
European Neuropsychopharmacology (2015) 25, 1362–1374
http://dx.doi.org/1
0924-977X/& 2015 E

nCorresponding aut
E-mail address: v
www.elsevier.com/locate/euroneuro
Distinct roles of the endocannabinoids
anandamide and 2-arachidonoylglycerol
in social behavior and emotionality at
different developmental ages in rats

Antonia Manducaa, Maria Morenab,c, Patrizia Campolongob,
Michela Servadioa, Maura Palmeryb, Luigia Trabaced,
Matthew N. Hillc, Louk J.M.J. Vanderschurene,f,
Vincenzo Cuomob, Viviana Trezzaa,n
aDepartment of Science, Section of Biomedical Sciences and Technologies, University “Roma Tre”, Rome,
Italy
bDepartment of Physiology and Pharmacology, Sapienza, University of Rome, Rome, Italy
cHotchkiss Brain Institute, Departments of Cell Biology and Anatomy and Psychiatry, University of Calgary,
Calgary, AB, Canada
dDepartment of Clinical and Experimental Medicine, Faculty of Medicine, University of Foggia, Foggia,
Italy
eDepartment of Translational Neuroscience, Brain Center Rudolf Magnus, University Medical Center
Utrecht, Utrecht, The Netherlands
fDepartment of Animals in Science and Society, Division of Behavioural Neuroscience, Faculty of Veterinary
Medicine, Utrecht University, Utrecht, The Netherlands
Received 30 November 2014; received in revised form 25 February 2015; accepted 1 April 2015
KEYWORDS
Endocannabinoid sys-
tem;
Social behavior;
Endocannabinoids;
Emotional behavior;
Rodents;
JZL195
0.1016/j.euroneur
lsevier B.V. and E

hor. Tel.: +39 0657
iviana.trezza@un
Abstract
To date, our understanding of the relative contribution and potential overlapping roles of the
endocannabinoids anandamide (AEA) and 2-arachidonoylglycerol (2-AG) in the regulation of
brain function and behavior is still limited. To address this issue, we investigated the effects of
systemic administration of JZL195, that simultaneously increases AEA and 2-AG signaling by
inhibiting their hydrolysis, in the regulation of socio-emotional behavior in adolescent and
adult rats.
JZL195, administered at the dose of 0.01 mg/kg, increased social play behavior, that is the most
characteristic social activity displayed by adolescent rats, and increased social interaction in
adult animals. At both ages, these behavioral effects were antagonized by the CB1 cannabinoid
receptor antagonist SR141716A and were associated with increased brain levels of 2-AG, but not
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AEA. Conversely, at the dose of 1 mg/kg, JZL195 decreased general social exploration in
adolescent rats without affecting social play behavior, and induced anxiogenic-like effects in
the elevated plus-maze test both in adolescent and adult animals. These effects, mediated by
activation of CB1 cannabinoid receptors, were paralleled by simultaneous increase in AEA and
2-AG levels in adolescent rats, and by an increase of only 2-AG levels in adult animals.
These findings provide the first evidence for a role of 2-AG in social behavior, highlight the
different contributions of AEA and 2-AG in the modulation of emotionality at different
developmental ages and suggest that pharmacological inhibition of AEA and 2-AG hydrolysis
is a useful approach to investigate the role of these endocannabinoids in neurobehavioral
processes.
& 2015 Elsevier B.V. and ECNP. All rights reserved.
Introduction

In recent years, the endocannabinoid system has emerged as
a key neuromodulatory system in the regulation of emotional
states, that is functional already at early developmental ages
(Bari et al., 2006; Campolongo et al., 2011; Lutz, 2009;
Marco and Laviola, 2011; Morena and Campolongo, 2014;
Trezza et al., 2012a; Wotjak, 2005). The most studied endo-
cannabinoids, N-arachidonoylethanolamine (anandamide,
AEA) and 2-arachidonoylglycerol (2-AG) are lipid signaling
molecules implicated in a large range of neurobiological
processes. They are synthesized following neuronal depolar-
ization (Mechoulam et al., 2014; Piomelli, 2003); once
released from postsynaptic neurons, they exert their effects
through the activation of at least two presynaptic G-protein
coupled cannabinoid receptors (CB1 and CB2). Finally, their
actions are terminated by a putative uptake process followed
by degradation by fatty acid amide hydrolase (FAAH) and
monoacylglycerol lipase (MAGL), hydrolytic enzymes that
provide the primary clearance routes for AEA and 2-AG
(Mechoulam et al., 2014; Piomelli, 2003).

To clarify the physiological role of endocannabinoids in
neurobehavioral functions, a number of pharmacological
tools have been developed, which target the enzymes
involved in endocannabinoid degradation. This pharmacolo-
gical approach has the advantage of increasing local endo-
cannabinoid neurotransmission, instead of indiscriminately
activating brain CB1 cannabinoid receptors using direct CB1
cannabinoid agonists (Bari et al., 2006; Petrosino and Di
Marzo, 2010). Selective pharmacological inhibition of FAAH
in rodents contributed to elucidate the role of AEA in socio-
emotional processes. Thus, FAAH inhibition results in CB1-
mediated and context-dependent anxiolytic- and antide-
pressant-like effects in rats and mice (Gobbi et al., 2005;
Hill et al., 2007; Kathuria et al., 2003; Naidu et al., 2007;
Rademacher and Hillard, 2007; Realini et al., 2011), and
increased sociability in adolescent (Trezza et al., 2012b;
Trezza and Vanderschuren, 2008a, 2008b) and adult rats
(Manduca et al., 2014; Realini et al., 2011).

More recently, the development of selective MAGL inhi-
bitors (Chang et al., 2012; Long et al., 2009a; Niphakis
et al., 2013) has enabled the direct investigation of the role
of 2-AG in physiological and behavioral processes. It has
been reported that selective inhibition of 2-AG hydrolysis
induces CB1-dependent anxiolytic-like effects in rodents
(Kinsey et al., 2011; Sciolino et al., 2011) and normalizes
both synaptic and behavioral changes observed in the mouse
model of the Fragile X syndrome (Jung et al., 2012), opening
a promising therapeutic potential for these compounds in
the treatment of neurodevelopmental disorders.

Altogether, these studies show that the development of
selective inhibitors for either FAAH or MAGL has facilitated the
comprehension of the (patho) physiological role of AEA and
2-AG signaling pathways, respectively. Interestingly, the pre-
viously unexpected discovery of functional interactions
between these two endocannabinoids has led to the hypoth-
esis that AEA and 2-AG do not always have the same
physiological role, acting sometimes in concert and sometimes
not (Di Marzo and Cristino, 2008; Maccarrone et al., 2008).

In the present study, we investigated the relative contribu-
tion, and potential overlapping roles, of AEA and 2-AG in socio-
emotional processes in rats. To this aim, we tested the dual
FAAH/MAGL inhibitor JZL195, that simultaneously inhibits both
AEA and 2-AG catabolic enzymes (Long et al., 2009b), in the
social interaction and elevated plus-maze tests, two tasks
sensitive to environmental and physiological factors that affect
emotionality in rodents. Since temporal changes in endocanna-
binoid brain content and metabolism have been reported in
rodents (Lee et al., 2013; Rubino et al., 2014), the effects of
the drug were assessed in adolescent and adult rats. Further-
more, since it has been shown that JZL195 induces a char-
acteristic profile of dose-dependent cannabimimetic effects in
mice (Long et al., 2009b), we also screened JZL195-treated rats
in the tetrad test currently used to assess cannabimimetic
activity in vivo (Compton et al., 1992). Last, we explored the
possible underpinnings of the observed behavioral findings by
measuring brain AEA and 2-AG levels in adolescent and adult
JZL195-treated rats.
Experimental procedures

Animals

Male Sprague–Dawley rats (Charles River Laboratories, Italy) arrived in
our animal facility at 21 days of age and were housed in groups of five
in Macrolon cages (43� 26� 20 cm3) under controlled conditions (i.e.,
temperature 2171 1C, 60710% relative humidity and 12/12 h light
cycle with lights on at 7.00 a.m.). Food and water were available ad
libitum. Animals were experimentally naïve and used only once (i.e.,
each animal received one injection only, with either drug or vehicle,
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and tested in one behavioral experiment only). All procedures were
approved by the Italian Ministry of Health (Rome, Italy) and performed
in agreement with the guidelines of the Italian Ministry of Health (D.L.
26/2014) and the European Community Directive 2010/63/EU of 22
September 2010.

Drugs

The dual FAAH/MAGL inhibitor JZL195 (Schering-Plough Research
Institute, Newhouse, UK) and the CB1 cannabinoid receptor
antagonist SR141716A (National Institute of Mental Health's Chemi-
cal Synthesis and Drug Supply Program, Bethesda, MD, USA) were
dissolved in 5% Tween 80/5% polyethylene glycol/saline and given
intraperitoneally (i.p.).

JZL195 (0.01, 0.1 and 1 mg/kg) or its vehicle was administered
2 h before testing; SR141716A was administered 30 min before
JZL195, at a dose that did not induce effects by itself (0.1 mg/kg
in adolescent rats (Trezza and Vanderschuren, 2008b) and 1 mg/kg
in adult rats (Gobbi et al., 2005; Sciolino et al., 2011). Drug doses
and pre-treatment intervals were based on the literature (Long
et al., 2009b; Trezza and Vanderschuren, 2008b) and on pilot
experiments. Solutions were freshly prepared on the day of the
experiment and were administered in a volume of 2 ml/kg in
adolescent rats and 1 ml/kg in adult rats.

Apparatus and procedure

Social behavior in adolescent and adult rats
The experiments were performed in a sound attenuated chamber
under dim light conditions between 10.00 am and 14.00 am. The
testing arena consisted of a Plexiglas cage measuring 40� 40� 60
cm3 (l�w�h), with 2 cm of wood shavings covering the floor. The
behavior of the animals was recorded using a video camera with
zoom lens, DVD recorder and LCD monitor.

Social behavior was assessed as previously described (Manduca
et al., 2014; Trezza and Vanderschuren, 2008a, 2008b, 2009; Van-
derschuren et al., 2008).

Briefly, adolescent (28–35 day-old) or adult (80–90 day-old) rats were
individually habituated to the test cage for either 10 (adolescent rats)
or 5 min (adult rats) on each of the 2 days prior to testing. Before
testing, adolescent and adult animals were socially isolated for 3.5 and
24 h, respectively, to enhance their social motivation and thus facilitate
the expression of social behaviors during testing (Niesink and Van Ree,
1989). Drug treatments were counterbalanced so that cage mates were
allocated to different treatment groups. The animals of each pair were
similarly treated, did not differ more than 10 g in body weight and were
not cage mates.

Behavior was assessed per pair of animals and analyzed by a
trained observer who was unaware of treatment condition using the
Observer XT software (Noldus, Wageningen, The Netherlands).

The test consisted of placing two similarly treated animals into
the test cage for either 15 min (adolescent rats) or 10 min (adult
rats). In rats, a bout of social play behavior starts with one rat
soliciting (‘pouncing’) another animal, by attempting to nose or rub
the nape of its neck. The animal that is pounced upon can respond
in different ways. If the animal that is pounced upon fully rotates to
its dorsal surface, ‘pinning’ is the result, i.e., one animal lying with
its dorsal surface on the floor with the other animal standing over
it. From this position, the supine animal can initiate another play
bout, by trying to gain access to the other animal's neck. Thus,
during social play, pouncing is considered an index of play solicita-
tion, while pinning can be regarded as the terminal component of a
single play bout as well as a releaser of a prolonged play bout (Pellis
and Pellis, 1987). Pinning and pouncing frequencies can be easily
quantified and they are considered to be the most characteristic
parameters of social play behavior in rats. During the social
encounter, animals may also display social behaviors not directly
associated with play, such as sniffing or grooming the partner's body.
A pair of rats was considered as one experimental unit.

In adolescent rats, the following parameters were therefore
scored per pair of animals:

Social behaviors directly related to play:
�
 Frequency of pinning.
�
 Frequency of pouncing.
Social behaviors unrelated to play:
�
 Time spent in social exploration: the total amount of time
(s) spent in non-playful forms of social interaction (i.e., one
animal sniffing or grooming any part of the partner's body).

In adult rats, the total time and total frequency of active social
interactions were obtained as the sum of the time and frequency of
the following behavioral elements scored per 10 min (Manduca
et al., 2014; Segatto et al., 2014):
�
 Play-related behaviors: pouncing, pinning and boxing.
�
 Social behaviors unrelated to play: social exploration (sniffing
any part of the body of the test partner), social grooming (one
rat licks and chews the fur of the conspecific, while placing its
forepaws on the back or the neck of the other rat), following/
chasing (walking or running in the direction of the partner which
stays where it is or moves away), crawling under/over (one
animal crawls underneath or over the partner's body, crossing it
transversely from one side to the other), kicking (the rat kicks
backwards at the conspecific with one or both hind paws).

Elevated plus-maze test in adolescent and adult rats
The elevated plus-maze apparatus comprised two open arms
(50� 10� 40 cm3; l�w�h) and two closed arms (50� 10� 40 cm3;
l�w�h) that extended from a common central platform
(10� 10 cm2). The test was performed as previously described
(Pellow and File, 1986; Segatto et al., 2014; Trezza et al., 2009).
Adolescent (28–35 days of age) and adult (80–90 days of age) rats were
individually placed on the central platform of the maze, facing a
closed arm, and allowed to freely explore the maze for 5 min.

The 5-min test period was recorded on DVD for subsequent
behavioral analysis carried out an observer, unaware of animal
treatment, using the Observer 3.0 software (Noldus Information
Technology B.V., Wageningen, The Netherlands).

The following parameters were analyzed:
a.
 % time spent in the open arms (% TO): (seconds spent on the
open arms of the maze/seconds spent on the open+closed
arms)� 100;
b.
 % open arm entries (% OE): (the number of entries into the open
arms of the maze/number of entries into open+closed arms)�
100;
c.
 number of closed arm entries.

Tetrad assay for cannabimimetic activity
To assess whether the effects of the dual FAAH/MAGL inhibitor JZL195 in
the social behavior and elevated plus-maze tests were behaviorally
specific and not secondary to more general CB1-mediated behavioral
responses, we screened JZL195-treated rats in the tetrad test currently
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used to assess cannabimimetic activity in vivo, consisting of assays for
antinociception, catalepsy, hypomotility, and hypothermia (Compton
et al., 1992; Long et al., 2009b).

At 28–35 days of age, rats were injected with either vehicle or
JZL195 (0.01, 0.1 and 1 mg/kg) 2 h before testing and the tetrad
assay was performed in the same animal in the following order:
measurements of body temperature, locomotor activity, catalepsy
and nociceptive behavior. Body temperature was measured using a
rectal probe (Physitemp Instruments, Clifton, NJ) and was
expressed as the change in body temperature from the pre-drug
baseline (Δ 1C). Locomotor activity was recorded using the software
SMART Video Track System (PanLab, Spain) during a 30-min test in
which rats were placed alone in the center of the open field (a black
Plexiglas cage (80� 80� 60 cm3) located within a sound-isolated
room under dim light conditions) and allowed to explore freely the
apparatus. A video camera above the cage was connected to a video
recorder and locomotor activity (the total distance moved in cm
during the 30-min test session) and exploratory behaviors (the total
frequency of wall rearings and rearings) were evaluated.

Subsequently, the same animal was individually tested for catalepsy
by placement of both forelimbs over a thin metal bar (0.75 cm
diameter) fixed at 10 cm above the ground. Animals were timed for
the latency to move one or both forelimbs from the bar, with the
maximum time allowed on the bar being 30 s (Long et al., 2009b).

Last, nociception was assessed using the hot-plate procedure
described by Forman (Forman, 2003). Rats were placed individually
on a hot-plate (Socrel, model DS-37, Ugo Basile, Comerio, Italy)
maintained at 5271 1C and the latency to exhibit the first signs of
pain (i.e., licking the hind paws or jumping) was measured for each
rat with a cut-off of 30 s. All the experiments were performed
between 10.00 am and 14.00 am.
Endocannabinoid extraction and analysis
Brain AEA and 2-AG levels were measured in separate groups of
adolescent and adult rats 2 h after JZL195 (0.01, 0.1 and 1 mg/kg)
or vehicle injection. After rapid decapitation, the brains were
collected and stored at �80 1C. Before the extraction process, the
brain tissue was weighed and placed into borosilicate glass culture
tubes containing 2 ml of acetonitrile (ACN) with 5 pmol of [2H8]
anandamide and 5 nmol of [2H8]2-arachidonoylglycerol for extrac-
tion, and homogenized with a glass rod. Tissue was sonicated for
30 min on ice water and incubated overnight at �20 1C to
precipitate proteins, then centrifuged at 1500 g to remove parti-
culates. The supernatants were transferred to a new glass tube and
evaporated to dryness under N2 gas. The samples were reconsti-
tuted in 300 ml of ACN and dried again under N2 gas. Finally, lipid
extracts were suspended in 200 ml of ACN, and stored at �80 1C
until analysis. Liquid chromatography–mass spectrometry (LC–MS/
MS) analyses were carried out on an Eksigent ekspert™ micro LC
200 coupled with an AB Sciex Qtrap™ 5500 mass spectrometer,
installed with a Turbo V™ Spray ion source (AB Sciex, Ontario,
Canada). The LC was equipped with a temperature-controlled CTC
autosampler. An Eksigent HALO C18 HPLC column (1� 50 mm2,
2.7 mm particle diameter, 90 Å pore size) was used. Samples were
analyzed isocratically, at a flow rate of 30 mL/min and a solvent
composition of 15% mobile phase A (10 mM ammonium acetate in
water), and 85% mobile phase B (ACN). After 3.25 min, the column
was regenerated with 100% B. Before each injection, the column
was re-equilibrated at the initial mobile phase condition for 2 min.
Following each LC–MS/MS run, a blank was run. The sample
injection loop (5 mL loop size) was rinsed with 40 mL of methanol,
and the column purged for 5 min with 100% B for 4.5 min and
followed by 85% B for 0.5 min. This was intended to mitigate cross
contaminations due to carryover from preceding sample injections.
The LC column was maintained at 25 1C, and the samples at 10 1C.
The mass spectrometer was operated in positive ion mode, with the
ion-spray voltage set at 5500 V, curtain gas at 20 (arbitrary units),
source gas 1 and gas 2 both at 40, and source temperature at
300 1C. Protonated molecular ions of AEA (m/z 348) and AEA-d8 (m/
z 356), and ammonium adduct ions of 2-AG (m/z 396) and 2-AG-d8,
(m/z 404) were selected as the respective precursor ions for CID.
MRM scan modes were used with Q1 and Q3 both at unit resolution.
Optimized collision energies for the transitions were as follows: AEA
(348–62) CE 22V, AEA-d8 (356–62) CE 22V, 2-AG (396–287) CE 15V;
and 2-AG-d8 (404–294) CE 17V. It has been reported that 2-AG
undergoes spontaneous isomerization converting to 1-AG by acyl
group migration during tissue extraction and reconstitution proce-
dures (Stella et al., 1997). We also observed that 1-AG was present
in authentic standard solutions of 2-AG, as well as brain tissue
extracts. Peak areas of 1-AG and 2-AG were combined to establish a
standard calibration curve for 2-AG. Data processing was accom-
plished using Analysts 1.5.2 software (AB Sciex). Linear regressions
of relative peak areas (analyte to IS ratios) were performed over
analyte concentrations from 0.00025 to 0.25 pmol/mL (AEA), and
0.0025 to 2.5 pmol/mL (2-AG). Analyte levels were normalized to
tissue weight.

Statistical analysis

Data are expressed as mean7SEM. To assess the effects of single or
combined treatments on the behavioral parameters and on brain
AEA and 2-AG levels, data were analyzed using one- or two-way
ANOVA. ANOVAs were followed by Student–Newman–Keuls post-hoc
test, where appropriate. P values of less than 0.05 were considered
statistically significant.

Results

Effects of JZL195 on social behavior in adolescent
rats

A one-way ANOVA analysis performed on pinning and poun-
cing frequencies and on the duration of social exploration
gave the following results: pinning [F3,39=7.01; p=0.0007;
Figure 1a]; pouncing [F3,39=4.05; p=0.013; Figure 1b];
social exploration [F3,39=3.84; p=0.017; Figure 1c]. Post-
hoc analysis revealed that JZL195 had biphasic effects on
social behavior in adolescent rats: at the dose of 0.01 mg/
kg, it increased play-associated behaviors (pinning: po0.01,
Figure 1a; pouncing: po0.05, Figure 1b) without affecting
general social exploration. Conversely, at the dose of 1 mg/
kg, JZL195 reduced social exploration (po0.05, Figure 1c),
with no effect on social play behavior.

To evaluate if these effects were mediated by activation of
CB1 cannabinoid receptors, an additional group of adolescent
rats was treated with the CB1 cannabinoid receptor antago-
nist SR141716A 30 min before administration of JZL195. A
two-way ANOVA analysis performed on the behavioral para-
meters measured gave the following results: pinning [F(JZL195)
1,31=2.46, p=0.13; F(SR)1,31=5.71, p=0.023; F(JZL195� SR)

1,31=4.50, p=0.042; Figure 1d]; pouncing [F(JZL195)
1,31=1.42, p=0.24; F(SR)1,31=13.82, p=0.0008; F(JZL195� SR)

1,31=6.99, p=0.013; Figure 1e]; social exploration duration
[F(JZL195)1,31=1.62, p=0.21; F(SR)1,31=1.09, p=0.30;
F(JZL195� SR)1,31=4.82, p=0.036; Figure 1f]. Post-hoc analysis
revealed that the increase in pinning (po0.05, Figure 1d)
and pouncing (po0.01, Figure 1e) induced by JZL195 at the
dose of 0.01 mg/kg was antagonized by pre-treatment with a
dose of the CB1 cannabinoid receptor antagonist SR141716A
that had no effects by its own (0.1 mg/kg). Similarly,



Figure 1 Effects of JZL195 on social play behavior in adolescent rats. At the dose of 0.01 mg/kg, JZL195 increased pinning (a) and
pouncing (b) frequency in adolescent rats, whereas at the dose of 1 mg/kg it decreased the duration of social exploration (c). Pre-
treatment with the CB1 cannabinoid receptor antagonist SR141716A (0.1 mg/kg, i.p.) antagonized the effects induced by JZL195 on
pinning (d) and pouncing (e) and social exploration (f). Data represent mean7SEM frequency of pinning (a, d), pouncing (b, e) and
mean7SEM duration of social exploration (c, f). *po0.05, *po0.01 vs. vehicle treatment; $po0.05, $$$po0.001 vs. vehicle/JZL195
(Student–Newman–Keuls post-hoc test). N=7–12 per treatment group.
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the reduction in the time spent in social exploration induced
by 1 mg/kg of JZL195 (po0.05, Figure 1f) was antagonized
by pre-treatment with SR141716A.

Altogether, these data indicate that JZL195 induces
biphasic effects on social behavior in adolescent rats
through activation of CB1 cannabinoid receptors.
Effects of JZL195 on the elevated plus-maze test in
adolescent rats

A one-way ANOVA analysis performed on the parameters
measured in the elevated plus-maze test gave the following
results: percentage of time spent in the open arms
[F3,26=6.29; p=0.002; Figure 2a] and percentage of open
arm entries [F3,26=5.84; p=0.0034; Figure 2b]. Post-hoc
analysis showed that, at the dose of 1 mg/kg, JZL195
exerted anxiogenic-like effects in the elevated plus-maze
test in adolescent rats, since it decreased the percentage of
time spent in the open arms (po0.01, Figure 2a) and the
percentage of open arm entries (po0.05, Figure 2b). These
effects were not due to changes in motor activity, since
JZL195 did not affect the total number of entries in the
closed arms during the 5-min test [F3,26=1.37; p=0.2, data
not shown]. To evaluate if the anxiogenic-like effects
exerted by JZL195 (1 mg/kg) were mediated by activation
of CB1 cannabinoid receptors, we pre-treated the animals
with the CB1 cannabinoid receptor antagonist SR141716A.
Two-way ANOVA analysis gave the following results: percen-
tage of time spent in the open arms [F(JZL195)1,32=0.20,
p=0.65; F(SR)1,32=0.06, p=0.81; F(JZL195 x SR)1,32=14.07,
p=0.0007; Figure 2c] and percentage of open arm entries
[F(JZL195)1,32=1.11, p=0.30; F(SR)1,32=1.59, p=0.21;
F(JZL195� SR)1,32=7.77, p=0.0089; Figure 2d]. Post-hoc ana-
lysis showed that the reduction in the percentage of time
spent in the open arms (po0.05, Figure 2c) and the
percentage of open arm entries (po0.05, Figure 2d)
induced by JZL195 1 mg/kg was mediated by activation of
CB1 cannabinoid receptors, since it was antagonized by pre-
treatment with an otherwise ineffective dose of the CB1
cannabinoid receptor antagonist SR141716A.
Effects of JZL195 in the tetrad assay for
cannabimimetic activity

JZL195 did not affect locomotor activity and exploratory
behaviors in the open field test (one-way ANOVA: total
distance traveled [F3,24=1.49, p=0.24; Figure 3a], fre-
quency of wall rearing [F3,24=1.07, p=0.38; Figure 3b]
and frequency of rearing [F3,24=0.8, p=0.5; Figure 3c].
Furthermore, JZL195-treated animals did not show changes
in body temperature [F3,24=0.18, p=0.91; Figure 3d],
neither catalepsy in the bar test (latency of the animals
to move one or both forelimbs from the bar: [F3,24=2.38,
p=0.095; Figure 3e]) nor antinociceptive response in the
hot plate test [F3,24=1.74, p=0.18; Figure 3f]. Together,
these data show that, at doses that affected social and
anxiety-like behaviors, JZL195 did not induce classic canna-
bimimetic effects, since it did not alter locomotor and
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Figure 2 Effects of JZL195 in the elevated plus-maze test in adolescent rats. At the dose of 1 mg/kg, JZL195 decreased the
percentage of total time spent in the open arms (a) and the percentage of open arm entries (b) in the elevated plus-maze test in
adolescent rats. Pre-treatment with the CB1 cannabinoid receptor antagonist SR141716A (0.1 mg/kg; i.p.) antagonized these effects
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exploratory activity in the open field test and did not induce
hypothermia, catalepsy and antinociception in rats.
Effects of JZL195 on social interaction in adult rats

A one-way ANOVA analysis performed on the parameters
measured in the social interaction test in adult rats gave the
following results: total time spent in social interaction:
[F3,38=3.82; p=0.017; Figure 4a], total frequency of social
interaction [F3,38=5.61; p=0.0028; Figure 4b], total time
spent in play-related behaviors [F3,38=3.09; p=0.038;
Figure 4c], and total frequency of play-related behaviors
[F3,38=3.54; p=0.023; Figure 4d]. Post-hoc analysis
revealed that JZL195, at the dose of 0.01 mg/kg, increased
the total time (po0.05, Figure 4a) and frequency (po0.05,
Figure 4b) of social interaction. Furthermore, this dose of
JZL195 increased the total time (po0.05, Figure 4c) and
frequency (po0.05, Figure 4d) of play-related behaviors. To
evaluate, if these effects were mediated by activation of
CB1 cannabinoid receptors, we injected the CB1 cannabi-
noid receptor antagonist SR141716A before JZL195. Two-
way ANOVA analysis gave the following results: total time
spent in social interaction: [F(JZL195)1,31=4.25, p=0.48; F(SR)
1,31=6.967, p=0.013; F(JZL195 x SR)1,31=1.64, p=0.21;
Figure 4e], total frequency of social interaction [F(JZL195)
1,31=12.99, p=0.0011; F(SR)1,31=1.54, p=0.22; F(JZL195 x SR)

1,31=4.13, p=0.05; Figure 4f], total time spent in play-
related behaviors [F(JZL195)1,31=5.78, p=0.023; F(SR)
1,31=3.099, p=0.088; F(JZL195� SR)1,31=2.20, p=0.15;
Figure 4g], and total frequency of play-related behaviors
[F(JZL195)1,31=7.09, p=0.012; F(SR)1,31=2.87, p=0.10;
F(JZL195� SR)1,31=2.82, p=0.10; Figure 4h]. Post-hoc analysis
revealed that the increase in the time (po0.05; Figure 4e)
and frequency (po0.001, Figure 4f) of social interaction
and in the time (po0.05, Figure 4g) and frequency
(po0.01, Figure 4h) of play-related behaviors induced by
JZL195 (0.01 mg/kg) was blocked by pre-treatment with a



Figure 3 Effects of JZL195 in the tetrad assay for cannabimimetic activity in adolescent rats. JZL195 administration (0.01, 0.1 and
1 mg/kg) did not affect locomotor activity (a), the frequency of wall rearing (b) and rearing (c) and it did not induce hypothermia
(d), catalepsy (e) and antinociception (f). Data represent mean7SEM total distance traveled (a), wall rearing (b) and rearing
frequencies (c), body temperature (d), latency to move one or both forelimbs from the bar (e) and latency in licking the hind paws
or jumping from the hot plate (f). N=6–12 per treatment group.
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dose of SR141716A that had no effects by its own. Collec-
tively, the results of this experiment show that JZL195, at
the dose of 0.01 mg/kg, increased social interaction in adult
rats through activation of CB1 cannabinoid receptors.

Effects of JZL195 on the elevated plus-maze test in
adult rats

A one way-ANOVA analysis performed on the parameters
measured in the elevated plus-maze test gave the following
results: percentage of time spent in the open arms
[F3,46=5.27; p=0.003; Figure 5a] and percentage of open
arm entries [F3,46=5.61; p=0.0023; Figure 5b]. Post-hoc
analysis showed that JZL195, at the dose of 1 mg/kg,
exerted anxiogenic-like effects in the elevated plus-maze
test in adult rats, since it decreased the percentage of time
spent in the open arms (po0.05, Figure 5a) and the
percentage of open arm entries (po0.05, Figure 5b). These
effects were unrelated to changes in motor activity, since
JZL195 did not affect the total number of closed arm entries
[F3,46=2.15; p=0.11, data not shown]. To evaluate if the
anxiogenic-like effects exerted by JZL195 were mediated by
activation of CB1 cannabinoid receptors, we injected the
CB1 cannabinoid receptor antagonist SR141716A before
JZL195 (1 mg/kg). The two-way ANOVA analysis gave the
following results: percentage of time spent in the open arms
[F(JZL195)1,40=8.58, p=0.01; F(SR)1,40=1.99, p=0.165;
F(JZL195� SR)1,40=4.33, p=0.04; Figure 5c] and percentage
of open arm entries [F(JZL195)1,40=0.27, p=0.61; F(SR)
1,40=0.85, p=0.36; F(JZL195� SR)1,40=9.01, p=0.0046;
Figure 5d]. Post-hoc analysis showed that the anxiogenic-
like effects of JZL195 in the elevated plus-maze test were
mediated by activation of CB1 cannabinoid receptors, since
they were antagonized by the CB1 cannabinoid receptor
antagonist SR141716A.

Effects of JZL195 on brain AEA and 2-AG levels in
adolescent and adult rats

JZL195 induced specific dose- and age-dependent changes
in brain AEA and 2-AG levels.

A two way-ANOVA for brain AEA (Figure 6a) and 2-AG
(Figure 6b) levels in adolescent and adult rats treated with
JZL195 gave the following results: AEA [F(Treatment)

3,71=4.39, po0.01; F(Age)3,71=0.85, p=0.36; F(Treatment� -

age)3,71=51.24, po0.001; Figure 6a]; 2-AG [F(Treatment)3,71=8.87,
po0.001; F(Age)3,71=44.29, po0.001; F(Treatment� age)

3,71=3.28, po0.05; Figure 6b]. Post-hoc analysis revealed
age-related changes in brain AEA but not 2-AG levels: thus,
baseline AEA levels were higher in vehicle-treated adult
compared to vehicle-treated adolescent rats (po0.001,
Figure 6a), while 2-AG levels were stable across ages
(Figure 6b). In adolescent rats, JZL195 increased AEA levels
at the dose of 1 mg/kg (po0.01, Figure 6a), while it
increased 2-AG levels at the doses of 0.01 and 1 mg/kg
(po0.05, Figure 6b). In adult rats, JZL195 did not affect
brain AEA content at any dose tested (Figure 6a); conver-
sely, all doses of JZL195 increased brain 2-AG levels
(po0.05, for 0.01 mg/kg; po0.001, for 0.1 mg/kg;
po0.01, for 1 mg/kg; Figure 6b).



Figure 4 Effects of JZL195 on social interaction in adult rats. At the dose of 0.01 mg/kg, JZL195 increased the total time (a) and
frequency (b) of social interaction and the total time (c) and frequency (d) of play-related behaviors in adult rats. Pre-treatment
with the CB1 cannabinoid receptor antagonist SR141716A (1 mg/kg; i.p.) antagonized these effects (e–h). Data represent
mean7SEM time (a, e) and frequency (b, f) of total social interaction during 10-min session and mean7SEM time (c, g) and
frequency (d, h) of play-related behaviors. *po0.05, **po0.01 and ***po0.001 vs. vehicle treatment; $po0.05 vs. vehicle/JZL195
(Student–Newman–Keuls post-hoc test). N=9–13 per treatment group.
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Discussion

Selective pharmacological inhibition of FAAH and MAGL, the
enzymes that mainly catalyze the hydrolysis of the endo-
cannabinoids AEA and 2-AG, respectively, provided a sub-
stantial support for a specific role of each of these lipid
messengers in many physiological and behavioral processes,
including motivation and emotions (Bari et al., 2006; Lutz,
2009; Petrosino and Di Marzo, 2010; Trezza and
Vanderschuren, 2008a). Interestingly, in recent years a
previously unsuspected interaction between these two
endocannabinoids has been proven, thus leading to the
hypothesis that they could have, depending on circum-
stances, different functional roles (Di Marzo and Cristino,
2008; Maccarrone et al., 2008).

To investigate the relative contribution and/or potential
overlapping roles of AEA and 2-AG signaling pathways in
socio-emotional responses across development, we tested
the effects of the dual FAAH/MAGL inhibitor JZL195, that
induces a simultaneous elevation in both AEA and 2-AG local
signaling (Long et al., 2009b), on social and anxiety-like
behaviors in adolescent and adult rats.

We found that, at the dose of 0.01 mg/kg, JZL195
increased the frequency of pinning and pouncing, the two
most characteristic parameters of social play behavior in
adolescent rats. These effects were mediated by activation
of CB1 cannabinoid receptors, since they were antagonized
by pre-treatment with the CB1 cannabinoid receptor
antagonist SR141716A. This dose of JZL195 selectively
increased play-related behaviors, since it did not alter
general social exploration and did not affect behavior in
the elevated plus-maze test. The effects of JZL195 on social
behavior in adolescent rats were biphasic since the drug,
administered at the dose of 1 mg/kg, decreased the total
time spent in general social exploration, without affecting
play-related behaviors. At the dose of 1 mg/kg, JZL195 also
induced an anxiogenic-like profile in adolescent rats tested
in the elevated plus-maze test. Both these effects were
mediated by activation of CB1 cannabinoid receptors.

When JZL195 was administered to adult rats at the dose of
0.01 mg/kg, it increased the total time and frequency of social
behaviors, both related and unrelated to play, through the
activation of CB1 cannabinoid receptors, with no effects in the
elevated plus-maze. Conversely, at the dose of 1 mg/kg,
JZL195 did not affect adult social interaction, but induced
CB1-dependent anxiogenic-like effects in the elevated plus-
maze test.

It has been shown that JZL195 can induce in rodents
effects similar to those induced by the main active compo-
nent of Cannabis sativa, delta 9-tetrahydrocannabinol
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Figure 5 Effects of JZL195 in the elevated plus-maze test in adult rats. At the dose of 1 mg/kg, JZL195 decreased the percentage
of total time spent in the open arms (a) and the percentage of open arm entries (b) in the elevated plus-maze test in adult rats. Pre-
treatment with the CB1 cannabinoid receptor antagonist SR141716A (1 mg/kg; i.p.) antagonized these effects (c, d). Data represent
mean7SEM percentage of total time spent in open arms (a, c) and open arm entries (b, d). *po0.05 vs. vehicle treatment;
$po0.05, $$po0.01 vs. vehicle/JZL195 (Student–Newman–Keuls posthoc test). N=8–16 per treatment group.

A. Manduca et al.1370
(THC). First, JZL195 impaired short-term spatial memory in
the Morris water maze task in adult mice (Wise et al., 2012),
suggesting that simultaneous increase in brain AEA and 2-AG
levels results in disrupted memory performance. Second,
unlike selective FAAH or MAGL inhibitors, JZL195 induced
profound THC-like effects in a drug discrimination paradigm
in mice (Long et al., 2009b). Third, it induced hypolocomo-
tion in rats through the simultaneous increase in 2-AG and
AEA levels in several brain regions (Seillier et al., 2014). To
discriminate, if the effects induced by JZL195 were beha-
viorally specific or could be due to changes in locomotor
activity or THC-like behavioral effects, we tested JZL195-
treated rats in the tetrad assay for cannabimimetic activity,
consisting of tests for antinociception, catalepsy, hypomo-
tility and hypothermia (Compton et al., 1992; Long et al.,
2009b). The results of these experiments show that the
effects of JZL195 on social and anxiety-like behaviors were
behaviorally specific, since at the doses that affected
behavior in the social interaction and elevated plus-maze
tests, JZL195 did not induce changes in locomotion or other
THC-like effects. Thus, while high doses of JZL195 have
cannabimimetic activity, low doses induce specific effects
on emotionality and sociability in rats.

To investigate the potential neurochemical mechanisms
underlying the behavioral effects of JZL195, we measured
brain AEA and 2-AG levels in adolescent and adult JZL195-
treated rats. First, we found age-dependent baseline
changes in brain AEA but not 2-AG levels. Thus, brain AEA
levels were higher in vehicle-treated adult compared to
adolescent rats, while 2-AG levels were stable across the
two ages. This is in line with previous findings reporting the
occurrence of developmental increases in AEA but not 2-AG
levels in the rat brain (Berrendero et al., 1999; Lee et al.,
2013; Rubino et al., 2014). The observed increase in brain



Figure 6 Effects of JZL195 on brain AEA and 2-AG levels in adolescent and adult rats. Baseline AEA levels were higher in vehicle-
treated adult rats compared to vehicle-treated adolescent rats (a). In adolescent rats, JZL195 increased brain AEA levels at the dose
of 1 mg/kg (a), while it increased brain 2-AG levels (b) at the doses of 0.01 and 1 mg/kg. In adult rats, JZL195 increased brain 2-AG
levels at all doses tested (b), without any change in AEA content (a). Data represent mean7SEM AEA and 2-AG analyte levels.
*po0.05, **po0.01; ***po0.001 vs. vehicle treatment of the corresponding age group; $$$po0.001 vs. vehicle-treated adolescent
rats (Student–Newman–Keuls post-hoc test). N=9–10 per treatment group.
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AEA levels from adolescence to adulthood may depend on
parallel developmental changes in the activity of either
FAAH or AEA synthesizing enzymes. To support the first
possibility, it has been shown that FAAH activity is higher in
several brain regions of adolescent than adult rats (Lee
et al., 2013; Rubino et al., 2014).

JZL195 induced specific dose- and age-dependent changes
in brain AEA and 2-AG levels. At the dose of 0.01 mg/kg, it
increased 2-AG levels in the brain of adolescent rats without
changing AEA content, suggesting that the play-enhancing
effects induced by this dose of JZL195 in adolescent rats are
mediated by brain 2-AG rather than AEA elevation. We have
previously shown that URB597, that increases AEA activity by
inhibiting its hydrolysis, also enhances social play behavior
through activation of CB1 cannabinoid receptors (Trezza et al.,
2012b; Trezza and Vanderschuren, 2008a). The present results
extend our previous findings by providing the first evidence for
a specific role of 2-AG in social play behavior in adolescent
rats. The failure to correlate the increase in social play
behavior induced by this dose of JZL195 with any change in
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brain AEA levels may be due either to the inability of this dose
of JZL195 to significantly inhibit FAAH activity or to changes of
AEA levels occurring in specific brain areas only. Indeed, our
previous studies demonstrated that social play behavior
increased AEA levels in the amygdala and nucleus accumbens
but not prefrontal cortex and hippocampus of adolescent rats
(Trezza et al., 2012b). Unlike our previous study, here we
measured whole brain AEA and 2-AG levels in rats that were
not tested for social interaction. Thus, we cannot exclude the
possibility that AEA would increase selectively in some brain
regions modulating social behavior rather than others. Last, it
has been shown that 2-AG is approximately 200-fold more
abundant than AEA in the rodent brain (Stella et al., 1997;
Sugiura et al., 1995); thus, at the dose of 0.01 mg/kg, it is still
possible that JZL195 increased both brain 2-AG and AEA levels,
but the latter may be undetectable through whole brain
endocannabinoid measurement.

Conversely, a simultaneous increase in brain AEA and 2-
AG content was observed when adolescent rats were
treated with 1 mg/kg of JZL195. Thus, a crosstalk between
these two endocannabinoid signaling pathways may be
responsible of the anxiety-like behavior displayed in the
elevated plus-maze by adolescent rats treated with this
dose of JZL195. Furthermore, since this dose of JZL195
reduced general social interaction without affecting social
play behavior, these findings support the idea that, in young
mammals, social behaviors related and unrelated to play
can be dissociated, both behaviorally and neurobiologically.

Interestingly, when administered to adult rats, JZL195
selectively increased brain 2-AG levels at all doses tested,
without changing AEA content. The lower FAAH activity
displayed by adult rats compared to adolescent animals (Lee
et al., 2013; Rubino et al., 2014) could explain why JZL195 did
not affect brain AEA levels at any dose. Furthermore, these
results suggest that both the increased sociability displayed by
adult rats treated with JZL195 at the dose of 0.01 mg/kg and
the anxiogenic phenotype induced by the drug at the dose of
1 mg/kg may be due to increased brain 2-AG levels, pointing
to an important role of this lipid messenger in the socio-
emotional behavior of adult rats. Previous studies have shown
that the administration of the selective MAGL inhibitor JZL184
reduced anxiety-like behaviors in adult rodents (Almeida-
Santos et al., 2013; Kinsey et al., 2011; Sciolino et al.,
2011). These findings seem to be in contrast with our results
showing anxiogenic-like effects induced by JZL195 at the dose
of 1 mg/kg, which were paralleled by increased brain 2-AG
content. Differences in the rodent species, route of adminis-
tration and doses used may account for these discrepancies.
Furthermore, although MAGL is the primary enzyme respon-
sible for 85% of 2-AG catabolism, other enzymes such as
ABHD6 and ABHD12 contribute to 2-AG degradation (Blankman
et al., 2007). It has been reported that JZL195 inhibits ABHD6
but not any of the other brain serine hydrolases in mice (Long
et al., 2009b). Thus, it is possible that inhibition of this minor
2-AG catabolic enzyme by JZL195 may have consequences on
anxiety-related behaviors that differ from those induced by
selective MAGL inhibition. This possibility deserves further
investigation.

To summarize, our results show that AEA and 2-AG sign-
aling pathways engage in extensive interactions in the
rodent brain to modulate socio-emotional behavior and that
the dual FAAH/MAGL inhibitor JZL195 serves as a useful
pharmacological probe to evaluate the behavioral impact of
simultaneous elevations in AEA and 2-AG endogenous levels.
Furthermore, these findings open a promising role for 2-AG
in the modulation of social behavior in both adolescent and
adult rats, which until now was mainly attributable to AEA
(Marco et al., 2011; Trezza et al., 2012b). However, whether
these interactions occur via crosstalk between distinct AEA-
and 2-AG-regulated neuronal circuits or through co-signaling
at the same CB1 cannabinoid receptors remains unknown
and warrant further investigation.
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