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Reactive impulsive aggression is characterized by outbursts of rage and violence when subjects encounter
threatening stressful events. Although impulsive aggression and violence create a high-cost burden on health and
society, relatively little is known about treatment. Early adolescent social isolation (SI) alters brain development
and functions. It induces hyper-excitatory in the ventral hippocampus (VHip) to promote acute stress-provoked
outbursts of aggression, referred to as impulsive aggression, in mouse models. Cannabinoid type 1 receptors
(CB1Rs) act on presynaptic sites and suppress neurotransmitter release into synapses. Given that CB1R activation
inhibits neurotransmitter releases and modulates excitatory network activity, we tested the hypothesis that CBIR
activation reduces impulsive aggression in SI mice through decreasing excitatory activity in the vHip. Here, we
report that CB1R agonists, WIN-552122 (WIN) or arachidonylcyclopropylamide (ACPA), ameliorated acute
stress-provoked attack behavior in the resident-intruder test without affecting general locomotion activity.
Increasing endocannabinoids (eCBs) by inhibiting degradation enzymes in the vHip reduced impulsive aggres-
sion, and the effect was blunted by administration of AM251, a CB1R antagonist. Acute stress in SI mice induced
c-Fos expression, a marker of neuronal activation, on vHip neurons projecting to the ventromedial hypothalamus
(VMH), a well-known brain area that controls attack behavior. eCB augmentation inhibited c-Fos expression in
VMH-projecting vHip neurons surrounded by CB1Rs. These results suggest that enhancing eCB signaling in order
to activate CB1Rs suppresses impulsive aggression via suppressing vHip—VMH neural activity and point to a role
of CB1R activation in ameliorating impulsive aggression in adults who have had adverse experiences during early
adolescence.

1. Introduction adverse juvenile experiences result in a cost burden on both society and
public health, the best method to overcome adverse effects remains

Impulsive aggression refers to non-goal-directed aggression that is unknown. In animals, persistent social isolation after weaning is used as

generally triggered by threatening or frustrating events (Day and
Walker, 2012). Impulsive aggression is a core symptom of intermittent
explosive disorder (IED), which is characterized by outbursts of rage and
violence when encountering stress, such as verbal or physical insults
(Coccaro et al., 2007). Thus, acute stress-induced outbursts of aggres-
sion are defined as reactive impulsive aggression in animal models.
Clinically, subjects with IED typically have a history of maltreatment in
childhood (Fanning et al., 2019). Adverse juvenile experiences,
including physical and emotional abuse, neglect, and household
violence, are known to contribute to social, emotional, and cognitive
impairment (Felitti et al., 2019; Makinodan et al., 2012). Although

the model to study the adverse effects of juvenile stress on alterations in
adulthood neuropsychological behavior. In male Wistar rats, socially
deprived rats engaged in increased attacks on intruders, particularly to
vulnerable body parts (Toth et al., 2008, 2012). In C57BL/6 mice,
post-weaning socially isolated (SI) mice exhibited depression-like
behavior and deficiencies in prepulse inhibition (Chang et al., 2015).
SI mice and group-housing (GH) mice seldom attack intruders in low
stress situations. However, acute stress has been shown to dramatically
increase the attack behavior of SI mice, but not GH mice (Chang et al.,
2015, 2018, 2020). The phenomenon of outbursts of acute
stress-induced attacks is similar to impulsive aggression. This indicates

* Corresponding author. Department of Pharmacology, College of Medicine, National Cheng-Kung University, Tainan, 701, Taiwan.

** Corresponding author.

E-mail addresses: cyrus804tw@gmail.com (C.-H. Chang), tainandoctor@hotmail.com (C.-L. Su), powu@mail.ncku.edu.tw (P.-W. Gean).

1 These authors contributed equally to this work.

https://doi.org/10.1016/j.ynstr.2021.100337

Received 29 November 2020; Received in revised form 2 May 2021; Accepted 6 May 2021

Available online 13 May 2021
2352-2895/© 2021 The Authors.

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier Inc.

This is an open access article under the CC BY-NC-ND license


mailto:cyrus804tw@gmail.com
mailto:tainandoctor@hotmail.com
mailto:powu@mail.ncku.edu.tw
www.sciencedirect.com/science/journal/23522895
https://www.elsevier.com/locate/ynstr
https://doi.org/10.1016/j.ynstr.2021.100337
https://doi.org/10.1016/j.ynstr.2021.100337
https://doi.org/10.1016/j.ynstr.2021.100337
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ynstr.2021.100337&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

C.-H. Chang et al.

that post-weaning social isolation induces maladaptive adulthood stress
responses and exaggerated reactive impulsive aggression.

The hippocampus, especially in the ventral part, predominantly
regulates emotion and stress responses (Levone et al., 2015; Sahay and
Hen, 2007). Recent studies have reported that hippocampal excitatory
outputs promote aggression in an internal state-dependent manner
(Chang and Gean, 2019; Leroy et al., 2018). Furthermore, post-weaning
social isolation increases excitatory activity in the ventral hippocampus
(VHip) via overexpression of NMDA receptors (Chang et al., 2015). The
hyper-excitatory neural circuit from the vHip to the ventromedial hy-
pothalamus (VMH) mediates acute stress-induced aggression, referred
to as impulsive aggression, in SI mice (Chang and Gean, 2019).

Endocannabinoid (eCB) is a form of retrograde feedback signaling
that inhibits neurotransmitter release (Kano et al., 2009; Morena et al.,
2016) and plays a critical role in mitigating anxiety, stress, and fear
(Lutz et al., 2015). The main eCB system in the brain consists of
cannabinoid receptor 1 (CB1R) and two endogenous ligands, N-arach-
idonyl ethanolamine (anandamide, AEA) and 2-arachidonoyl glycerol
(2-AG). AFA is hydrolyzed by fatty acid amide hydrolase (FAAH)
whereas 2-AG is degraded by monoacylglycerol lipase (MAGL) (Lutz
etal., 2015; Morena et al., 2016). Previous studies have shown that 2-AG
augmentation, through inhibiting its degradation by JZL184, an inhib-
itor of MAGL, decreases spontaneous glutamate release (Centanni et al.,
20109; Folkes et al., 2020) and  suppresses  ventral
hippocampal-amygdala glutamatergic synapses (Bluett et al., 2017).
These JZL184 effects on glutamatergic synapses act in a
CB1R-dependent mechanism. Additionally, CB1R activation corrects
aberrant glutamatergic hyperactivity in the amygdala (Araque et al.,
2017) and the hippocampus (Guggenhuber et al., 2010). These studies
indicate that CB1R activation reduces excessive excitatory network
activity.

Increasing evidence shows eCBs could play a role in aggression in
mice. CB1R-knockout mice were found to exhibit more offensive
aggression and to be susceptible to stressful conditions (Haller et al.,
2004; Martin et al., 2002; Rodriguez-Arias et al., 2013). In contrast,
2-AG augmentation by JZL184 abolished aggression in male CD1 mice, a
strain of mouse with aggressive characteristics (Aliczki et al., 2015).
Cannabidiol, a non-psychotomimetic cannabinoid from Cannabis sativa
plant, decreased adulthood social isolation-induced aggressive behavior
via indirect CB1R activation (Hartmann et al., 2019). A low dose of
A9-tetrahydrocannabinol (THC), the exogenous psychoactive ingredient
in marijuana, decreased aggression in mice, rats, and monkeys. How-
ever, some studies have reported that THC does not affect aggression
and even appears to enhance aggression in rats, which may be due to
chronic daily exposure to THC (Kolla and Mishra, 2018). There was a
gender-dependent effect found for adolescent THC treatment in rats
previously  experiencing maternal separation. In  female
maternally-deprived rats, THC mitigated aggression. By contrast, in
male maternally-deprived rats, THC did not affect aggressiveness
(Zamberletti et al., 2012). Although the deletion of CB1R induces
aggression, and exogenous cannabinoids and eCBs suppress aggression,
it is not known whether direct CB1R activation reduces aggression in a
post-weaning social isolation model. Given that post-weaning social
isolation induces maladaptive impulsive aggression and an increase in
hippocampal excitatory transmission, and CB1R activation reduces
excessive excitatory network activity, we studied the possibility that
CB1R agonists may reduce reactive impulsive aggression in SI mice
through decreased excitatory activity in the vHip.

Here, we found that CB1R agonists, WIN-552122 (WIN) and arach-
idonylcyclopropylamide (ACPA), decreased impulsive aggression in SI
mice in the resident-intruder test. Knockdown of CB1R expression in the
vHip increased impulsive aggression in the SI mice. Furthermore,
increasing endogenous AEA and 2-AG, by administration of FAAH and
MAGL inhibitors in the vHip, reduced impulsive aggression in a CB1R-
dependent manner. Finally, we found that eCB augmentation sup-
pressed acute stress-induced c-Fos expression, a marker of neuronal
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activation, in the vHip neurons projecting to the ventromedial hypo-
thalamus (VMH), a well-known brain area in which aggression is trig-
gered. These results suggest that enhancing eCB signaling to activate
CB1Rs suppresses stress-exaggerated biting behavior and point to an
essential role of CBIR activation to overcome adulthood impulsive
aggression following post-weaning social isolation.

2. Materials and methods
2.1. Animals

Three-week-old male C57BL/6JNarl mice were purchased from the
National Laboratory Animal Center (Taiwan) and were randomly
divided into group-housing (GH, 5 mice per cage) and individual
housing (one mouse per cage). Due to a critical period for social brain
development (Makindodan et al., 2012), social isolation following
weaning began at 3 weeks of age (postnatal days 21-28). The home cage
of the socially isolated (SI) mice was changed once every two weeks.
Behavioral tests were performed after five weeks of social isolation. For
the resident-intruder test, the intruder mice, 3-week-old male BALB/c
mice, were purchased from the National Laboratory Animal Center
(Taiwan) and were group-housed in the same animal room with the
C57BL/6JNarl mice. All mice were given free access to water and food in
a 12 h/12 h light/dark cycle with a 22 + 1 °C room temperature and
55-65% humidity. The experimental procedures followed the National
Institutes of Health guidelines and were approved by the National Cheng
Kung University Medical Center Animal Care and Use Committee.

2.2. Drugs

CB1 receptor agonist WIN 55212-2 (WIN, Tocris, 0.1 and 0.5 mg/kg
body weight for the intraperitoneal injection, 1 and 2 pg/pl for micro-
infusion into the vHip) (Martellotta et al., 1998; Shen et al., 2019)
was dissolved in 50% DMSO (Sigma-Aldrich) and 50% normal saline
solution. Arachidonylcyclopropylamide (ACPA, Abcam, 5 or 10 mg/kg
body weight for the intraperitoneal injection, 4 ng/pl for micro-infusion
into the vHip) (Jafari-Sabet and Karimi, 2017; Shafaroodi et al., 2004;
Srisai et al., 2017) was dissolved in 100% Tocrisolve 100 (Tocris). The
FAAH inhibitor URB597 (5 ng/pl, Sigma-Aldrich) (Haller et al., 2009)
was dissolved in 5% DMSO and 95% normal saline solution. MAGL in-
hibitor JZL184 (2 pg/pl, Tocris) (Folkes et al., 2020) was dissolved in 1:1
DMSO and Tween 80 (Sigma-Aldrich) and diluted by the normal saline
solution to 2% DMSO and 2% Tween 80. The CB1 receptor antagonist
AM251 (2.5 ng/pl, Cayman) (Shen et al., 2019) was dissolved in 25%
DMSO and 75% normal saline solution. Drug doses were based on the
literature and on pilot experiments. Solutions were freshly prepared and
were administrated at a volume of 0.1 ml for the intraperitoneal injec-
tion and 0.8 pl per side for the infusion into the vHip and dorsal striatum.

2.3. Lentivirus for CBIR knockdown

Lentiviral particles with CB1 shRNA (sc-39911-V) or copGFP control
(sc-108084) were purchased from Santa Cruz. 1 pl volume of 1 x 10°
infectious units of lentivirus was delivered into the vHip according to the
manufacturer’s instructions. We used western blotting to evaluate CB1R
protein expression two weeks later.

2.4. Surgery

The mice were anesthetized with Zoletil (50 mg/kg; VIRBAC, France)
and xylazine hydrochloride (Rompun, 5 mg/kg; Bayer, Korea) and were
placed on a stereotaxic apparatus (Kopf). The mice were implanted with
cannulas (26 gauge stainless steel) into the vHip (anterioposterior, —3.2
mm; mediolateral, +3.2 mm; dorsoventral, —4.0 mm) or dorsal striatum
(anterioposterior, 0 mm; mediolateral, +1.8 mm; dorsoventral, —2.0
mm). After 10 days of resting, these mice underwent behavioral
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experimental procedures. To track the vHip projection to the VMH, red
retrobead tracers (0.5 pl/side with 1:4 dilutions, Lumafluor Inc.) were
infused into the VMH (anterioposterior, —1.5 mm; mediolateral, +0.4
mm; dorsoventral, —5.5 mm). For micro-infusion, lentivirus, drugs, or a
vehicle were infused bilaterally into the vHip or dorsal striatum at a rate
of 0.1 pl/min through the implanted cannulas. After the behavioral tests,
mice were sacrificed to identify the location of the cannula implantation.
The mice were excluded from all data analysis if the cannula location
was not in the targeted regions.

2.5. Resident-intruder test

To assess attack behavior, the resident-intruder (RI) test was given
according to previous studies (Chang et al., 2020). To maintain the
territory of the resident mice, the home cage bedding of the resident
mice was not changed on the first day before the RI test or during the RI
test. To trigger stress-induced outbursts of aggression (referred to as
impulsive aggression), the resident mice were placed on a foot-shock
grid (San Diego Instrument, USA) and received five 0.1 mA, 1 s,
foot-shocks at random intervals, 30 min before the RI test. In the RI test,
the intruder (a male BABL/c mouse) was placed in the home cage of the
resident mice for 15 min. Behavioral videos were recorded with a SONY
digital camera and were analyzed by a blinded observer. The observed
behaviors referred to the descriptions provided in previous studies (Fish
et al., 1999; Koolhaas et al., 2013). Biting behavior included incidences
of the resident mice biting the vulnerable parts (belly and paws) and the
non-vulnerable parts (back) of the intruder mice. Offensive behaviors
comprised mounting, pursuit, boxing, and tail rattling. Non-aggressive
behaviors included social sniffing, social grooming, self-grooming, and
inactivity.

2.6. Open field test

To assess general locomotion activity, mice were placed into the
corner of a 40 cm x 40 cm x 40 cm square box with black walls and a
white floor. The Noldus video tracking system with EthoVision X8.1
software recorded and analyzed the total distance that the mice traveled
in the box for 10 min. Anxiety-like behavior was determined by the
duration that the mice stayed in the central zone of the test box, the
distance that the mice traveled in the central zone (as central distance),
and the frequency that the mice entered into the central zone. The
central zone was defined as the central part of a 4 by 4 array of box. 75%
ethanol was used to clean the box to prevent olfactory cues after every
trial.

2.7. Immunofluorescence

The mice were anesthetized with Zoletil (50 mg/kg) and xylazine
hydrochloride (Rompun, 5 mg/kg) and were perfused with 4% para-
formaldehyde. After a 30% sucrose incubation, coronal brain sections
(40 pm thickness) were obtained with a cryostat (CM3050S, Leica).
Floating sections were subjected to antigen retrieval in a saline sodium
citrate (SSC) solution at 85 °C for 15 min and then were cleaned with 1%
Triton X-100 diluted in PBS for 1h at room temperature. The sections
were blocked in 0.1% Fab fragment goat anti-mouse IgG dissolved in
CAS-block reagent (Invitrogen) for 2 h. Primary antibodies, mouse anti-
cFos (1:200, Genetex), and rabbit anti-CB1R (1:200, Abcam), were dis-
solved in CAS-block reagent and incubated with the brain sections
overnight at 4 °C. Next, the sections were incubated in the CAS-block
reagent with DyLight-405 Fab fragment goat anti-mouse (1:500, Jack-
son ImmunoResearch #115-477-185) and Alexa-488 goat anti-rabbit
(1:500, Jackson ImmunoResearch #111-545-003) for 90 min. For the
lentiviral injections, the brain sections were incubated in 0.1% DAPI
(Sigma-Aldrich) dissolved in PBS for 15 min. Images were acquired with
a Leica DM2500 Microscope with Zyla sCMOS (ANDOR, OXFORD in-
struments) and MetaMorph software (Molecular Devices). For the
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confocal images, the stellaris confocal system was used (Leica).
2.8. Western blotting

The vHip tissues were dissected out of 400 pm thick coronal slices
prepared using a DTK-1000 microslicer (D.S.K.) and then homogenized
by sonication (UP50H ultrasonic processor, Hielscher) in a 0.32 M su-
crose buffer [ 10 mM Tris-HCl, pH 7.4, 0.32M sucrose, protease and
phosphatase inhibitor cocktail (Roche)] and were centrifuged at 9200xg
for 20 min. 30 pg total proteins were denatured in the loading buffer (40
mM Tris-HCI, pH 6.8, 10% glycerol, 2% SDS, 100 mM Dithiothreitol,
197 mM Bromphenol Blue) and were run in 10% SDS-PAGE. Rabbit anti-
CB1R (1:1000, Genetex) and mouse anti-tubulin (1:2000, Millipore)
were used for the primary antibodies. Image J software was used to
analyze the images and the respective internal control-normalized target
proteins for each sample run in at least triplicate.

2.9. Statistics

Using GraphPad Prism 6 software (GraphPad Software, San Diego),
the data were analyzed with a Student’s t-test or an ANOVA. For
between-group comparisons, a Student’s t-test was used. For comparison
of multiple groups in one factor, the ordinary one-way ANOVA was used.
For comparison of the multiple groups in two factors shown in Fig. 1B,
Fig. 4D, and Fig. 4E, a mixed two-way ANOVA was used. Bonferroni’s
multiple comparisons test was used for post hoc comparisons of the
ANOVA. All data were expressed as mean + SEM. The level of signifi-
cance was set at p < 0.05.

3. Results
3.1. SI mice exhibit maladaptive impulsive aggression

Previous studies were repeated to confirm the effects of acute stress
on aggression in post-weaning socially isolated mice. Mice at postnatal
day (PND) 21 were randomly assigned to group-housing (GH) or socially
isolated (SI) groups. After five weeks, the resident-intruder (RI) test
without acute stress was tested. On day 2, the mice received five foot-
shocks (as acute stress) 30 min before the second RI test (n = 8 per
group) (Fig. 1A). A mixed two-way ANOVA showed a significant inter-
action effect of social isolation x acute stress (F(j,14) = 9.825, p =
0.0073) (Fig. 1B). The post hoc test revealed that the SI mice exhibited an
increased number of attack bites toward the intruder after acute stress (p
< 0.01) In contrast, acute stress did not affect the amount of biting in
the GH mice (p > 0.05). The percentage of SI mice that engaged in more
than the maximum level of biting of the non-stress-treated GH mice rose
from 12.5% up to 62.5% after acute stress (Fig. 1C). This finding sug-
gested that the SI mice exhibited maladaptive impulsive aggression.
These results replicated our previous reports (Chang et al., 2015, 2018),
showing that the stress-induced exacerbation of attack biting behavior
was restricted to the SI mice. In the open field test, the SI mice traveled
less time in the central zone of the open field box (t = 3.26, p < 0.01)
(Fig. 1 D). There were no different levels of total traveling distance
found in the SI and GH mice (t = 1.79, p > 0.05) (Fig. 1 E). These results
suggested that the SI mice exhibited anxiety-like behavior.

3.2. Administration of CBIR agonists reduces impulsive aggression in SI
mice

Next, to examine whether CB1R activation affected the level of
impulsive aggression, the SI mice received intraperitoneal injections of
WIN 55212-2 (WIN), a CB1R agonist, at 0, 0.1, or 0.5 mg/kg 30 min
before acute stress (n = 5 per group, Fig. 1F). A one-way ANOVA showed
that the WIN treatment decreased acute stress-induced biting behavior
in the SI mice compared to the vehicle (Fi2,12) = 36.49, p < 0.01)
(Fig. 1G). Furthermore, the SI mice with 0.5 mg/kg WIN exhibited less
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Fig. 1. Administration of WIN 55212-2 inhibits impulsive aggression in post-weaning socially isolated mice, A. The experimental procedure. Mice at postnatal day 21
were randomly divided into group-housing (GH) or socially isolated (SI) mice (n = 8 per group). 5 weeks later, these mice underwent behavioral tests., B. In the no
stress condition, there were no differences in the biting behavior between the SI and GH mice. Acute stress increased biting behavior in the SI mice but not in the GH
mice. p < 0.01, acute stress vs. no stress in SI mice., C. The percentage of SI mice that engaged in more than the maximum level of biting of the non-stress-treated GH
mice rose from 12.5% up to 62.5% after acute stress, D. The SI mice stayed less time in the central zone of the open field box compared to the GH mice (p < 0.01),
suggesting that the SI mice were exhibiting anxiety-like behavior., E. There were no differences in the total distance traveled in the open field box between the SI and
GH mice, suggesting no difference in general locomotor activity., F. The experimental procedure for the intraperitoneal injection of WIN 55212-2 (WIN), a CBIR
agonist. Another three groups of SI mice received the vehicle, 0.1 and 0.5 mg/kg WIN, respectively (n = 5 per group). 30 min later, these mice received foot-shocks to
induced impulsive aggression in the RI test., G. The administration of 0.1 and 0.5 mg/kg WIN decreased biting behavior compared to the vehicle dose. p < 0.001., H.
0.5 mg/kg WIN administration in SI mice decreased the level of biting toward vulnerable parts of intruders. p < 0.01. n = 5 per group., I. WIN treatment decreased
the level of biting toward non-vulnerable parts of intruders. p < 0.01., J. WIN treatment decreased offensive behavior in the SI mice. p < 0.05., K. WIN treatment did
not affect non-aggressive behavior in the SI mice. p > 0.05., L. There was no difference in the duration of ano-genital sniffing between the vehicle and 0.5 mg/kg WIN
treatments. p > 0.05., M. 0.5 mg/kg WIN administration had no effect on the total distance the SI mice traveled in the open field box compared to the vehicle dose. p
> 0.05. n = 5 per group., N and O. 0.5 mg/kg WIN treatment did not affect anxiety-like behavior. There were no differences in the distance traveled in the central
zone (N, p > 0.05) or the frequency of entry into the central zone (O, p > 0.05)., P. Two groups of GH mice received the vehicle and 0.5 mg/kg WIN, respectively, and
then received acute stress 30 min later (n = 10 per group). The WIN treatment had no effect on biting behavior compared to the vehicle. p > 0.05.Data represent as
mean £+ SEM.
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Fig. 2. ACPA administration inhibits impulsive aggression in SI mice but not in GH mice, A. Another three groups of SI mice received the vehicle, 5 and 10 mg/kg
ACPA, another CB1R agonist, respectively (n = 5 per group). 30 min later, these mice received foot-shocks to induced impulsive aggression in the RI test. ACPA
administration in the SI mice decreased impulsive aggression compared to the vehicle dose (p < 0.05 in 5 mg/kg ACPA; p < 0.001 in 10 mg/kg ACPA)., B. Another
two groups of GH mice received the vehicle and 10 mg/kg ACPA, respectively (n = 8 per group)., C. The biting levels were 3.25 + 1.63 and 1.50 + 0.93 in the vehicle
and ACPA, respectively. An unpaired Student t-test showed no differences between the vehicle and ACPA (p > 0.05). Data represented as mean + SEM., D and E.
Detailed analysis of biting behavior. The vehicle and 10 mg/kg ACPA in the GH mice did not induced biting toward vulnerable parts of intruders (D, mean + SEM as
0.875 + 0.52 and 0.875 + 0.74, respectively, p > 0.05) and non-vulnerable parts of intruders (E, mean + SEM as 2.37 £ 1.19 and 0.63 + 0.38, respectively, p >
0.05)., F. 10 mg/kg ACPA in GH mice did not induced offensive behavior compared to the vehicle. p > 0.05., G. The level of non-aggressive behavior in ACPA was
lower than in the vehicle. p < 0.01., H. There were no differences in the duration of ano-genital sniffing between the vehicle and ACPA. p > 0.05., I. ACPA in the GH
mice did not affect the total distance traveled compared to the vehicle. p > 0.05., J and K. ACPA in the GH mice did not affect anxiety-like behavior in the open field
test. The indicators of anxiety-like behavior in the distance traveled in the central zone (J, p > 0.05) and in the frequency of entry into the central zone (K, p > 0.05).

Data represented as mean + SEM.

biting toward both the vulnerable and non-vulnerable parts of intruders
(t = 4.31 and 5.54, p < 0.01, Fig. 1H and I, respectively). A 0.5 mg/kg
WIN injection also reduced offensive behavior (t = 2.84, p < 0.05)
(Fig. 1J) but did not affect non-aggressive behavior (t = 0.19, p > 0.05)
(Fig. 1K) and ano-genital sniffing (t = 1.15, p > 0.05) (Fig 1L) compared
to the mice receiving the vehicle injection. These results indicated that
0.5 mg/kg WIN injection reduced aggressive behavior but did not affect
social interaction in the SI mice. In addition, there were no differences in
total traveling distance (t = 1.72, p > 0.05) (Fig. 1M), the distance
traveling in the central zone (t = 1.69, p > 0.05) (Fig. 1N), and the
frequency of entry into the central zone (t = 0.35, p > 0.05) (Fig. 10) in
the open field test between the vehicle- and WIN-injected SI mice,
indicating that 0.5 mg/kg WIN did not affect general locomotion activity
and anxiety-like behavior in the SI mice. Furthermore, 0.5 mg/kg WIN
did not affect biting behavior in the GH mice (t = 0.078,p > 0.05; n = 10
per group) (Fig. 1P), indicating that CB1R activation did not induce
impulsive aggression in the GH mice.

Next, another CB1R agonist, arachidonylcyclopropylamide (ACPA),
was used to examine its anti-aggressive effects in SImice (Fig. 2A). ACPA
also dose-dependently decreased biting behavior in the SI mice
compared to those with the vehicle injection (F2,12) = 24.54, p < 0.001;
n = 5 per group) (Fig. 2A), indicating that CB1R activation reduces
impulsive aggression in SI mice. Due to the higher biting levels in the
vehicle control for ACPA than was the case in the other vehicle controls,

ACPA was intraperitoneally injected in GH mice to examine whether the
vehicle (100% Tocrisolve 100) by itself affected impulsive aggression (n
= 8 per group, Fig. 2B). The vehicle and ACPA did not induce impulsive
aggression in the GH mice (mean + SEM = 3.25 4+ 1.63 and 1.50 + 0.93
in biting levels, t = 0.93, p > 0.05) (Fig. 2C). Furthermore, 10 mg/kg
ACPA did not induce biting toward vulnerable (t = 0, p > 0.05) (Fig. 2D)
and non-vulnerable parts of intruders (t = 1.40, p > 0.05) (Fig. 2E) or
offensive behavior (t = 1.10, p > 0.05) (Fig. 2F). 10 mg/kg ACPA
decreased non-aggressive behavior (t = 3.46, p < 0.01) (Fig. 2G) but did
not affect ano-genital sniffing (t = 1.86, p > 0.05) (Fig. 2H). These re-
sults indicated that ACPA did not affect impulsive aggression, offensive
behavior, or social interaction in the GH mice. Additionally, there were
no differences in the total traveling distance (t = 0.85, p > 0.05) (Fig. 2I),
the distance traveled in the central zone (t = 0.48, p > 0.05) (Fig. 2J),
and the frequency of entry into the central zone (t = 0.91, p > 0.05)
(Fig. 2K) between the ACPA and vehicle groups, indicating that 10 mg/
kg ACPA did not affect general locomotion and anxiety-like behavior in
the GH mice. Taken together, CB1R activation by intraperitoneal in-
jection of WIN and ACPA reduced impulsive aggression in the SI mice.

3.3. The infusion of CBIR agonists into the hippocampus reduces
impulsive aggression

Next, we tested whether ventral hippocampal (vHip) CB1R
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Fig. 3. Intra-hippocampal infusion of CB1R agonists in SI mice inhibits impulsive aggression., A. The experimental procedure for WIN infusion into the vHip. The
vehicle, 1, and 2 pg/pl WIN were infused into the vHip of three groups of SI mice, respectively. 30 min later, these mice received foot-shocks to induce impulsive
aggression. n = 6 per group., B. 2 pg/pl WIN decreased biting levels compared to the vehicle. Post hoc test, p < 0.05 in 2 pg/pl WIN vs. the vehicle. There were no
differences between 1 pg/pl WIN and the vehicle. Post hoc test, p > 0.05 in 1 pg/pl WIN vs. the vehicle., C. There were no differences in the total distance traveled
among the dose-groups in the open field test. The one-way ANOVA, p > 0.05., D and E. The 2 pg/pl WIN infusion into the vHip decreased anxiety-like behavior in the
open field test. 2 pg/pul WIN increased the distance traveled in the central zone (D) and the frequency of entry into the central zone (E). Post hoc test, p < 0.001 in 2
pg/pl WIN vs. the vehicle. The 1 pg/pl WIN had no effects on anxiety-like behavior compared to the vehicle. Post hoc test, p > 0.05., F. Another two groups of SI mice
received the vehicle and 4 ng/pl ACPA infusion into the vHip, respectively. n = 6 per group., G. ACPA infusion in SI mice decreased impulsive aggression compared to
the vehicle. p < 0.05., H. The ACPA infusion into the vHip had no effects on general locomotor activity in the open field test. p > 0.05., I. ACPA infusion in SI mice
had no effects on the distance traveled in the central zone. p > 0.05., J. The ACPA infusion into the vHip increased the frequency of entry into the central zone. p <

0.05.Data represented as mean + SEM.

activation affected impulsive aggression in SI mice (Fig. 3A). The intra-
vHip infusion of 2 pg/pl WIN significantly reduced biting behavior
compared to vehicle and 1 pg/pl WIN groups in the SI mice (one-way
ANOVA, F(2,15) = 6.3, p < 0.05; post hoc test, p < 0.05 in 2 pg/pl WIN vs
vehicle; n = 6 per group) (Fig. 3B). The intra-vHip WIN infusion had no
effect on the total distance traveled among groups in the open field test
(one-way ANOVA, F(315) = 0.05, p > 0.05) (Fig. 3C). Interesting, the
intra-vHip WIN infusion increased the distance traveled in the central
zone (one-way ANOVA, F(3 15) = 16.4, p < 0.01; post hoc test, p < 0.001
in 2 pg/pl WIN vs vehicle) (Fig. 3D) and the frequency of entry into the
central zone (one-way ANOVA, F(3 15) = 13.3, p < 0.01; post hoc test, p <
0.001 in 2 pg/ul WIN vs vehicle) (Fig. 3E) in a dose-dependent manner.
The results indicated that WIN-mediated CB1R activation in the vHip
reduced impulsive aggression and anxiety-like behavior in the SI mice.

Similarly, the ACPA infusion (4 ng/pl) into the vHip of SI mice
significantly reduced biting behavior compared to the vehicle (t = 3.04,
p < 0.05; n = 6 per group) (Fig. 3F and G) but had no effect on the total
general locomotion activity (t = 0.04, p > 0.05) (Fig. 3H). The intra-
vHip ACPA infusion did not affect the distance traveled in the central
zone (t = 0.94, p > 0.05) (Fig. 3I) but significantly increased the fre-
quency of entry into the central zone (t = 2.32, p < 0.05) (Fig. 3J). Taken
together, pharmacological CB1R activation in the vHip of SI mice
reduced impulsive aggression and anxiety-like behavior.

To rule out general effects on the brain, 2 pg/pl WIN (n = 5 per

group, Supplemental Fig. 1A) or 4 ng/ul ACPA (n = 6 per group, Sup-
plemental Fig. 1F) was infused into the dorsal striatum of SI mice with
acute stress. The dorsal striatum belongs to a part of the basal ganglia
and regulates reinforcement-based habit formation and motor control.
The dorsal striatum has been not reported as one of the brain areas in the
neural circuit of aggression (Nelson and Trainor, 2007). Thus, the dorsal
striatum was used for the controls. The data showed that the WIN
infusion did not affect biting behavior (t = 1.75, p > 0.05) (Supple-
mental Fig. 1B) or general locomotion (t = 0.568, p > 0.05) (Supple-
mental Fig. 1C). In the analysis of anxiety-like behavior, the WIN
infusion into the dorsal striatum was not found to affect the distance
traveled in the central zone (t = 1.10, p > 0.05) (Supplemental Fig. 1D)
or the frequency of entry into the central zone (t = 0.33, p > 0.05)
(Supplemental Fig. 1F). In addition, the administration of ACPA into the
dorsal striatum had no effects on the number of attacks (t = 0.173, p >
0.05) (Supplemental Fig. 1G), the total distance traveled (t = 0.036, p >
0.05) (Supplemental Fig. 1H), the distance traveled in the central zone
(t=0.27,p > 0.05) (Supplemental Fig. 11), or the frequency of entry into
the central zone (t = 0.55, p > 0.05) (Supplemental Fig. 1J). These re-
sults indicated CB1R activation in the dorsal striatum by 2 pg/pl WIN
and 4 ng/pl ACPA did not affect impulsive aggression and anxiety-like
behavior in the SI mice.
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3.4. CBIR knockdown in the hippocampus exaggerates impulsive
aggression in SI mice

Since pharmacological activation of hippocampal CB1Rs reduced
adulthood impulsive aggression in mice that had experienced early
adolescent social isolation, we next examined the effects of decreased
CB1R expression on aggression. Using lentiviruses carrying either a
specific CBIR shRNA or copGFP control, we transduced these lentivi-
ruses into the hippocampus two weeks before the resident-intruder test
(Fig. 4A and B). Fig. 4C shows the injected location of the lentivirus
carrying the copGFP control. Transduction with CB1R shRNA signifi-
cantly decreased CB1R expression in the hippocampus (t = 4.12, p <
0.01, n = 7) (Fig. 4D). In the SI mice (n = 10 and 12 in control and
CB1R-KO respectively), the mixed two-way ANOVA showed a signifi-
cant interaction effect between CB1R knockdown (KD) and acute stress
on biting behavior (F(1,20) = 4.85, p < 0.05) (Fig. 4E). The post hoc test
revealed that acute stress provoked biting behavior in the control and
CB1R-KD SI mice (no stress vs. acute stress, p < 0.01 and 0.001 in the
control and CB1R-KD mice, respectively). Furthermore, during acute
stress, the CB1R-KD mice exhibited higher levels of biting behavior
compared to the control groups (###p < 0.001). This indicated that
decreases in hippocampal CB1R expression further exaggerated impul-
sive aggression in the SI mice.

To rule out the gain-of-function effect of CB1R knockdown on
aggression, CB1R knockdown was performed on the GH mice (n = 10
both in the control and CB1R-KO mice) (Fig. 4F). There was no inter-
action effect of CB1R-KD and acute stress on biting behavior (F(1,18) =
1.04, p > 0.05). CB1R knockdown did not induce aggression in either the
no stress or acute stress situations in the GH mice. This suggested that
CB1R knockdown did not affect trait aggressive characteristics and
impulsive aggression in the GH mice.

3.5. eCB augmentation used to activate CB1Rs reduces impulsive
aggression

Since pharmacological CB1R activation reduces impulsive aggres-
sion and CB1R-KD exaggerated impulsive aggression in SI mice, we
examined whether increasing endogenous eCBs in order to activate
CB1Rs affects impulsive aggression. To augment endogenous AEA and 2-
AG, we administrated URB597 (5 ng/pl) and JZL184 (2 pg/pl), the in-
hibitors of FAAH and MAGL, respectively, into the vHip of SI mice before
the RI test (Fig. 5A). Using pharmacological eCB augmentation, the
combination of URB597 and JZL184 (n = 6) significantly decreased
acute stress-provoked biting behavior compared to the vehicle treatment
(n = 7) (one-way ANOVA, F(323) = 21.8, p < 0.001; post hoc test, p <
0.01) (Fig. 5B). The effect of enhancing eCBs was blocked by the CB1R
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Fig. 5. Increasing endocannabinoids by inhibiting degradation enzymes reduces impulsive aggression in a CB1R-dependent manner., A. The experimental schema for
eCB augmentation in the vHip (left). Four groups of SI mice received the intra-vHip infusion of the vehicle (n = 7), UBR597+JZL184 (n = 6),
URB597+JZL184+AM251 (n = 6), and AM251 only (n = 8), respectively. 5 ng/pl URB597 and 2 pg/pl JZL184 inhibited FAAH and MAGL degradation enzymes to
increase AEA and 2-AG, respectively. AM251 (2.5 ng/pl) blocked CB1R activation. These mice encountered acute stress 30 min after drugs were infused into the vHip.
The right panel shows that pharmacological eCB augmentation via the combination of URB597 and JZL184 treatment decreased impulsive aggression compared to
the vehicle treatment. Post hoc test, p < 0.01. AM251 infusion blocked the anti-aggressive effects of eCB augmentation. Post hoc test, p > 0.05 in vehicle vs
URB597+JZL184+AM251. Inhibiting CB1Rs via AM251 treatment increased impulsive aggression compared to the vehicle. Post hoc test, p < 0.01 in vehicle vs
AM251., B. Another three groups of SI mice received the intra-vHip infusion of the vehicle, URB597, and URB597+AM251, respectively. n = 5 per group. AEA
augmentation reduced impulsive aggression compared to the vehicle, the effects of which were blocked by AM251 infusion. Post hoc test, p < 0.05 in URB597 vs. the
vehicle; p > 0.05 in URB597+AM251 vs. the vehicle., C. Another three groups of SI mice received the intra-vHip infusion of the vehicle (n = 7), JZL184 (n = 8), and
JZ11844+-AM251 (n = 5), respectively. 2-AG augmentation reduced impulsive aggression compared to the vehicle, the effect of which was blocked by AM251
infusion. Post hoc test, p < 0.05 in JZL184 vs. the vehicle; p > 0.05 in JZL184+AM251 vs. the vehicle., D and E. 2-AG augmentation in the vHip reduced the level of
biting toward the vulnerable parts (D, p < 0.05) and non-vulnerable parts of intruders (E, p < 0.01). n = 7 and 8 in vehicle and JZL184, respectively. F ~ H. 2-AG
augmentation via JZL184 did not affect offensive behavior (F, p > 0.05), non-aggressive behavior (G, p > 0.05), or the duration of ano-genital sniffing (H, p > 0.05).
n = 7 and 8 in the vehicle and JZL184, respectively.Data represented as mean + SEM.

antagonist, AM251 (2.5 ng/pl) (n = 6, post hoc test, p > 0.05) (Fig. 5B), compared to the vehicle treatment (post hoc test, p < 0.001) (Fig. 5B).

suggesting that the eCB-mediated decrease in impulsive aggression was This result was consistent with the results of the CB1R knockdown
acting as a CB1R-dependent mechanism. Furthermore, AM251 infusion experiment.
into the vHip (n = 8) increased acute stress-provoked biting behavior To rule out the intrinsic effects of the AM251 dose, 2.5 ng/pl AM251
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was infused into the vHip of GH mice (n = 9 per group, Supplemental
Fig. 2A). Compared to the control, AM251 infusion did not induce biting
behavior (t = 1.17, p > 0.05) (Supplemental Fig. 2B) and did not affect
offensive behavior (t = 2.01, p > 0.05) (Supplemental Fig. 2C). Although
the AM251 infusion decreased non-aggressive behavior (t = 2.33, p <
0.05) (Supplemental Fig. 2D), there was no difference in ano-genital
sniffing (t = 0.12, p > 0.05) (Supplemental Fig. 2E). Additionally, the
AM251 infusion did not affect general locomotion activity (t=1.08, p >
0.05) (Supplemental Fig. 2F) or anxiety-like behavior (t = 2.03 and 2.05,
p > 0.05, in Supplemental Figs. 2G and 2H, respectively). The results
indicated that a 2.5 ng/ul AM251 infusion into the vHip had no effects
on impulsive aggression in the GH mice.

Overall, pharmacological eCB augmentation via administration of
UBR597 and JZL184 decreased impulsive aggression in the SI mice.
Next, we examined which of UBR597, JZL184, or both were responsible
for the anti-aggressive effects. The one-way ANOVA revealed that the
intra-vHip infusion of URB597 (5 ng/pl) decreased biting behavior
compared to the vehicle group (F(2,12) = 5.51, p < 0.05; post hoc test, p <
0.05) (Fig. 5B). AM251 treatment blocked the effect of URB597 pre-
treatment on biting behavior (post hoc test, AM251+URB597 vs vehicle,
p > 0.05) (Fig. 5B). Similarly, 2-AG augmentation via JZL184 infusion
(2 pg/pl) reduced biting behavior compared to the vehicle group (one-
way ANOVA, F(17) = 4.94, p < 0.05; post hoc test, p < 0.05) (Fig. 5C).
Blocking CB1R activation via AM251 treatment reduced the effects of
JZL184 pretreatment on biting behavior (post hoc test, p > 0.05)
(Fig. 5C). These results indicated that endogenous AEA and 2-AG
augmentation reduced adulthood impulsive aggression in the mice
that had experienced early adolescent social isolation.

We further analyzed other behaviors of the JZL-treated mice.
Compared to the control (n = 7), JZL184 infusion (2 pg/pl, n = 8)
reduced biting toward the vulnerable parts (t = 2.59, p < 0.05) (Fig. 5D)
and non-vulnerable parts of intruders (t = 3.94, p < 0.01) (Fig. 5E).
JZL184 infusion did not affect offensive behavior (t = 0.29, p > 0.05)
(Fig. 5F), non-aggressive behavior (t = 1.23, p > 0.05) (Fig. 5G), or ago-
genital sniffing (t = 2.12, p > 0.05) (Fig. 5H). Thus, 2-AG augmentation
via JZL184 reduced impulsive aggression but not offensive and social
behavior.

Furthermore, we analyzed the effects of URB597, JZL184, and
AM251 infusion into the vHip in the open field test (Supplemental
Fig. 3A). There was no difference in the general locomotion activity
among the vehicle, URB597, JZL184, and AM251 infusion into the vHip
(one-way ANOVA, F(325) = 0.54, p > 0.05) (Supplemental Fig. 3B).
URB597 treatment increased the distance traveled in the central zone
(one-way ANOVA, F(325) = 4.47, p < 0.05; post hoc test, p < 0.01 in the
vehicle vs. URB597) (Supplemental Fig. 3C). Both URB597 and JZL184
infusion increased the frequency of entry into the central zone compared
to the control (one-way ANOVA, F(3 25y = 4.55, p < 0.05; post hoc test, p
< 0.05) (Supplemental Fig. 3D). The results suggested that eCB
augmentation reduces anxiety-like behavior in SI mice. Also, the dose of
AM251 infusion had no effects on the SI mice in the open field test.
Taken together, pharmacological AEA and 2-AG augmentation via
UBR597 and JZL184 treatment decreased impulsive aggression in the SI
mice in a CB1R-dependent manner.

3.6. The eCB augmentation blunts the activation of vHip neurons
projecting to the VMH

The neural circuit of the vHip neurons projecting to the ventromedial
hypothalamus (VMH) has been reported to mediate acute stress-
provoked aggression in SI mice (Chang and Gean, 2019). Thus, we
examined whether eCB augmentation was associated with the activity of
the vHip neurons projecting to the VMH. Red retrobeads, a retrograde
tracer, were infused into the VMH, and the tips of the drug cannula were
fixed into the vHip. After 2 weeks of tracer retrograde, URB597 (5 ng/pl)
or JZL184 (2 pg/pl) was infused into the vHip of SI mice. One hour after
drug pretreatment, these SI mice received foot-shocks and then were
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sacrificed 90 min later. (Fig. 6A). Fig. 6B showed the injection site of the
red retrobeads in the VMH. Since c-Fos expression (blue) is the marker of
neuronal activation, in the ventral CA1l (vCAl), the signals of red ret-
robeads were co-localized with c-Fos-positive (blue) cells (Fig. 6D),
indicating that acute stress activated the ventral CA1 neurons projecting
to the VMH. Importantly, presynaptic CB1Rs (green) surrounded the
c-Fos-positive (blue) cells (Fig. 6D). In the vehicle control, c-Fos-positive
cells surrounded by CBIR signals (green) were co-localized with the
most retrobead (red)-positive cells (the top in Fig. 6C), suggesting that
acute stress activated the VMH-projecting vCA1 neurons surrounded by
presynaptic CB1R-positive synapses. However, the URB597 or JZL184
treatment significantly reduced c-Fos expression compared to the
vehicle control (the middle and bottom of Fig. 6C, respectively). A
quantitative analysis revealed that the percentage of c-Fos-positive cells
in the retrobead-positive cells in the URB597 and JZL184 treatment was
significantly lower than in the control (one-way ANOVA, F(3 33) =50.17,
p < 0.001; post hoc test, p < 0.001; n = 12 brain slices from 3 mice per
group) (Fig. 6E). These results suggested that pharmacological AEA and
2-AG augmentation via UBR597 and JZL184 decreased the activation of
VMH-projecting vCAl neurons surrounded by presynaptic
CB1R-positive synapses.

4. Discussion

This study found that pharmacological activation of CB1Rs via WIN
or ACPA administration reduced acute stress-provoked attack behavior
in SI mice without affecting general locomotion activity. Through
increasing endogenous AEA and 2-AG by URB597 and JZL184, respec-
tively, eCB augmentations reduced impulsive aggression and suppressed
the activation of vHip neurons projecting to the VMH. Furthermore, the
anti-aggressive effect of eCB augmentation was blunted by AM251, a
CBIR antagonist. This indicated that eCB augmentation acted as a CB1R-
dependent mechanism. In contrast, the knockdown of hippocampal
CBIR expression or the use of AM251 treatment to decrease or block
CB1Rs exaggerated impulsive aggression in the SI mice. Thus, CB1R
activation by eCBs plays a significant role in reducing impulsive
aggression in mice that have experienced adverse early adolescence.

4.1. Presynaptic CBIR activation ameliorated impulsive aggression in SI
mice by alleviating excessive excitatory activity

Long-term adverse early adolescent stress, such as social neglect,
dampens brain development and induces maladaptive responses in
neuropsychological behaviors. Post-weaning social isolation induces
aberrant hyper-excitatory in vHip neurons and makes mice susceptible
to acute stress (Chang et al., 2015, 2019). Since it is important to
maintain an optimal balance between excitatory and inhibitory activity
in neural networks, the function of presynaptic CB1Rs to quell neuro-
transmitter release is likely to be beneficial to alleviate excessive
excitatory network activity. Our results support the view that CB1R
activation reduces vHip hyperactivity and in turn decreases impulsive
aggression in the SI mice. The intra-vHip infusion of CB1R agonists and
eCB degradation inhibitors mediated presynaptic CB1Rs in the vHip and
decreased impulsive aggression in the SI mice. Indeed, CB1R activation
decreases the amplitude of excitatory postsynaptic currents (EPSCs) and
enhances paired-pulse facilitation (PPF) without affecting the amplitude
of spontaneous miniature EPSCs (mEPSCs) in the glutamatergic cells of
the hippocampus (Misner and Sullivan, 1999). Overexpression of CB1Rs
in hippocampal pyramidal neurons alleviates seizure-induced excessive
excitatory network activity (Guggenhuber et al., 2010). CB1R activation
due to pharmacological 2-AG augmentation also reduces glutamate
release and EPSC frequencies (Araque et al., 2017; Folkes et al., 2020).
In this study, we found that eCB augmentation reduced c-Fos expression,
a marker of neuronal activation, in VMH-projecting vHip neurons.
Direct CB1R activation via WIN or ACPA and indirect CB1R activation
by eCB augmentation both reduced acute stress-provoked biting
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Fig. 6. eCB augmentation inhibits the activation of vHip neurons projecting to the VMH. A. Schema of the experimental design. Red retrobeads were infused into the
VMH, and tips of drug cannulas were implanted in the vHip of SI mice. After two weeks of recovery, the three retrobead-treated groups of mice received an intra-vHip
infusion of the vehicle, 5 ng/pl URB597, and 2 pg/ul JZL184, respectively. One hour after the drug infusion, these SI mice received foot-shocks to induce c-Fos
expression and then were sacrificed 90 min later. n = 3 per group., B. Representative image showing the injected location of retrobead infusion in the VMH. Scale bar:
550 pm, C. Representative images showing signals of red retrobeads (red), CB1Rs (green), and c-Fos (blue) in the ventral CA1 of the vehicle (top), UBR597 (middle),
and JZL184 (bottom) -infused mice. Acute stress induced c-Fos expression (blue) surrounded by CB1Rs (green). c-Fos signals were co-localized with red retrobeads.
URB597 infusion and JZL184 infusion significantly decreased c-Fos expression, suggesting that AEA and 2-AG augmentation suppressed acute stress-provoked vHip
activation. Scale bar: 40 pm. The right panels show the magnified insets as white dotted squares., D. Representative confocal image showing c-Fos-positive cells co-
localized with red retrobeads. The CBI1R signals surrounded the c-Fos-positive cells. Scale bar: 10 pm., E. Quantitative analysis of Fig. 6C. In the vHip, URB597
infusion and JZL184 infusion decreased c-Fos expression surrounded by CB1R signals in retrobead-positive cells compared to the vehicle. Post hoc test, p < 0.001; n =
12 brain slices from 3 mice per group. Data represented as mean + SEM. . (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

behavior in the SI mice. CB1R may mediate this action at the presynaptic buffering role in neurotransmission control. This may exaggerate vHip
terminals of local axons of vHip neurons or at those of axons projecting hyper-excitatory activities and promote sensitivity to acute stress in SI
from distant brain areas. Furthermore, AM251 administration to block mice. Indeed, in this study, knockdown of CB1R expression in the vHip
the CBI1R function exaggerated impulsive aggression in the SI mice with exaggerated impulsive aggression in the SI mice but not in the GH mice.
hyperactive vHip but not in the GH mice. Thus, activating CB1Rs plays Similarly, AM251, a CB1R antagonist, also exaggerated impulsive
an important buffering role in protection against acute stress suscepti- aggression in the SI mice, supporting the view that decreasing the role of
bility in SI mice. CB1R in the feedback control of neurotransmitter release exaggerates
On the other hand, CB1R knockdown in the vHip further increased abnormal phenotypes in SI mice. Further studies should examine the
aggression levels in the SI mice, implying that disturbing modulation effects of CB1R knockdown on the EPSC and IPSC characteristics of vHip
within the hippocampal microcircuit by decreasing CB1R expression neurons in SI mice.
exaggerates impulsive aggression. The commercial lentiviruses with In the present study, CB1R knockdown did not induce impulsive
CB1R shRNA used in this study knocked down gene expression of CBIR aggression in the GH mice under either no stress or acute stress, and
in multiple types of hippocampal cells. Recently, astroglial CB1R was blocking hippocampal CB1Rs by AM251 did not induce aggression in the
demonstrated to mediate glucose metabolism and in turn to affect social GH mice. This suggests that decreasing CB1R function is likely to be not
behavior (Jimenez-Blasco et al., 2020). Thus, it is complex which necessary to induce impulsive aggression. However, it is possible that
postsynaptic cell types that regulate impulsive aggression are affected by decreasing CB1R function could lead to a loss of the protection against
the decrease of CB1R expression in the vHip microcircuit. In the present acute stress due to the development of pathological states induced by an
study, acute stress activated the vHip neurons projecting to the VMH, adverse juvenile environment, such as those observed in the SI mice.
and the activated neurons were surrounded by presynaptic CBIRs, Indeed, CB1R knockdown and blocking CB1Rs via AM251 further
indicating that CB1Rs work on these vHip neurons to mediate impulsive exaggerated impulsive aggression in the SI mice. On the other hand,
aggression. Further studies should electrophysiologically analyze the CB1R activation and enhancing eCBs in the vHip were sufficient to
cell-type-specific neuronal population that presynaptic CB1Rs act on. protect against acute stress and decrease anxiety-like behavior and
impulsive aggression in the SI mice. Our data suggest that pharmaco-
4.2. CBIR knockdown in adult SI mice exaggerate impulsive aggression logical eCB augmentation to activate CB1Rs could serve as a therapeutic

approach to preventing impulsive aggression.

Previous studies have shown that knockout of the CB1R gene induces

aggression (Haller et al., 2004; Martin et al., 2002; Rodriguez-Arias 4.3. The relationship between impulsive aggression and anxious status

et al., 2013). This indicates that deleting the CB1R gene in the embry-

onic stage alters brain development and induces trait aggression. Given Impulsive aggression is induced by acute stress and thus is accom-
that CB1R activation provides feedback control of neurotransmission panied by anxious states. The eCB-CB1R activation has been reported to
release, decreasing CB1R expression in adulthood eliminates the promote stress resilience (Bluett et al., 2017; Shen et al., 2019) and
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produce anxiolytic effects (Aliczki et al., 2015; Bluett et al., 2017; Bus-
quets-Garcia et al., 2011; Sciolino et al., 2011). Our data supported this
view. In this study, CB1R activation and eCB augmentation in the vHip
reduced anxiety-like behavior in the SI mice. This raised the question as
to whether CB1R activation selectively inhibits impulsive aggression or
decreases anxiety to sequentially quell impulsive aggression. Because
the vHip is the hub to integrate multiple information from the amygdala,
the prefrontal cortex, and other limbic brain areas (Fanselow and Dong,
2010; Strange et al., 2014), CB1R activation in the vHip may have
multiple effects on emotional behavior. Further studies could use
real-time calcium images and electrophysiology in free-moving mice to
detect brain activity in the context of anxiety and impulsive aggression.

4.4. Sex differences in CBIR density

Previous studies reported that males have higher CB1R binding sites
than females in human and rodents (Laurikainen et al., 2019; Rubino
and Parolaro, 2011). Furthermore, maternal deprivation and chronic
unpredictable stress reduced the hippocampal CB1R protein levels in
male rats while increased CB1R levels in female rats (Llorente-Berzal
et al., 2013; Reich et al., 2009; Suarez et al., 2009). A9-THC mitigated
aggression in female maternally-deprived rats rather than in male
maternally-deprived rats (Zamberletti et al., 2012). These raise the
possibility that adverse juvenile experiences might modulate CB1R
expression in a manner of sex differences and that pharmacological eCB
augmentation is likely to display sex different effects in the
post-weaning social isolation. Further researches could examine the ef-
fect of post-weaning social isolation in female rodents in CB1R expres-
sion and treatment.

5. Conclusion

In summary, the present study demonstrates that pharmacological
CBIR activation via WIN and ACPA prevented acute stress-induced
outbursts of aggression, referred to as impulsive aggression, in SI
mice. WIN treatment reduced biting behavior and offensive behavior but
did not affect non-aggressive behavior. This indicated that CB1R acti-
vation suppressed impulsive aggression rather than other social behav-
iors. Furthermore, hippocampal AEA and 2-AG augmentation via
URB597 and JZL184 reduced impulsive aggression in a CB1R-dependent
manner. AEA and 2-AG augmentation suppressed the activation of VMH-
projecting vHip neurons surrounded by presynaptic CB1R-positive
synapses. In conclusion, the pharmacological CBIR activation reduced
the acute stress-triggered vHip activation and prevented impulsive
aggression in the SI mice. It suggests that therapeutics targeting the eCB
system may represent an alternative strategy in the control of emotional
outbursts.

CRediT authorship contribution statement

Chih-Hua Chang: Investigation, Methodology, Validation, Formal
analysis, Writing — review & editing, Visualization. Yu-Chen Liu:
Investigation, Formal analysis, Writing — original draft. Chih-Yang Sun:
Validation, Formal analysis. Chun-Lin Su: Conceptualization, Supervi-
sion, Project administration. Po-Wu Gean: Conceptualization, Visuali-
zation, Writing — review & editing, Project administration, Funding
acquisition.

Declaration of competing interest
The authors declare that they have no competing interests.
Acknowledgements

We thank the Laboratory Animal Center, College of Medicine, Na-
tional Cheng Kung University and the Taiwan Animal Consortium for

Neurobiology of Stress 15 (2021) 100337

their technical support. This work was supported by the National Health
Research Institute (NHRI-EX109-10730NI) and the Ministry of Science
and Technology of Taiwan (MOST 109-2320-B-006-064, MOST 108-
2321-B-006-026-MY2, and MOST 109-2811-B-006-535). We thank
Savana Moore for proofreading the manuscript.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ynstr.2021.100337.

References

Aliczki, M., Varga, Z.K., Balogh, Z., Haller, J., 2015. Involvement of 2-arachidonoylgly-
cerol signaling in social challenge responding of male CD1 mice.
Psychopharmacology (Berl.) 232 (12), 2157-2167. https://doi.org/10.1007/
s00213-014-3846-1.

Araque, A., Castillo, P.E., Manzoni, O.J., Tonini, R., 2017. Synaptic functions of
endocannabinoid signaling in health and disease. Neuropharmacology 124, 13-24.
https://doi.org/10.1016/j.neuropharm.2017.06.017.

Bluett, R.J., Baldi, R., Haymer, A., Gaulden, A.D., Hartley, N.D., Parrish, W.P.,
Baechle, J., Marcus, D.J., Mardam-Bey, R., Shonesy, B.C., Uddin, M.J., Marnett, L.J.,
Mackie, K., Colbran, R.J., Winder, D.G., Patel, S., 2017. Endocannabinoid signalling
modulates susceptibility to traumatic stress exposure. Nat. Commun. 8, 14782.
https://doi.org/10.1038/ncomms14782.

Busquets-Garcia, A., Puighermanal, E., Pastor, A., de la Torre, R., Maldonado, R.,
Ozaita, A., 2011. Differential role of anandamide and 2-arachidonoylglycerol in
memory and anxiety-like responses. Biol. Psychiatr. 70 (5), 479-486. https://doi.
0rg/10.1016/j.biopsych.2011.04.022.

Centanni, S.W., Morris, B.D., Luchsinger, J.R., Bedse, G., Fetterly, T.L., Patel, S.,
Winder, D.G., 2019. Endocannabinoid control of the insular-bed nucleus of the stria
terminalis circuit regulates negative affective behavior associated with alcohol
abstinence. Neuropsychopharmacology 44 (3), 526-537. https://doi.org/10.1038/
s41386-018-0257-8.

Chang, C.H., Gean, P.W., 2019. The ventral Hippocampus controls stress-provoked
impulsive aggression through the ventromedial hypothalamus in post-weaning social
isolation mice. Cell Rep. 28 (5), 1195-1205. https://doi.org/10.1016/j.
celrep.2019.07.005 e1193.

Chang, C.H., Hsiao, Y.H., Chen, Y.W,, Yu, Y.J., Gean, P.W., 2015. Social isolation-
induced increase in NMDA receptors in the hippocampus exacerbates emotional
dysregulation in mice. Hippocampus 25 (4), 474-485. https://doi.org/10.1002/
hipo.22384.

Chang, C.H., Kuek, E.J.W., Su, C.L., Gean, P.W., 2020. MicroRNA-206 regulates stress-
provoked aggressive behaviors in post-weaning social isolation mice. Mol. Ther.
Nucleic Acids 20, 812-822. https://doi.org/10.1016/j.0mtn.2020.05.001.

Chang, C.H., Su, C.L., Gean, P.W., 2018. Mechanism underlying NMDA blockade-induced
inhibition of aggression in post-weaning socially isolated mice. Neuropharmacology
143, 95-105. https://doi.org/10.1016/j.neuropharm.2018.09.019.

Coccaro, E.F., McCloskey, M.S., Fitzgerald, D.A., Phan, K.L., 2007. Amygdala and
orbitofrontal reactivity to social threat in individuals with impulsive aggression.
Biol. Psychiatr. 62 (2), 168-178. https://doi.org/10.1016/j.biopsych.2006.08.024.

Day, T.A., Walker, F.R., 2012. An introduction to the neurobiology of emotions and
social behavior. In: Watson, C., Paxinos, G., Puelles, L. (Eds.), The Mouse Nervous
System. Academic Press, Elsevier Inc., pp. 719-726. https://doi.org/10.1016/b978-
0-12-369497-3.10029-9

Fanning, J.R., Coleman, M., Lee, R., Coccaro, E.F., 2019. Subtypes of aggression in
intermittent explosive disorder. J. Psychiatr. Res. 109, 164-172. https://doi.org/
10.1016/j.jpsychires.2018.10.013.

Fanselow, M.S., Dong, H.W., 2010. Are the dorsal and ventral hippocampus functionally
distinct structures? Neuron 65 (1), 7-19. https://doi.org/10.1016/j.
neuron.2009.11.031.

Felitti, V.J., Anda, R.F., Nordenberg, D., Williamson, D.F., Spitz, A.M., Edwards, V.,
Koss, M.P., Marks, J.S., 2019. Reprint OF: relationship of childhood abuse and
household dysfunction to many of the leading causes of death in adults: the adverse
childhood experiences (ACE) study. Am. J. Prev. Med. 56 (6), 774-786. https://doi.
org/10.1016/j.amepre.2019.04.001.

Fish, E.W., Faccidomo, S., Miczek, K.A., 1999. Aggression heightened by alcohol or social
instigation in mice: reduction by the 5-HT(1B) receptor agonist CP-94,253.
Psychopharmacology (Berl.) 146 (4), 391-399. https://doi.org/10.1007/
pl00005484.

Folkes, O.M., Baldi, R., Kondev, V., Marcus, D.J., Hartley, N.D., Turner, B.D., Ayers, J.K.,
Baechle, J.J., Misra, M.P., Altemus, M., Grueter, C.A., Grueter, B.A., Patel, S., 2020.
An endocannabinoid-regulated basolateral amygdala-nucleus accumbens circuit
modulates sociability. J. Clin. Invest. 130 (4), 1728-1742. https://doi.org/10.1172/
jei131752.

Guggenhuber, S., Monory, K., Lutz, B., Klugmann, M., 2010. AAV vector-mediated
overexpression of CB1 cannabinoid receptor in pyramidal neurons of the
hippocampus protects against seizure-induced excitoxicity. PloS One 5 (12), e15707.
https://doi.org/10.1371/journal.pone.0015707.

Haller, J., Barna, 1., Barsvari, B., Gyimesi Pelczer, K., Yasar, S., Panlilio, L.V.,
Goldberg, S., 2009. Interactions between environmental aversiveness and the
anxiolytic effects of enhanced cannabinoid signaling by FAAH inhibition in rats.


https://doi.org/10.1016/j.ynstr.2021.100337
https://doi.org/10.1016/j.ynstr.2021.100337
https://doi.org/10.1007/s00213-014-3846-1
https://doi.org/10.1007/s00213-014-3846-1
https://doi.org/10.1016/j.neuropharm.2017.06.017
https://doi.org/10.1038/ncomms14782
https://doi.org/10.1016/j.biopsych.2011.04.022
https://doi.org/10.1016/j.biopsych.2011.04.022
https://doi.org/10.1038/s41386-018-0257-8
https://doi.org/10.1038/s41386-018-0257-8
https://doi.org/10.1016/j.celrep.2019.07.005
https://doi.org/10.1016/j.celrep.2019.07.005
https://doi.org/10.1002/hipo.22384
https://doi.org/10.1002/hipo.22384
https://doi.org/10.1016/j.omtn.2020.05.001
https://doi.org/10.1016/j.neuropharm.2018.09.019
https://doi.org/10.1016/j.biopsych.2006.08.024
https://doi.org/10.1016/b978-0-12-369497-3.10029-9
https://doi.org/10.1016/b978-0-12-369497-3.10029-9
https://doi.org/10.1016/j.jpsychires.2018.10.013
https://doi.org/10.1016/j.jpsychires.2018.10.013
https://doi.org/10.1016/j.neuron.2009.11.031
https://doi.org/10.1016/j.neuron.2009.11.031
https://doi.org/10.1016/j.amepre.2019.04.001
https://doi.org/10.1016/j.amepre.2019.04.001
https://doi.org/10.1007/pl00005484
https://doi.org/10.1007/pl00005484
https://doi.org/10.1172/jci131752
https://doi.org/10.1172/jci131752
https://doi.org/10.1371/journal.pone.0015707

C.-H. Chang et al.

Psychopharmacology (Berl.) 204 (4), 607-616. https://doi.org/10.1007/s00213-
009-1494-7.

Haller, J., Varga, B., Ledent, C., Barna, L., Freund, T.F., 2004. Context-dependent effects
of CB1 cannabinoid gene disruption on anxiety-like and social behaviour in mice.
Eur. J. Neurosci. 19 (7), 1906-1912. https://doi.org/10.1111/j.1460-
9568.2004.03293.x.

Hartmann, A., Lisboa, S.F., Sonego, A.B., Coutinho, D., Gomes, F.V., Guimaraes, F.S.,
2019. Cannabidiol attenuates aggressive behavior induced by social isolation in
mice: involvement of 5-HT1A and CB1 receptors. Prog. Neuro-Psychopharmacol.
Biol. Psychiatry 94, 109637. https://doi.org/10.1016/j.pnpbp.2019.109637.

Jafari-Sabet, M., Karimi, A.M., 2017. Cross state-dependency of learning between
arachidonylcyclopropylamide (ACPA) and muscimol in the mouse dorsal
hippocampus. Pharmacol. Biochem. Behav. 163, 66-73. https://doi.org/10.1016/j.
pbb.2017.10.005.

Jimenez-Blasco, D., Busquets-Garcia, A., Hebert-Chatelain, E., Serrat, R., Vicente-
Gutierrez, C., loannidou, C., Gomez-Sotres, P., Lopez-Fabuel, 1., Resch-Beusher, M.,
Resel, E., Arnouil, D., Saraswat, D., Varilh, M., Cannich, A., Julio-Kalajzic, F.,
Bonilla-Del Rio, I., Almeida, A., Puente, N., Achicallende, S., Lopez-Rodriguez, M.L.,
Jolle, C., Deglon, N., Pellerin, L., Josephine, C., Bonvento, G., Panatier, A., Lutz, B.,
Piazza, P.V., Guzman, M., Bellocchio, L., Bouzier-Sore, A.K., Grandes, P., Bolanos, J.
P., Marsicano, G., 2020. Glucose metabolism links astroglial mitochondria to
cannabinoid effects. Nature 583 (7817), 603-608. https://doi.org/10.1038/541586-
020-2470-y.

Kano, M., Ohno-Shosaku, T., Hashimotodani, Y., Uchigashima, M., Watanabe, M., 2009.
Endocannabinoid-mediated control of synaptic transmission. Physiol. Rev. 89 (1),
309-380. https://doi.org/10.1152/physrev.00019.2008.

Kolla, N.J., Mishra, A., 2018. The endocannabinoid system, aggression, and the violence
of synthetic cannabinoid use, borderline personality disorder, antisocial personality
disorder, and other psychiatric disorders. Front. Behav. Neurosci. 12, 41. https://doi.
org/10.3389/fnbeh.2018.00041.

Koolhaas, J.M., Coppens, C.M., de Boer, S.F., Buwalda, B., Meerlo, P., Timmermans, P.J.,
2013. The resident-intruder paradigm: a standardized test for aggression, violence
and social stress. J. Vis. Exp. 77, e4367. https://doi.org/10.3791/4367.

Laurikainen, H., Tuominen, L., Tikka, M., Merisaari, H., Armio, R.L., Sormunen, E.,
Borgan, F., Veronese, M., Howes, O., Haaparanta-Solin, M., Solin, O., Hietala, J.,
group, M., 2019. Sex difference in brain CB1 receptor availability in man.
Neuroimage 184, 834-842. https://doi.org/10.1016/j.neuroimage.2018.10.013.

Leroy, F., Park, J., Asok, A., Brann, D.H., Meira, T., Boyle, L.M., Buss, E.W., Kandel, E.R.,
Siegelbaum, S.A., 2018. A circuit from hippocampal CA2 to lateral septum
disinhibits social aggression. Nature 564 (7735), 213-218. https://doi.org/10.1038/
s41586-018-0772-0.

Levone, B.R., Cryan, J.F., O’Leary, O.F., 2015. Role of adult hippocampal neurogenesis in
stress resilience. Neurobiol. Stress 1, 147-155. https://doi.org/10.1016/].
ynstr.2014.11.003.

Llorente-Berzal, A., Assis, M.A., Rubino, T., Zamberletti, E., Marco, E.M., Parolaro, D.,
Ambrosio, E., Viveros, M.P., 2013. Sex-dependent changes in brain CB1R expression
and functionality and immune CB2R expression as a consequence of maternal
deprivation and adolescent cocaine exposure. Pharmacol. Res. 74, 23-33. https://
doi.org/10.1016/j.phrs.2013.05.001.

Lutz, B., Marsicano, G., Maldonado, R., Hillard, C.J., 2015. The endocannabinoid system
in guarding against fear, anxiety and stress. Nat. Rev. Neurosci. 16 (12), 705-718.
https://doi.org/10.1038/nrn4036.

Makinodan, M., Rosen, K.M., Ito, S., Corfas, G., 2012. A critical period for social
experience-dependent oligodendrocyte maturation and myelination. Science 337
(6100), 1357-1360. https://doi.org/10.1126/science.1220845.

Martellotta, M.C., Cossu, G., Fattore, L., Gessa, G.L., Fratta, W., 1998. Self-administration
of the cannabinoid receptor agonist WIN 55,212-2 in drug-naive mice. Neuroscience
85 (2), 327-330. https://doi.org/10.1016/50306-4522(98)00052-9.

12

Neurobiology of Stress 15 (2021) 100337

Martin, M., Ledent, C., Parmentier, M., Maldonado, R., Valverde, O., 2002. Involvement
of CB1 cannabinoid receptors in emotional behaviour. Psychopharmacology (Berl.)
159 (4), 379-387. https://doi.org/10.1007/s00213-001-0946-5.

Misner, D.L., Sullivan, J.M., 1999. Mechanism of cannabinoid effects on long-term
potentiation and depression in hippocampal CA1 neurons. J. Neurosci. 19 (16),
6795-6805. https://doi.org/10.1523/jneurosci.19-16-06795.1999.

Morena, M., Patel, S., Bains, J.S., Hill, M.N., 2016. Neurobiological interactions between
stress and the endocannabinoid system. Neuropsychopharmacology 41 (1), 80-102.
https://doi.org/10.1038/npp.2015.166.

Nelson, R.J., Trainor, B.C., 2007. Neural mechanisms of aggression. Nat. Rev. Neurosci. 8
(7), 536-546. https://doi.org/10.1038/nrn2174.

Reich, C.G., Taylor, M.E., McCarthy, M.M., 2009. Differential effects of chronic
unpredictable stress on hippocampal CB1 receptors in male and female rats. Behav.
Brain Res. 203 (2), 264-269. https://doi.org/10.1016/j.bbr.2009.05.013.

Rodriguez-Arias, M., Navarrete, F., Daza-Losada, M., Navarro, D., Aguilar, M.A.,
Berbel, P., Minarro, J., Manzanares, J., 2013. CB1 cannabinoid receptor-mediated
aggressive behavior. Neuropharmacology 75, 172-180. https://doi.org/10.1016/j.
neuropharm.2013.07.013.

Rubino, T., Parolaro, D., 2011. Sexually dimorphic effects of cannabinoid compounds on
emotion and cognition. Front. Behav. Neurosci. 5, 64. https://doi.org/10.3389/
fnbeh.2011.00064.

Sahay, A., Hen, R., 2007. Adult hippocampal neurogenesis in depression. Nat. Neurosci.
10 (9), 1110-1115. https://doi.org/10.1038/nn1969.

Sciolino, N.R., Zhou, W., Hohmann, A.G., 2011. Enhancement of endocannabinoid
signaling with JZL184, an inhibitor of the 2-arachidonoylglycerol hydrolyzing
enzyme monoacylglycerol lipase, produces anxiolytic effects under conditions of
high environmental aversiveness in rats. Pharmacol. Res. 64 (3), 226-234. https://
doi.org/10.1016/j.phrs.2011.04.010.

Shafaroodi, H., Samini, M., Moezi, L., Homayoun, H., Sadeghipour, H., Tavakoli, S.,
Hajrasouliha, A.R., Dehpour, A.R., 2004. The interaction of cannabinoids and
opioids on pentylenetetrazole-induced seizure threshold in mice.
Neuropharmacology 47 (3), 390-400. https://doi.org/10.1016/].
neuropharm.2004.04.011.

Shen, C.J., Zheng, D., Li, K.X., Yang, J.M., Pan, H.Q., Yu, X.D., Fu, J.Y., Zhu, Y., Sun, Q.
X., Tang, M.Y., Zhang, Y., Sun, P., Xie, Y., Duan, S., Hu, H., Li, X.M., 2019.
Cannabinoid CB(1) receptors in the amygdalar cholecystokinin glutamatergic
afferents to nucleus accumbens modulate depressive-like behavior. Nat. Med. 25 (2),
337-349. https://doi.org/10.1038/541591-018-0299-9.

Srisai, D., Yin, T.C., Lee, A.A., Rouault, A.A.J., Pearson, N.A., Grobe, J.L., Sebag, J.A.,
2017. MRAP2 regulates ghrelin receptor signaling and hunger sensing. Nat.
Commun. 8 (1), 713. https://doi.org/10.1038/s41467-017-00747-6.

Strange, B.A., Witter, M.P., Lein, E.S., Moser, E.I., 2014. Functional organization of the
hippocampal longitudinal axis. Nat. Rev. Neurosci. 15 (10), 655-669. https://doi.
org/10.1038/nrn3785.

Suarez, J., Llorente, R., Romero-Zerbo, S.Y., Mateos, B., Bermudez-Silva, F.J., de
Fonseca, F.R., Viveros, M.P., 2009. Early maternal deprivation induces gender-
dependent changes on the expression of hippocampal CB(1) and CB(2) cannabinoid
receptors of neonatal rats. Hippocampus 19 (7), 623-632. https://doi.org/10.1002/
hipo.20537.

Toth, M., Halasz, J., Mikics, E., Barsy, B., Haller, J., 2008. Early social deprivation
induces disturbed social communication and violent aggression in adulthood. Behav.
Neurosci. 122 (4), 849-854. https://doi.org/10.1037/0735-7044.122.4.849.

Toth, M., Tulogdi, A., Biro, L., Soros, P., Mikics, E., Haller, J., 2012. The neural
background of hyper-emotional aggression induced by post-weaning social isolation.
Behav. Brain Res. 233 (1), 120-129. https://doi.org/10.1016/j.bbr.2012.04.025.

Zamberletti, E., Prini, P., Speziali, S., Gabaglio, M., Solinas, M., Parolaro, D., Rubino, T.,
2012. Gender-dependent behavioral and biochemical effects of adolescent delta-9-
tetrahydrocannabinol in adult maternally deprived rats. Neuroscience 204, 245-257.
https://doi.org/10.1016/j.neuroscience.2011.11.038.


https://doi.org/10.1007/s00213-009-1494-7
https://doi.org/10.1007/s00213-009-1494-7
https://doi.org/10.1111/j.1460-9568.2004.03293.x
https://doi.org/10.1111/j.1460-9568.2004.03293.x
https://doi.org/10.1016/j.pnpbp.2019.109637
https://doi.org/10.1016/j.pbb.2017.10.005
https://doi.org/10.1016/j.pbb.2017.10.005
https://doi.org/10.1038/s41586-020-2470-y
https://doi.org/10.1038/s41586-020-2470-y
https://doi.org/10.1152/physrev.00019.2008
https://doi.org/10.3389/fnbeh.2018.00041
https://doi.org/10.3389/fnbeh.2018.00041
https://doi.org/10.3791/4367
https://doi.org/10.1016/j.neuroimage.2018.10.013
https://doi.org/10.1038/s41586-018-0772-0
https://doi.org/10.1038/s41586-018-0772-0
https://doi.org/10.1016/j.ynstr.2014.11.003
https://doi.org/10.1016/j.ynstr.2014.11.003
https://doi.org/10.1016/j.phrs.2013.05.001
https://doi.org/10.1016/j.phrs.2013.05.001
https://doi.org/10.1038/nrn4036
https://doi.org/10.1126/science.1220845
https://doi.org/10.1016/s0306-4522(98)00052-9
https://doi.org/10.1007/s00213-001-0946-5
https://doi.org/10.1523/jneurosci.19-16-06795.1999
https://doi.org/10.1038/npp.2015.166
https://doi.org/10.1038/nrn2174
https://doi.org/10.1016/j.bbr.2009.05.013
https://doi.org/10.1016/j.neuropharm.2013.07.013
https://doi.org/10.1016/j.neuropharm.2013.07.013
https://doi.org/10.3389/fnbeh.2011.00064
https://doi.org/10.3389/fnbeh.2011.00064
https://doi.org/10.1038/nn1969
https://doi.org/10.1016/j.phrs.2011.04.010
https://doi.org/10.1016/j.phrs.2011.04.010
https://doi.org/10.1016/j.neuropharm.2004.04.011
https://doi.org/10.1016/j.neuropharm.2004.04.011
https://doi.org/10.1038/s41591-018-0299-9
https://doi.org/10.1038/s41467-017-00747-6
https://doi.org/10.1038/nrn3785
https://doi.org/10.1038/nrn3785
https://doi.org/10.1002/hipo.20537
https://doi.org/10.1002/hipo.20537
https://doi.org/10.1037/0735-7044.122.4.849
https://doi.org/10.1016/j.bbr.2012.04.025
https://doi.org/10.1016/j.neuroscience.2011.11.038

	Regulation of stress-provoked aggressive behavior using endocannabinoids
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Drugs
	2.3 Lentivirus for CB1R knockdown
	2.4 Surgery
	2.5 Resident-intruder test
	2.6 Open field test
	2.7 Immunofluorescence
	2.8 Western blotting
	2.9 Statistics

	3 Results
	3.1 SI mice exhibit maladaptive impulsive aggression
	3.2 Administration of CB1R agonists reduces impulsive aggression in SI mice
	3.3 The infusion of CB1R agonists into the hippocampus reduces impulsive aggression
	3.4 CB1R knockdown in the hippocampus exaggerates impulsive aggression in SI mice
	3.5 eCB augmentation used to activate CB1Rs reduces impulsive aggression
	3.6 The eCB augmentation blunts the activation of vHip neurons projecting to the VMH

	4 Discussion
	4.1 Presynaptic CB1R activation ameliorated impulsive aggression in SI mice by alleviating excessive excitatory activity
	4.2 CB1R knockdown in adult SI mice exaggerate impulsive aggression
	4.3 The relationship between impulsive aggression and anxious status
	4.4 Sex differences in CB1R density

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


