Psychopharmacology
DOI 10.1007/s00213-015-3939-5

ORIGINAL INVESTIGATION

Role of CB2 receptors in social and aggressive behavior

in male mice

Marta Rodriguez-Arias'? - Francisco Navarrete” «

M. Carmen Blanco-Gandia'* - M. Carmen Arenas'? - Maria A. Aguilar'? -

Adrian Bartoll-Andrés® - Olga Valverde®* « José Miiarro ' - Jorge Manzanares’

Received: 20 October 2014 / Accepted: 14 April 2015
© Springer-Verlag Berlin Heidelberg 2015

Abstract

Rationale Male CB1KO mice exhibit stronger aggressive re-
sponses than wild-type mice.

Objective This study was designed to examine the role of
cannabinoid CB2r in social and aggressive behavior.

Highlights

- Grouped CB2KO mice show higher levels of offensive aggression than
WT mice in the social interaction test.

- CB2KO mice show higher levels of offensive aggression than WT mice
in the resident intruder paradigm.

- COMT, MAO-A, 5-HTT and 5HT;gr mRNA levels differ in WT and
CB2KO mice.

- Administration of JWH133 decreases the level of aggression in OF1
mice.

- Treatment with JWH133 normalizes alterations of MAO-A and COMT
gene expression in aggressive isolated mice.
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Methods The social interaction test and resident—intruder
paradigm were performed in mice lacking CB2r
(CB2KO) and in wild-type (WT) littermates. The effects
of the CB2r selective agonist JWH133 (1 and 2 mg/kg)
on aggression were also evaluated in Oncins France 1
(OF1) mice. Gene expression analyses of monoamine
oxidase-A (MAO-A), catechol-o-methyltransferase
(COMT), 5-hydroxytryptamine transporter (5-HTT), and
5-HT,p receptor (5HT,gr) in the dorsal raphe nuclei
(DR) and the amygdala (AMY) were carried out using
real-time PCR.

Results Group-housed CB2KO mice exhibited higher
levels of aggression in the social interaction test and
displayed more aggression than resident WT mice.
Isolation increased aggressive behavior in WT mice
but did not affect CB2KO animals; however, the latter
mice exhibited higher levels of social interaction with
their WT counterparts. MAO-A and 5-HTT gene expres-
sion was significantly higher in grouped CB2KO mice.
The expression of SHT;gr, COMT, and MAO-A in the
AMY was more pronounced in CB2KO mice than in
WT counterparts. Acute administration of the CB2 ago-
nist JWH133 significantly reduced the level of aggres-
sion in aggressive isolated OF1 mice, an effect that
decreased after pretreatment with the CB2 receptor an-
tagonist AM630.

Conclusion Our results suggest that CB2r is implicated in
social interaction and aggressive behavior and deserves fur-
ther consideration as a potential new target for the manage-
ment of aggression.

Keywords CB2KO mice - Social encounters -
Resident—intruder paradigm - Aggression - OF1 mice -
JWH133 - Gene expression
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Introduction

A relation between cannabinoids and aggression was
established in the 1970s. Using the resident—intruder paradigm,
Miczek (1978) demonstrated that delta 9-tetrahydrocannabinol
(THC) induced a dose-dependent decrease in attack behavior in
three different species of mammals. However, in contrast, other
studies since then have highlighted how cannabis administra-
tion in stressful situations can cause or exacerbate aggression in
rats. In line with this, chronic administration of cannabis sativa
extract or THC after food, sleep, or drug deprivation was shown
to elicit aggressive behavior in rodents (Carlini and Gonzales
1972; Carlini et al. 1976). In addition, shock-induced defensive
aggression was found to increase the number of aggressive
responses exhibited by rats treated with cannabis (Carder and
Olson 1972). Mouse-killing behavior was induced in group-
housed rats after chronic administration of daily doses of
THC, while a single dose was enough to provoke this response
in rats housed in isolation (Ueki et al. 1972). In the case of the
endocannabinoid anandamide, its effects have been shown to
depend on the dose employed; high doses reduce aggression in
aggressive mice, while low doses increase aggressive responses
in timid mice (Sulcova et al. 1998). A recent report has associ-
ated intrauterine exposure to cannabis with an increased risk of
aggressive behavior and attention deficit at an age as early as
18 months in girls, but not in boys (El Marroun et al. 2012),
whereas the CB1 receptor (CBIr) inverse agonist taranabant
has been shown to produce irritability and anger/aggression
when administered to obese and overweight patients (Proietto
et al. 2010).

Most of the abovementioned studies have focused on the
CBlr. Experiments with CB1KO mice have revealed that the-
se animals present anxiogenic- and depressive-like pheno-
types (for review see Valverde and Torrens 2012) and alter-
ations in the regulation of social and aggressive behaviors. In
one study, CB1KO mice exposed to the resident—intruder pro-
cedure exhibited stronger aggressive responses than wild-type
mice, though these differences were not observed in subse-
quent encounters (Martin et al. 2002). Our group recently
confirmed and extended these results, showing that CB1IKO
mice behave more aggressively than their wild-type (WT)
counterparts in a social interaction test when confronted with
an anosmic standard opponent. Moreover, isolation, which
increases aggression in WT mice, did not have any effect on
this behavior in CB1KO mice. Furthermore, pharmacological
manipulation of CBI1r with the agonist ACEA confirmed the
critical role of this receptor in the control of aggression
(Rodriguez-Arias et al. 2013). Interestingly, our results related
highly aggressive behavior of grouped CB1KO mice with
increased gene expression of catechol-o-methyltransferase
(COMT) in median and dorsal raphe nuclei (MnR and DR,
respectively) and the amygdala (AMY) and increased mono-
amine oxidase-A (MAO-A) gene expression in the AMY.
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Little is known about the role of CB2 receptors (CB2r) in
mediating aggressive behavior. CB2r have been detected un-
der normal conditions in the brainstem of rats, mice, and fer-
rets (Van Sickle et al. 2005). Subsequent studies in rats have
identified a wide distribution of CB2r in different brain areas,
including the spinal nucleus, hippocampus, olfactory nucleus,
cerebral cortex, amygdala, striatum, thalamus, and cerebellum
(Gong et al. 2006; Onaivi 2006). Interestingly, the presence of
CB2r in areas related to response to stress, anxiety, and de-
pression, such as the hippocampus and amygdala, implicates
them in the regulation of mood disorders (Onaivi et al. 2008).
In addition, CB2r knockout mice (CB2—/—) display an in-
creased vulnerability to stressful stimuli. Deletion of CB2r
reduces motor activity in the open field test, but enhances
the response to acute cocaine administration and produces
mood-related alterations, prepulse inhibition deficit, and cog-
nitive impairment (Ortega-Alvaro et al. 2011). On the other
hand, transgenic mice overexpressing CB2r (CB2xP) have
been shown to have an endophenotype that is resistant to acute
and chronic depressive-like behaviors (Garcia-Gutiérrez et al.
2010). Several studies have suggested that CB2r also play a
key role in the regulation of anxiety (Garcia-Gutiérrez and
Manzanares 2011), producing opposite effects depending on
the schedule of pharmacological manipulation (Garcia-
Gutiérrez et al. 2012).

The aim of the present study was to examine the role of
CB2r in social and aggressive behavior in mice lacking CB2r
(CB2KO) housed in groups and in isolation using the social
interaction test and resident—intruder paradigm. Anxiety pro-
file and spontaneous motor activity were also evaluated in
group-housed WT and CB2KO mice. The behavioral effects
of'a CB2r agonist (JWH133) on social activity and aggression
were also evaluated in isolated highly aggressive Oncins
France 1 (OF1) mice. In addition, real-time PCR experiments
were performed to analyze the expression of COMT and
MAO-A in the amygdala, the 5-HT transporter (5-HTT) in
the DR, and the SHT;y receptor (SHT;gr) in the AMY of
CB2KO mice (and their corresponding WT animals) and
saline- or JWH133-treated OF1 mice.

Materials and methods
Subjects

A total of 55 male cannabinoid receptor CB2KO and 59 male
WT mice, all 42 days old, were employed in the first experi-
ment. Male CB2KO mice on a C57BL/6J congenic back-
ground (kindly provided by Nancy E. Buckley, Cal State
Polytechnic Univ., Pomona, CA, USA) were crossed with
outbreed CD1 (Charles River, France) background (Buckley
et al. 2000) for eight generations. CB2KO homozygote mice
and their corresponding WT littermates—both derived from
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heterozygous parents—were used. For the second study, we
employed 112 OF1 male mice (Charles River, Barcelona,
Spain), also of an age of 42 days. OF 1 mice were employed
as they exhibit aggressive behavior from the age of 6 weeks, a
behavior that increases with age. Isolation for 21 days has
been shown to enhance this behavior (Rodriguez-Arias et al.
1998). Eighty-eight per cent of the isolated OF1 mice showed
aggressive behavior, while this was the case among only 10 %
of their group-housed counterparts. All animals were housed
under standard laboratory conditions: constant temperature
(21£1 °C), a reversed light schedule (white lights off; 0730
to 1930 hours), and food and water available ad lib, except
during behavioral testing. For the first experiment, half of the
experimental animals were housed individually for 21 days in
transparent, plastic cages (24x13.5%13 cm), while the other
half was housed in groups of four in plastic cages (25x25x
14.5 cm) during the same period. For the second experiment,
62 mice were housed in isolation under the same experimental
conditions. The remaining mice were housed in groups of four
to be used later as standard opponents or saline-treated, group-
housed mice. All procedures were conducted in compliance
with the guidelines of the European Council Directive
2010/63/UE regulating animal research and were approved
by the local ethical committees.

Drug treatment and experimental design

Two sets of mice were employed in the first experiment. The
first set performed the elevated plus maze (EPM), the open
field test, and the social interaction test (in that order), with a
week’s interval between each test. Subsequently, their brains
were removed for PCR analysis. The second set of mice per-
formed the resident—intruder test. Two sets of mice were also
used in the second experiment. OF 1 mice performed the social
interaction test and WT and CB2KO mice performed the res-
ident—intruder paradigm after being treated, in all cases, with
the CB2 cannabinoid agonist JWH133. In this second exper-
iment, mice were injected intraperitoneally (i.p.) with doses of
1, 2, and 4 mg/kg of the CB2 cannabinoid agonist JWH133 in
a volume of 0.01 ml/g (Tocris Bioscience, Bristol, UK). The
CB2 antagonist AM630 (Biogen, Madrid, Spain) was also
administered at a dose of 3 mg/kg. The control group was
injected with a mixture of DMSO, Tween 80, and distilled
water (1:1:8 proportion), which was also used for dissolving
the drugs. The doses were chosen based on previous reports
(Garcia-Gutiérrez et al. 2012).

Social encounters

This test consisted of confronting an experimental animal with
a standard opponent in a neutral cage (61x30.5x36 cm) for
10 min following a 1-min adaptation period. Standard oppo-
nents were rendered temporarily anosmic by intranasal lavage

with a 4 % zinc sulfate solution 1 day before testing (Smoothy
et al. 1986). This kind of mouse induces an attack reaction in
its opponent but does not outwardly provoke or defend itself,
since it cannot perceive a pheromone that is present in the
urine of the experimental animals and functions as a cue for
eliciting aggressive behavior in mice with a normal sense of
smell (Brain et al. 1981). A more detailed description of the
behaviors evaluated can be found in Rodriguez-Arias et al.
(1998) and in the supplementary material.

Resident—intruder procedure

CB2KO and WT mice underwent four 5-min episodes of the
resident—intruder procedure, which evaluates aggressive be-
havior in rodents (Miczek and O’Donnell 1978). Resident
mice were housed individually for 10 days prior to the exper-
imental procedure. Intruder animals of a similar age and
weight were housed in cages in groups of five. Each session
consisted of placing an intruder mouse in the resident’s home
cage for a period of 5 min. Animals received two training
sessions on day 1 and two test sessions on day 2. Threat and
attack behaviors were ethologically analyzed.

Spontaneous motor activity

Spontaneous locomotor activity was automatically measured
by an actimeter (CIBERTEC S.A., Spain) consisting of eight
cages (33 x15% 13 cm), each with eight infrared lights located
in a frame around the cage. In this apparatus, beams are posi-
tioned on the horizontal axis 2-cm apart, at a height just above
the bottom of the cage (body level of mice). The different
frames are separated from each other by a distance of 4 cm
and, since they are opaque, prevent animals from seeing con-
specifics. Spontaneous motor activity was recorded for 1 h,
without previous adaptation to the actimeter.

Elevated plus maze

Animals performed the EPM in accordance with previously
described protocols (Rodriguez-Arias et al. 2011). The exper-
imental room was illuminated with a dim red light (40 Ix at
1 m above floor level). The measurements recorded during the
test period were frequency of entries and time and percentage
of time spent in each section of the apparatus (open arms,
closed arms, central platform). An arm was considered to have
been visited when the animal placed all four paws on it.

Real-time PCR analyses
Gene expression studies were carried out in selected brain
regions from untreated CB2KO and WT group-housed mice.

In the second experiment, the main targets involved in the
regulation of aggressive and social behavior were studied in
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OF1-treated mice. Mice were killed and their brains removed
and frozen over dry ice. Brain sections were manipulated as
previously described (Navarrete et al. 2012). Total RNA was
isolated from brain tissue micropunches using TRIzol reagent
(Invitrogen, Madrid, Spain) and was subsequently
retrotranscribed to complementary DNA. Quantitative analy-
sis of the expression of the genes MAO-A
(Mm00558004_m1), COMT (Mm00514377 ml), 5-HTT
(Mm00439391 ml), and SHT,gr (Mm00439377 sl)—rela-
tively abundant in all cases—was performed with the ABI
PRISM 7700 Sequence Detection System (Applied
Biosystems, Foster City, CA). All reagents were obtained
from Applied Biosystems, and manufacturer protocols were
followed. 18S ribosomal RNA (rRNA) was employed as the
reference gene and was detected using TagMan ribosomal
RNA control reagents. All primer—probe combinations were
optimized and validated for relative quantification of gene
expression. In brief, the data for each target gene were nor-
malized to the endogenous reference gene, and the fold
change in target gene messenger RNA (mRNA) abundance
was determined using the 272AC method (Schmittgen et al.
2000). This quantification method involves comparing the Ct
values of samples with a control or calibrator, such as a non-
treated sample or RNA from normal tissue. The Ct values of
both the calibrator and samples are normalized to an appro-
priate endogenous housekeeping gene (18S rRNA). Intact
CB2KO (n=8) and WT (8) animals were used to study recep-
tor gene expression under baseline conditions. Grouped (n=
10) and isolated (n=30) OF1 treated animals were sacrificed
and their brains removed 2 h and 30 min after injection in
order to study receptor gene expression changes under phar-
macological treatment conditions.

Statistical analyses

Non-parametric Kruskal-Wallis tests were used to assess the
variance of the behavioral measures in different treatment
groups according to the times allocated to threat, attack, laten-
cy of threat and attack, unit of threat and attack, and number of
attacks. Subsequently, appropriate paired comparisons were
carried out using Mann—Whitney U tests to compare behav-
iors following the different treatments. Data for other behav-
iors evaluated by the social interaction test were analyzed
using a two-way ANOVA with two between variables: hous-
ing (with two levels, grouped or isolation) and genetics (with
two levels, wild-type and CB2KO). One-way ANOVA was
employed to evaluate the effects of AM630 on the antiaggres-
sion effects of JWH. Data from the resident-intruder test were
analyzed using two-way ANOVA with one between vari-
able—genetics—and one within variable—encounters (with
four levels). To study the effect of JWH on CB2KO mice,
we employed an ANOVA with two between variables—ge-
netics (with two levels, WT and KO) and treatment (with two
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levels, JWH and saline). Spontaneous motor activity was an-
alyzed with a mixed ANOVA with the between variable ge-
netics and a within variable—time (with six levels). Data from
the EPM were analyzed with a one-way ANOVA with the
between variable genetics.

Student’s # test analyses were carried out for gene expres-
sion comparison between CB2KO and WT mice and between
group-housed and isolated OF I mice. One-way ANOVA with
one between variable was employed to analyze data for OF 1
JWH133-treated mice: treatment (with four levels: grouped,
isolated+VEH, isolated+JWH133-1, and isolated+JWH133-
2). The Bonferroni test was employed for post hoc
comparisons.

Results
First experiment
Social behaviors

Kruskal-Wallis analysis showed a significant effect with re-
spect to the time spent in threat (x*(df=3, p=0.001)=17.301)
and attack (x*=(df=3, p=0.01)=12.825) (Fig. 1a), unit of
threat (x*(df=3, p=0.001)=21.260) and attack (x*(df=3,
p=0.001)=17.127) (Fig. 1b), and number of attacks (x*(df=
3, p=0.01)=13.608) (Fig. 1c). The Mann—Whitney U test
revealed that group-housed CB2KO mice spent more time in
threat and attack, engaged in longer episodes of threat and
attack, and performed a higher number of attacks than
group-housed WT mice (p<0.05 in all cases). These behav-
iors were also more pronounced in isolated WT mice than in
those housed in groups (p<0.001 in all cases).

Kruskal-Wallis analysis also showed a significant effect of
the time needed to exhibit the first threat (latency to threat,
Fig. 1d) (x*(df=3, p=0.02)=9.716). The Mann—Whitney U
test showed that grouped CB2KO mice engaged in threat ear-
lier than group-housed WT animals (»<0.01), while no differ-
ences were observed among isolated mice. Isolated WT mice
engaged in threat behavior quicker than grouped WT mice
(»<0.01), with no differences observed among CB2KO mice.

The time spent engaged in social investigation (Table 1)
showed an effect of the variable housing [F(1,44)=32.479;
p<0.001] and the interaction housingx genetics [F(1,44)=
4.114; p<0.05]. Isolation increased this parameter in both
types of mice (p<0.01), although CB2KO mice spent more
time in social investigation than WT mice (p<0.05). The unit
of social investigation revealed an effect of the variable hous-
ing [F(1,44)=15.450; p<0.001], since isolation increased
the mean time spent by both types of mice in each
social encounter (p<0.01).

Non-social investigation (Table 1) showed an effect of the
variable housing [F(1,44)=36.406; p<0.001], with group-
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Fig. 1 Means of accumulated times (in seconds, with £SEM) spent in
threat and attack (a), unit of threat and attack (b), latency of threat and
attack (c), and number of attacks (d) exhibited by adult CB2KO and WT
(group-housed or isolated) during the social interaction test (grouped WT

housed mice spending more time engaged in this behavior
than animals housed in isolation (p<0.001).

Resident—intruder paradigm

The data of the time spent in threat during the resident-intrud-
er encounters are presented in Fig. 2 (see Table 1 of the sup-
plementary material for data of the time spent in attack and the
number of attacks). The variable genetics showed a significant

Table 1
housed or isolated) during the social interaction test

n=12, grouped CB2KO n=12, isolated WT n=12, and isolated CB2KO
n=10). Differences with respect to grouped WT mice *p<0.05;
**p<0.01; ***p<0.001

effect for time spent in threat [F(1,30)=94.758; p<0.001] and
attack [F(1,30)=27.840; p<0.001], and number of attacks
[F(1,30)=31.771; p<0.001]. CB2KO mice spent more time
in threat and attack and performed a higher number of attacks
than WT animals in all of the four encounters. For the time
spent engaged in threat, the interaction genetic x encounters
also showed a significant effect [F(3,90)=3.062; p<0.01],
with CB2KO mice exhibiting higher levels of threat in the
third and fourth encounter than in the first (»p<0.01).

Means of accumulated times (in seconds, with 2SEM) allocated to different categories of behavior by CB2KO and WT adult mice (group-

Grouped Isolated

WT CB2KO WT CB2KO
Non-social exploration 488+14 444+15 395+ 16%** 365+ 12%**
Social investigation 41+£5 32+6 84+17%* 123+£16%*+
Unit of social investigation 1.06+0.1 1.13+£0.2 1.74£0.2%* 1.8£0.2%*
Latency to social investigation 23+7 21+4 11+4 14+5

WT grouped n=12, CB2KO grouped n=12, WT isolated n=12, and CB2KO isolated n=10. Differences with respect to their corresponding WT
group +p<0.05; differences with respect to grouped animals **p<0.01, ***p<0.001; differences with respect isolated WT group +p<0.05
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Fig. 2 Means of accumulated times (in seconds, with +SEM) of time
spent in threat by CB2KO and WT adult mice during the resident—
intruder test. Animals underwent two training sessions on day 1 and
two test sessions on day 2 (WT n=17; CB2KO n=15). Differences
with respect to WT mice ***p<0.001

Spontaneous motor activity

The ANOVA of the mice’s motor activity over 1 h (WT
1053+48 and CB2KO 1685+48 photocell cuts/h) re-
vealed an effect of the interaction geneticsxtime [F(1,
30)=12.921; p<0.001], with CB2KO mice exhibiting
more activity than WT in all the measures recorded
(»<0.001 in all cases).

Elevated plus maze

The EPM data are presented in Table 2. The ANOVA for the
time spent in the closed arms of the maze [F(1, 28)=9.138;
p<0.01] and in the central area [F(1, 28)=15.092; p<0.001],
revealed an effect of genetics, as the CB2KO mice spent more
time in the closed arms but less time in the central area than
their WT counterparts.

MAO-A, COMT, 5-HTT, and 5HT,; gr gene expression
in CB2KO versus WT mice

Real-time PCR analyses revealed that expression of the MAO-
A gene was enhanced in the AMY [Student ¢ test: =—2.767,
df=14, p=0.01] and the DR [Student ¢ test: /=—2.781, df=14,
»<0.01] of CB2KO mice. On the other hand, the expression of
the COMT gene was significantly higher in the AMY [Student
ttest: 1=—2.142, df=14, p<0.05], while a decrease was detect-
ed in the DR [Student ¢ test: 1=4.215, df=14, p<0.01]. In
CB2KO animals, SHT;gr and 5-HTT gene expression was
upregulated in the AMY [Student ¢ test: t=—7.811, df=14,
p<0.001] and DR [Student ¢ test: t=—3.829, df=14,
p<0.001], respectively (Fig. 3a, b).
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Table 2 Means of

accumulated times (in WT CB2KO
seconds, with =£SEM) in
the elevated plus maze Time OA 3246 36+6
(WT n=13; CB2KO % time OA 11£2 1242
n=17) Time central 16046 1236+
Time CA 107+7 141£6%**
Open entries 7+1 S5+1
% open entries 24+5 2243
Closed entries 18+1 161
Total entries 25+1 2242

Differences with respect to WT mice
***p<0.001

Second experiment
Social behaviors

Kruskal-Wallis analysis showed a significant effect of admin-
istration of JWH in isolated OF I mice with respect to the time
spent in threat (x*(df=4, p=0.001)=25.340) and attack
(x*(df=4, p=0.001)=21.947) (Fig. 4a), the latency to threat
((df=4, p=0.001)=19.336) or attack (x*(df=4, p=0.01)=
16.210) (Fig. 4b), the unit of threat (x*(df=4, p=0.001)=
26.345) and attack (x*(df=4, p=0.001)=23.983) (Fig. 4c),
and the number of attacks (x*(df=4, p=0.001)=19.317)
(Fig. 4d) (see Table 2 of the supplementary material for the
Threat data). The Mann—Whitney U test revealed that isolated
mice spent more time engaged in aggression and initiated this
behavior sooner (p<0.001 in all cases). JWH133 significantly
decreased aggression at all the doses tested (threat: p<0.001
for JWH-4 and p<0.01 for JWH-1 and 2; attack: »<0.001 for
JWH-4, p<0.01 for JWH-2, and p<0.05 for JWH-1; latency
of threat: p<0.05 in all cases; latency of attack: p<0.05 for
JWH-2 and p<0.01 for JWH-4; unit of threat and attack:
»<0.001 in all cases; number of attacks: p<0.01 in all cases).
To rule out whether or not this effect was due to motor impair-
ment, the motor effects of 2 and 4 mg/kg of this drug were
tested. No differences were observed (data not shown).

In order to test the specificity of the actions of JWH, the
effect of the CB2 antagonist AM630 was analyzed in isolated
OF1 mice treated with 2 or 4 mg/kg and subsequently under-
going the social interaction test (see Table 3). The ANOVA
showed an effect of AM630 on time engaged in attack [F(3,
35)=10.410; p<0.001] and number of attacks [F(3,35)=
13.322; p<0.001]. The groups treated with AM630 plus
JWH spent significantly more time engaged in attack and
performed a higher number of attacks than those treated only
with 2 (p<0.001) or 4 mg/kg (p<0.05) of JWH.

In addition, JWH (2 mg/kg) was tested in WT and CB2KO
mice in the resident-intruder paradigm. The variable genetics
showed a significant effect for threat, attack, and number of
attacks. In all cases, CB2KO mice exhibited higher levels of
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aggression than WT mice (p<0.001, p<0.01, and p<0.05,
respectively). ANOVA did not reveal any effect of this CB2
agonist (see Table 4).

MAO-4, COMT, 5-HTT, and 5SHT, gr gene expression
in group-housed versus isolated vehicle-treated OF1 mice

The effect of isolation on MAO-A, COMT, 5-HTT, and 5HT g
gene expression was evaluated by means of real-time PCR in
group-housed and isolated vehicle-treated OF1 animals. MAO-
A mRNA levels were significantly lower in the AMY of isolated
OF1 mice [Student ¢ test: =2.957, df=18, p<0.010], though no
differences were observed in the DR [Student ¢ test: t=—0.534,
df=18, p<0.601]. On the other hand, COMT gene expression in
the DR was significantly reduced by isolation [Student ¢ test: =
3.083, df=18, p<0.01], while no differences were observed in
the AMY [Student ¢ test: t=—0.303, df=18, p<0.766]. Finally,
there was a significant increase of 5-HTT [Student ¢ test: 7=
—3.219, df=18, p<0.01] and 5HT,gr [Student ¢ test: t=
—2.703, df=18, p<0.01] in the DR and AMY, respec-
tively, of isolated OF1 mice (Fig. 4a and b).

MAO-A, COMT, 5-HTT, and 5HT;pr gene expression
in isolated OF I mice treated with the CB2r agonist JWH133

Real-time PCR experiments were carried out to evaluate the
effect of JWH133 administration on isolated OF1 animals.

0 wT
COMT MAO-A
20r 201 M CB2KO
*
15 15
1.0 1.0 I
05 * 05}
0.0 -— 0.0
COMT MAO-A
25¢ 25
20f * 2.0 *
15} 15
10f 1.0 L
05" 0.5
0.0 0.0

MAO-A gene expression in the DR [F(2,29)=5.024;
»<0.01] and AMY [F(2,29)=10.157; p<0.001] of isolated
OF1 mice was significantly increased by treatment with this
CB2r agonist. On the other hand, this treatment induced an
increase of COMT gene expression in the AMY of isolated
OF1 animals [F(2,29)=15.479; p<0.001], whereas there was
a trend toward an increase in the DR, without reaching statis-
tical significance [F(2,29)=2.944; p<0.074]. The CB2r ago-
nist did not alter 5-HTT mRNA levels in the DR of isolated
OF1 mice [F(2,29)=0.181; p<0.836] or significantly reduce
SHT,gr gene expression in the AMY of the same animals
[F(2,29)=2.001; p<0.159] (Figs. 5a, b and 6).

Discussion and conclusions

The present results demonstrate that CB2rs play a significant
role in the regulation of aggressive behavior: (1) in the social
interaction test, CB2KO mice are more aggressive than their
WT counterparts when housed in groups; (2) in the resident—
intruder paradigm, CB2KO are more aggressive that WT an-
imals; (3) an acute dose of the CB2r agonist JWH133 de-
creases aggressive behavior in aggressive isolated OF mice;
and (4) significant changes in MAO-A, 5-HTT, and 5-HTp
gene expression occur in the DR and AMY of CB2KO versus
WT mice and in aggressive OF 1 mice treated with a vehicle
versus JWH133.
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Fig. 4 Means of accumulated times (in seconds, with £SEM) of attack
(a), unit of attack (b), latency of attack (c¢), and number of attacks (d)
exhibited by group-housed or isolated OF1 mice treated with vehicle or
JWH133 (1, 2, and 4 mg/kg) during the social interaction test (grouped

In the social interaction test, an experimental mouse is
confronted with a standard opponent that does not provoke
aggression; in this way, aggressive behavior is always

Table 3 Means of accumulated times (in seconds, with +SEM)
allocated to different categories of behavior during the social interaction
test by isolated OF1 mice treated with JWH133 (2 and 4 mg/kg) plus
AM630 (3 mg/kg)

Sal AM630-3

JWH-2 JWH-4 JTWH-2 JWH-4
Threat 17+2 6+1 13+1 10+1
Latency of threat 213+40 29065  143+£28 178+32
Unit of threat 0.9+03 0.6£03  0.6+0.01 0.6+0.01
Attack 4+1.8 3+1 1241 %%* 8+1*
Latency of attack ~ 296+54  459+51  261+37 331433
Unit of attack 0.8+0.3  0.5+0.1  0.6+0.01 0.5+0.1
Number of attacks ~ 1.9+0.8  3.7+1.2 191 .8%4%* 12£3%*

JWH-2 n=9, JWH-4 n=10, JWH-2+AM630 n=10, and JWH-4+
AMG630 n=10. Differences with respect to JWH-2- or JWH-4-treated
mice *p<0.05; ***p<0.001

@ Springer

n=10, isolated n=8, JIWH-1 n=11, JWH-2 n=9, JWH-4 n=10).
Differences with respect to saline-treated grouped mice ***p<0.001;
differences with respect to saline-treated isolated mice +p<0.05;
++p<0.01; +++p<0.001

expressed by the experimental animal. When housed in
groups, our CB2KO mice displayed higher levels of aggres-
sion during the social interaction test than their WT counter-
parts (which lacked this kind of behavior). The former mice

Table 4 Means of accumulated times (in seconds, with +SEM)
allocated to different categories of behavior during the resident—intruder
paradigm by WT and CB2KO mice treated with saline or JWH133
(2 mg/kg)

Sal JWH-2

WT CB2KO WT CB2KO
Threat 5+1 1542 4%%* S5£1.8  1042.7%**
Latency of threat 68+21 56429 51425 37+25
Unit of threat 0.5+0.1  0.7+0.1 0.5+0.1 0.5+0.1
Attack 12423 20+£5.3%* 6+2.1  20+6.2%*
Latency of attack 81+21  113+38 56425 70+28
Unit of attack 0.7+0.1  0.7+0.1 0.5+0.1 0.7+0.1
Number of attacks ~ 15+2.5  25+7* 8+3 20+6*

WT+Sal n=9, WT+JWH n=9, CB2KO+Sal n=9, CB2KO+JWH n=9.
Differences with respect to WT mice *p<0.05; **p<0.01; ***p<0.001
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Fig. 5 Real-time PCR analysis
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threatened and attacked their standard opponents in the ab-
sence of specific provocation. Similar results were obtained
in the resident—intruder paradigm. Resident CB2KO mice
threatened and attacked intruders more often than resident

Fig. 6 Real-time PCR analysis of
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WT animals in all the staged encounters. Moreover, the former
mice spent significantly more time engaged in threatening
behavior (and showed a non-significant increment in attack)
in all four encounters, an increase that was not observed in
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WT mice. It should be taken into consideration that the higher
levels of aggression observed in CB2KO mice in these two
paradigms could have been indirectly influenced by the ani-
mals’ increased motor activity. However, CB2KO mice did
not show a different anxiety profile when they performed the
EPM under low stress conditions.

On the other hand, long-term social isolation is also known
to induce offensive and aggressive behavior in mice (Malick
1979; Valzelli 1985). In the present study, WT mice behaved
aggressively after being isolated for 3 weeks, whereas no
changes were observed in the aggressive behavior of
CB2KO mice housed in the same conditions. The lack of an
increase in aggression in CB2KO mice could have been due,
among other reasons, to a ceiling effect with respect to the
aggression displayed by group-housed KO mice or a lack of
an effect of isolation on these mice. These results are in line
with the behavior observed in CB1KO animals in a previous
study in our laboratory (Rodriguez-Arias et al. 2013). Despite
their higher level of aggression, group-housed CB2KO mice
engaged in similar non-aggressive social interactions as WT
mice. Following isolation, an increase in these social contacts
was observed in both types of mice, though more so in
CB2KO mice. These results contrast with previous reports
concerning CB1KO mice, among which social contacts did
not increase after isolation, and which showed avoidance and
flee behaviors in accordance with the high levels of anxiety
associated with these animals (Haller et al. 2002; Maccarrone
et al. 2002; Martin et al. 2002; Urigiien et al. 2004). Such
behaviors were absent in our CB2KO mice, though
anxiogenic-like responses have been reported in some previ-
ous studies (Ortega-Alvaro et al. 2011). Therefore, we can
affirm that group-housed CB2KO mice present a highly ag-
gressive behavioral profile that is not modified by isolation,
although this procedure did increase social interaction.

A neural circuit involving several brain regions—including
the AMY—has been implicated in the regulation of emotions.
Functional or structural alterations of one or more of these
regions, or of the interconnections between them, may in-
crease susceptibility to aggression and violence (Davidson
2000). Serotonin (5-HT) has been consistently implicated in
the neurobiological mechanisms that mediate aggressive be-
havior. Indeed, numerous studies have related impulsive, hos-
tile, and violent behavior with a deficiency in 5-HT (for re-
view see Takahashi et al. 2012). A recent meta-analysis con-
cluded that the results in question, though heterogeneous, con-
firmed a small, inverse correlation between 5-HT function and
aggression, anger, and hostility (Duke et al. 2013). 5-HT in the
mammalian central nervous system is derived mainly from the
DR and MnR, and inhibition of the metabolism of mono-
amines increases the availability of 5-HT in the brain. We
observed increased MAO-A gene expression in the DR and
AMY of CB2KO mice, which suggested enhanced 5-HT
metabolization. Expression of the COMT gene in the AMY
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was also more pronounced in these mice, while it was de-
creased in the DR. In contrast, 5-HTT gene expression in the
DR was enhanced in CB2KO mice. Therefore, it could be
hypothesized that the availability of 5-HT in each structure
is lower due to increase of MAO-A gene expression in the
AMY or of 5-HTT gene expression in the DR. These results
are in line with previous findings in CB1KO mice (Rodriguez-
Arias et al. 2013). Indeed, there are concordant reports regard-
ing the relation between COMT levels and aggression. Two
recent meta-analyses have linked COMT gene polymorphism
to aggression, pointing to an association between the homo-
zygous genotype of lower COMT activity polymorphism and
violence (Bhakta et al. 2012; Singh et al. 2012). However, an
even more recent report has failed to confirm these findings
(Soyka et al. 2015). On the other hand, Ginsberg et al. (2011)
reported a significant upregulation of COMT expression in
several brain regions of aggressive resident mice. We have
to bear in mind that, although real-time PCR is a highly sen-
sitive technique capable of detecting small mRNA level
changes, it is not possible to directly correlate these alterations
with an increase in protein content. Intracellular metabolic
factors such as posttranscriptional phenomena could account
for differences between gene transcription and final protein
expression (Maier et al. 2009).

Moreover, the possibility that the highly aggressive pheno-
type of CB2KO mice was associated with a developmental
loss of CB1r cannot be ruled out. However, previous studies
have shown that CB1r gene expression in the spinal cord of
CB2KO mice does not differ to that in WT mice (La Porta
et al. 2013, Fig. 5a), which makes differences in the brain of
the two strains unlikely. In addition, real-time PCR studies in
CB2KO mice has revealed alterations in the gene expression
of targets related with the serotonergic system that differ from
those observed as a consequence of CBIr deletion
(Rodriguez-Arias et al. 2013). Indeed, although we observed
higher levels of aggression in CBIKO and CB2KO mice,
COMT gene expression was increased in the MnR, DR, and
AMY of CB1KO mice, but only in the AMY of CB2KO mice,
whereas it was decreased in the DR of the latter animals.

Most previous studies have found a correlation between
depleted MAO-A function and increased aggression (Scott
et al. 2008; Stetler et al. 2014). However, inhibition of
MAO-A activity reduces the oxidative metabolism of mono-
amines, which presumably increases the availability of 5-HT
and other monoamines in the brain. MAO-A inhibitors can be
used as antiaggression drugs, though they are known to also
alter other behaviors (for review see Takahashi et al. 2011). In
line with this, a recent study has detected increased MAO-A
gene expression in rats stressed during adolescence and
exhibiting heightened aggressive behavior in adulthood
(Marquez et al. 2013). Similarly to the results obtained in
CB1KO mice, we have observed an increase of MAO-A gene
expression in the AMY of CB2KO mice; this may have
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reduced 5-HT levels, which underlay the elevated expression
of SHTgr observed in these mice. In most studies, local acti-
vation of SHT,gr in projection regions has been found to
reduce aggressive behavior in various procedures and species
(see Takahashi et al. 2012).

The CB2r agonist JWH133 has been shown to signifi-
cantly decrease aggression in aggressive mice after a
3-week isolation procedure (Rodriguez-Arias et al. 1998,
2013). In the present study, JWH133 reduced the time spent
by isolated mice in aggressive behaviors and the mean time
employed in threat or attack (unit of threat and attack),
delayed latency to threat at all of the doses administered,
and decreased the number of attacks. This effect was not
due to motor impairment and seemed to be mediated by
CB2 receptors, as antagonism of this receptor with AM630
abolished the antiaggression effect. In addition, JWH133 did
not induce any effect in CB2KO mice in the resident-intruder
test. These results suggest that activation of CB2rs regulates
aggressive response-modulating serotoninergic function in
different brain areas. Several studies using in vivo micro-
dialysis to evaluate the effect of social isolation rearing have
found little or no changes in basal tissue levels or synaptic
overflow in the serotonin system under such circumstances,
which indicates normal tonic release. However, they have
observed marked decreases in response to drugs and stressors
in the cortex and hippocampus (for review see Marsden et al.
2011). In general, isolation affects serotoninergic more than
dopaminergic neurotransmission. For example, isolation rear-
ing has been shown to deplete 5-HT content and increase
3,4-dihydroxyphenylacetic acid (DOPAC) levels and turnover
of 5-HT and DA in the hippocampus (Brenes and Fornaguera
2009).

In the present study, isolated OF 1 mice displayed increased
5-HTT gene expression in the DR, which may have been
related with an enhanced reuptake of 5-HT and a concomitant
reduction in COMT gene expression. On the other hand, iso-
lation increased SHT;pr and decreased MAO-A gene expres-
sion. While the increase in 5-HTT in the DR was maintained
in isolated mice treated with JWH133, there was a decrease in
the SHT;p receptor in the AMY of the same animals.
Treatment of isolated mice with JWH133 increased MAO-A
in the DR and AMY and COMT in the AMY, which may have
been related with the lower serotonin levels detected in com-
parison with saline-treated isolated and group-housed mice.
Thus, isolated JWH133-treated mice would be expected to
have lower serotonin levels than saline-treated isolated or
grouped mice. It is important to point out that increases in
MAO-A gene expression in the AMY and DR were observed
in both CB2KO and OF1 mice treated with JWH133, al-
though a completely different behavioral outcome was ob-
served between the two groups. This discrepancy highlights
the differences between a KO model, in which CB2 signaling
was absent throughout the period of brain development, and

studying the impact of stimulating a receptor in a situation of
stress by isolation.

Aggressive behavior is defined in the DSM-IV R and the
new DSM-V as a symptom of numerous psychiatric disorders,
including schizophrenia, anxiety disorder, impulse control
disorder, oppositional-defiant conduct, posttraumatic and bor-
derline personality disorders, or antisocial personality disorder
(Boles and Miotto 2003; Raine 2002; Rydén et al. 2009;
Volavka 2013). Our findings support an important role for
CB2rs in social interaction and aggressive behavior.
Pharmacological manipulation of this receptor deserves fur-
ther investigation as a potential target in the management of
aggression-related psychiatric disorders.
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