics especially those with respect to responses to pharmacological
treatments in animal models that develop antisocial/violent behaviour would help
us understanding the neurobiological changes that accompany the development
of violence.

Although there are no structural differences between auto- and hetero- 5-
HT1A receptor protein, several studies have shown functional differences that
could be related to different signalling systems involved (Mannoury la Cour et al.,
2006)  and to differential trafficking properties (Riad et al., 2001). 5-HT1A recep-
tors are rapidly internalized upon agonist treatment particularly in the dorsal
raphe nucleus, but not in the hippocampus (Riad et al., 2001; Zimmer et al.,
2004; Riad et al., 2004; Aznavour et al., 2006). Receptor internalization has been
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proposed as a fast dynamic regulatory mechanism by which G-protein coupled
receptors become rapidly desensitized upon agonist stimulation, i.e. internaliza-
tion reduces the number of free receptor sites at the cell surface and hence the 5-
HT signalling function decreases (Koenig and Edwardson 1997; Bloch et al.,
1999; Bernard et al., 2006). This adaptive process has been characterized in vivo
and in vitro for many neurotransmitter and neuropeptide receptors (Chuang et
al., 1980; Keith et al., 1998; Dumartin et al., 1998; Bernard et al., 1999;
Haberstock-Debic et al., 2003; Reyes et al., 2006; Boudreau et al., 2007). Further-
more, receptor endocytosis itself activates specific signalling cascades other than
those mediated via G-proteins, with possible consequences on cell survival and
neuroplasticity (Kang et al., 2005; Lefkowitz and Shenoy 2005; Ma and Pei
2007). Agonist-stimulated endocytosis/internalization of 5-HT1A receptors has
been identified in vitro and in vivo (Della Rocca et al., 1999; Riad et al., 2001).

Based on this rationale, we investigated the ultrastructural distribution of the
5-HT1A receptors in mice of the SAL (aggressive) and LAL (non-aggressive) lines
under baseline conditions and after 5-HT1A stimulation. With this approach we
tested whether the subcellular distribution is reflected in the 5-HT1A receptor
functionality/sensitivity. If so, we expect less intracellular receptors in SAL mice
than in LAL mice, since SAL mice have enhanced 5-HT1A auto- and heteroreceptor
sensitivity. Alternatively, if the process of internalization is critically dependent
upon 5-HT1A receptor sensitivity (reflecting an adaptive neuronal response), we
expect faster/more pronounced receptor accumulation of intracellular receptors
upon agonist stimulation in these aggressive SAL animals.

RESULTS

Figure 8.1 shows the light microscopy images of the regions of interest for the
electron microscopy screening. The SAL and LAL brain samples did not differ in
the morphology of the tissue. Larger cells were seen in the dorsal raphe,
compared to those of the prefrontal cortex.

The screening of ultra-thin sections using electron microscopy (Fig. 8.2)
confirmed the presence of labeling in cell bodies and occasionally in dendrites. In
very few areas (n<5) labeling was found in terminals and therefore excluded
from the quantification. Within the cell bodies, where the receptor was found
mainly, the label was specifically located on organellar membranes, such as ER,
Golgi, transport vesicles, and endosomes. Dense labeling was present inside multi-
vesicular bodies and lysosomes. In few cases the label was present on the cell
membrane, but in many cases the precipitate was located just underneath the
membrane. 
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The quantification of immunolabeling is shown in Figure 8.3. Two –Way
ANOVA identified a significant effect of the “line*treatment” interaction in
prefrontal cytoplasmic (ER, Golgi, small trafficking vesicles) labeling (F1,12=8.4,
p=0.02) and almost significant “line*treatment” interaction effect in total
prefrontal labeling (F1,12=5.16, p=0.053). In control conditions, cytoplasmic
labeling in the prefrontal cortex was lower in SAL than in LAL (t4=3.6, p=0.022).
In SAL agonist-treated mice, the cytoplasmic proportion of granules was signifi-
cantly increased compared to SAL controls (t4=4.11, p=0.018). Similarly, the
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Figure 8.1 Examples of 50 µm vibratome sections as seen with light microscope of prefrontal
cortex (A, B) and dorsal raphe (C, D), which indicate the regions of interest selected for ultra-
thin sections of prefrontal cortex (A) and dorsal raphe (C) at low magnification, and the
specific labeling of 5-HT1A receptor in the cytoplasm and at the cell membrane of neurons in
the prefrontal (B) cortex and dorsal raphe (D) at higher magnification (scale bar indicates
100 µm). The digital pictures were obtained with a Leica DMIRB light microscope (Leica,
Cambridge, UK) equipped with a Leica DFC350FX camera, magnification 40X, and QWin soft-
ware (A, C) and Leica SP2 confocal microscope in the wide field transmission mode (Leica,
Nussloch, Germany). 
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nearly significant interaction effect in the total prefrontal labeling was due to
enhancement of labeling after agonist injection in the SAL mice (t4=2.94,
p=0.044). Close to significance was also the interaction effect in prefrontal intra-
cellular labeling (F1,12 =4.34, p=0.071), which represents a trend in the same
direction, with agonist-treated SAL having more labeling than SAL controls
(t4=2.8, p=0.049). There were neither significant nor close to significance effects
in the labeling of degrading structures and cell membrane. No significant differ-
ences were found in the raphe region. 
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Figure 8.2 (left) Examples of images demonstrating intracellular 5-HT1A receptor labeling. In
(A) part of the cell body is shown with a nucleus and diffuse label distributed in ER and small
vesicles in the cytoplasm. In (B) the label shows clustering in multivesicular bodies in proximity
of the nucleus. In (C) multivesicular bodies with clustered label are in the cytoplasm. In (D) the
label is present in a Golgi complex and diffuse in small vesicles in the cytoplasm. In (E) and (F)
the label is clustered in dendritic profiles within a multivesicular body and early endosomes
close to the membrane, respectively. Open arrows indicate labeled multivesicular bodies and
lysosomes, while closed arrows indicate labeled Golgi, ER and small trafficking vesicles. N =
nucleus, D = dendrite, G = Golgi complex. Scale bar indicates 1 µm 
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Figure 8.3 Quantification of gold-silver peroxidase product from electron micrographs. The
histogram bars represent averages and their standard errors of LAL (Long Attack latency) and
SAL (Short Attack Latency) mice in either CTR (control) or DPAT (agonist-stimulated) condi-
tion. PFC=Prefrontal cortex, DR=Dorsal raphe. * p<0.05 



DISCUSSION

With the present study, we show that individual differences in the levels of aggres-
sion are related to the intracellular trafficking of 5-HT1A receptors. Based on the
differential sensitivity of 5-HT1A auto- and heteroreceptors in SAL and LAL mice
(van der Vegt et al., 2001; Caramaschi et al., 2007), and based on the fact that
internalization of cell membrane receptors is thought to be a mechanism by which
cells regulate their exposure and consequently their functionality (Ferguson,
2001), we investigated the receptor localization at the ultrastructural level. In
control conditions, we found less intracellular localization of the postsynaptic 5-
HT1A heteroreceptors in the prefrontal cortex of SAL brain preparations. When
stimulated with the agonist, the amount of intracellular receptors increased only
in this highly aggressive line, suggesting a more dynamic system in the highly
aggressive line.

A surprising aspect of this study is that 5-HT1A immunoreactivity was mostly
present intracellularly also in the control animals, contrarily to our expectations
and to other reports (Riad et al., 2001; Riad et al., 2008). Using the gold substi-
tuted silver-enhanced peroxidase technique, we visualized with high resolution
and sensitivity the presence of immunolabelled receptors in detailed structures, as
discussed in (Morara et al., 2001). For instance, granules that are sometimes
located in early endosomes just under the cell membrane could be classified as
being surface receptors when visualized as bigger particles using the immunogold
technique. Yet, it is difficult to imagine that at baseline conditions, neurons
express such a small number of 5-HT1A receptors at the outer cell membrane. It is
more likely that the mice in these experiments were affected by handling/injec-
tion stress also in control conditions, and most of the surface 5-HT1A receptors
were already internalized after the stress-induced serotonin release. 

Another explanation is that the antibody used was more likely to bind intra-
cellular/non-functional receptors than those exposed on the cell surface. The anti-
body used in this study gave similar intracellular immunoreactivity patterns as
those presented in other previous studies on rodent brain tissue (Collin et al.,
2002; Zhang et al., 2004; Luttgen et al., 2005). The epitope recognized by this
antibody is located in the third intracellular loop of 5-HT1A molecule, a region
highly involved in interactions with other proteins and phosphorylation sites
(Raymond et al., 1999). Therefore, one possibility is that the epitope is partially
masked when 5-HT1A is present on the cell membrane, and not when it is located
intracellularly. Yet, even considering the partial masking of 5-HT1A receptor when
exposed to the cell membrane and the possibility of stress-induced internalization,
the lower amount of cytoplasmic 5-HT1A in SAL mice prefrontal cortex may indi-
cate a lower tonic serotonergic release in this brain area. This hypothesis is in line

CHAPTER 8

154



with the previous literature of low serotonergic neurotransmission in impulsive
aggressive individuals, see for review (Lee and Coccaro 2001).

As in previous studies, 5-HT1A autoreceptors were found intracellularly in the
neurons of the dorsal raphe nuclei. Interestingly, in our study 5-HT1A receptors
were already intracellularly present in non-stimulated conditions. Although it was
shown in rats that 5-HT1A heteroceptors in hippocampal neurons do not inter-
nalize (Riad et al., 2001), in our study using mice as subjects a considerable
proportion of immunoreactivity was found in the intracellular compartment of
prefrontal cortical neurons. These discrepancies might reflect a species-specific
difference or a regional difference and they remain to be explored. 

To understand the functional consequences of our inference we need to
consider the receptor dynamics in detail. When activated by an agonist, 5-HT1A

receptor undergoes conformational changes that eventually lead to receptor
endocytosis (Chini and Parenti 2004; Wolfe and Trejo 2007). The endocytosed
receptor can be either recycled to the cell membrane or degraded in lysosomes.
The short-term (minutes to hours) desensitization effect temporarily shuts down
the receptor from its function. It is possible that a short-term higher endocytosis
rate upon agonist-stimulation in SAL mice is counteracted by a long-term
enhanced recycling and/or de novo synthesis. In SAL mice the highly sensitive 5-
HT1A receptors may internalize quickly, as shown by the increase in intracellular
labelling, therefore they may be temporarily shut down from their functions (van
der Vegt et al., 2001; Caramaschi et al., 2007). However, the increase in intracel-
lular labelling in SAL mice is represented mainly by structures involved in
receptor synthesis and or recycling, which might ultimately result in higher
number of receptors, as found in previous studies (Korte et al., 1996; Veenema et
al., 2005a).

In conclusion, these data suggest a less intracellular and more dynamic distri-
bution of 5-HT1A receptors in frontocortical brain areas of individuals predisposed
to violence. This important link between behaviour and brain molecular physi-
ology requires further investigation and may open up new hypotheses in the field
of the neural and molecular mechanisms of aggression.

EXPERIMENTAL PROCEDURE

Animals
Male mice (n=12) from the SAL (n=6) and LAL (n=6) selected lines were
obtained from our breeding colonies. After weaning at 21 days, they were kept in
unisexual groups with siblings. At the age of 40 days, each male mouse was
housed with a female in order to avoid social isolation. The mice were housed in
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Makrolon® Type II cages, with free access to food (AMII, ABdiets, Woerden, The
Netherlands) and water, in a room at 22 ± 2°C and 12/12 light/dark cycle (light
off 2:30 PM). All the mice were naïve regarding inter-male social experiences in
adulthood. This study was carried out in accordance with the Dutch Law for
Animal experiments and with the European Communities Council Directive
(86/609/EEC), and under approval of the Institutional Animal Care and Use
Committee of the University of Groningen (DEC protocol n. D4328A).  

Brain tissue collection
During adulthood (4-7 months), on the day of the experiment, half of the mice
were injected subcutaneously with either 0.5 mg/kg of 8-OH-DPAT (± 8-hydroxy-
dipropylamino tetralin hydrobromide) (Tocris, Bristol, UK) or vehicle (saline).
The mice were naïve to the injection procedure, since it was shown that injection
habituation procedures may have the opposite stress-increasing effect in mice
(Hennessy et al., 1977).  Twenty minutes after the injection, they were anes-
thetized with Pentobarbital (30 mg/kg, i.p.). Under anesthesia, they were
perfused transcardially with 20 ml rinsing solution (0.1 M phosphate buffer, 2%
polyvinylpyrrolidone (MW=40K), 0.4% NaNO2, 1.2 ml/l heparine), and subse-
quently with fixative containing 2 % paraformaldehyde, 0.05% glutaraldehyde,
and 2% polyvinylpyrrolidone; in some cases 0.2% picric acid was added to
improve ultrastructural preservation. The brain was removed from the skull and
left in the same fixative solution overnight at 4°C. Vibratome sections of
prefrontal cortex and dorsal raphe nuclei (50µm thickness) were cut, collected in
PBS and stored at 4°C. 

Gold-silver substituted peroxidase 5-HT1A immunolabeling
For each excised brain, three sections of the prefrontal cortex and three sections of
the dorsal raphe were quenched with 0.3% H2O2 in PBS and rinsed in Tris-
buffered saline (TBS, pH=7.6) on ice. The sections were then preincubated for 30
minutes with 5% normal goat serum (NGS) and 0.05% Triton X-100 in TBS and
subsequently incubated overnight with guinea pig anti-5-HT1A receptor
(Chemicon International, Inc., 1:1000), 1% NGS and 0.05% Triton X-100 in TBS
at room temperature. The sections were then rinsed with TBS on ice and incu-
bated for 90 minutes with biotinylated goat anti-guinea pig (Jackson Immuno-
research laboratories, Inc., 1:500), 1% NGS and 0.05% Triton X-100. They were
subsequently rinsed in TBS on ice and incubated for 60 minutes with ABC-reagent
(Vectastatin PK 6100, 1:400) and 0.05% Triton X-100. The staining was devel-
oped with 3,3'-diaminobenzidine (DAB)/H2O2 reaction (0.025% DAB in TBS and
0.004% H2O2). For orientation purposes and selection of the appropriate
neuronal areas, sections were examined under light microscope.
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Following the immunolabeling, the sections were treated according to the
gold substituted silver-enhanced peroxidase method as in (Morara et al., 2001)
washed with 0.1 M sodiumcacodylate buffer (pH 7.4), osmicated in 1% OsO4,
1.5% potassium hexacyanoferrate(II) in 0.1 M cacodylate buffer (pH 7.4) at 4°C,
dehydrated in graded series of ethanol and embedded in Epon on silane-coated
microscope slides. 

Sections treated without primary antibody did not show any labeling.
Furthermore, using prefrontal cortical tissue samples of both SAL and LAL mice, a
preliminary Western blot with the same antibody was performed, which revealed
a single immunoreactive band around 37 kDa (Natarajan D., unpublished). 

Electron microscopy analysis
Light microscopy was used to select regions of interest from the prefrontal cortex
and the dorsal raphe nuclei and further processed for ultrathin sectioning. The
ultrathin sections were counterstained with uranyl acetate and lead citrate, and
examined using a Philips 201 and a Philips 208 transmission electron microscopes
at 60kV (FEI, Electron Optics, Eindhoven, the Netherlands). 

Since the reaction product was organized in small round dense black precipi-
tates with defined contours, the density of the labeling reaction product was
quantified by counting from electron micrographs, taken at final magnification of
20.000 – 40.000X on the intracellular cytoplasm and on the cell membranes.
Localization on organelles was performed by careful observation at the micro-
scope and on the photos. Intracellular labeling in clear large membrane-
surrounded structures that would fall in the definition of endosomes, lysosomes,
and multivesicular bodies was considered as “degradation” since they most likely
reflect the intracellular protein degradation pathway. Cytoplasmic labeling was
defined as immunolabeling located over organellar membranes of small traf-
ficking vesicles, rough endoplasmic reticulum, tubulo-vesicular smooth endo-
plasmic reticulum, Golgi cisternae. Labeling in these organelles more likely repre-
sents newly synthesized receptors. The total number of gold-dots per region
(prefrontal cortex or dorsal raphe) and per type (degradation or cytoplasmic)
were divided by the total area examined and expressed as number of gold-dots
per 100 _m. Since the quantitative data were not continuous, but discrete (i.e.,
counts), they were transformed to their natural logarithms. Two-way ANOVA was
performed to identify the significance of “line” (2 levels: SAL and LAL), “treat-
ment” (2 levels: control and DPAT) and “line*treatment” interaction effects.
Furthermore, post hoc comparisons using t-tests for independent samples were
performed to compare the total and the intracellular labeling in SAL controls vs.
LAL controls, in order to test the specific hypothesis on differences in sub cellular
distribution at baseline. To test the effect of the agonist, within each line, agonist-
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treated animals were compared with relative controls using t-test for independent
samples. The level of significance was p<0.05. However, post hoc comparisons
for the interaction effects were performed also in case of trends (0.05<p< 0.1) to
significance, due to the small sample size.
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