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A B S T R A C T   

Anxiety and stress disorders are often characterized by an inability to extinguish learned fear responses. Orexins/ 
hypocretins are involved in the modulation of aversive memories, and dysregulation of this system may 
contribute to the aetiology of anxiety disorders characterized by pathological fear. The mechanisms by which 
orexins regulate fear are unknown. Here we investigated the role of the endogenous cannabinoid system in the 
impaired fear extinction induced by orexin-A (OXA) in male mice. The selective inhibitor of 2-arachidonoylgly
cerol (2-AG) biosynthesis O7460 abolished the fear extinction deficits induced by OXA. Accordingly, increased 2- 
AG levels were observed in the amygdala and hippocampus of mice treated with OXA that do not extinguish fear, 
suggesting that high levels of this endocannabinoid are related to poor extinction. Impairment of fear extinction 
induced by OXA was associated with increased expression of CB2 cannabinoid receptor (CB2R) in microglial cells 
of the basolateral amygdala. Consistently, the intra-amygdala infusion of the CB2R antagonist AM630 completely 
blocked the impaired extinction promoted by OXA. Microglial and CB2R expression depletion in the amygdala 
with PLX5622 chow also prevented these extinction deficits. These results show that overactivation of the orexin 
system leads to impaired fear extinction through 2-AG and amygdalar CB2R. This novel mechanism could be of 
relevance for the development of novel potential approaches to treat diseases associated with inappropriate 
retention of fear, such as post-traumatic stress disorder, panic anxiety and phobias.   
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1. Introduction 

Orexin-A/hypocretin-1 (OXA) and Orexin-B/hypocretin-2 (OXB) are 
neuropeptides of the lateral hypothalamus that project throughout the 
brain [1,2] and bind two G protein-coupled receptors, orexin receptor-1 
(OX1R) and (OX2R) [1,2]. The orexin system is involved in diverse 
physiological functions including fear regulation [3,4], consistent with 
the existence of orexin neuronal projections to several limbic areas [5]. 

Pharmacological blockade or genetic deletion of OX1R impaired 
contextual and cued fear conditioning [6–9] in rodents. Moreover, OX1R 
antagonism facilitated fear extinction consolidation [8,10,11], while 
OXA administration impaired this response [8]. Accordingly, the ac
tivity of orexin neurons was negatively correlated with successful 
extinction of conditioned fear in rats [12]. Reactivity to CO2 was 
significantly predictive of orexin activity in the lateral hypothalamus, 
and in turn high orexin activity was associated with poor extinction 
[13]. In humans, several studies have also described a relationship be
tween orexins and fear and anxiety. Individuals with narcolepsy, a 
condition associated with a loss of orexin neurons [14], showed reduced 
amygdala activity and failed to acquire fear memory during aversive 
conditioning [15]. Patients with panic anxiety have elevated levels of 
OXA in the cerebrospinal fluid (CSF) [16]. However, a clinical study 
showed a reduction of OXA levels in the CSF and plasma of combat 
veterans with chronic PTSD and these levels were negatively correlated 
with PTSD severity [17]. Recently, an interaction between genetic 
polymorphisms of the OX1R and ghrelin genes was shown to affect PTSD 
symptom severity [18]. 

The endocannabinoid system (ECS), composed of two main re
ceptors, the cannabinoid type-1 and type-2 receptors (CB1R and CB2R, 
respectively), their ligands, i.e. the endocannabinoids anandamide 
(AEA) and 2-arachidonoylglycerol (2-AG), and the enzymes involved in 
endocannabinoid metabolism [19] is an important neuromodulatory 
system crucial for appropriate fear extinction [20]. AEA through CB1R 
activation in the basolateral amygdala (BLA) facilitates fear extinction 
[21,22]. However, the role played by 2-AG in this response is less 
evident, and it has been suggested that an optimal level of this endo
cannabinoid is required for appropriate processing of fear responses [23, 
24]. Several reports have described the existence of functional in
teractions between orexins and 2-AG, mainly in the regulation of noci
ception, reward and food intake [25,26]. However, whether the ECS is 
part of the neurobiological substrates underlying the modulation that 
orexins exert on fear remains to be clarified. 

In this study, we investigated the participation of the ECS in the fear 
extinction deficits induced by orexin-A. Understanding the neurobio
logical mechanisms involved in these effects is essential to identify novel 
targets for the treatment of anxiety disorders characterized by patho
logical fear. 

2. Material and methods 

2.1. Animals 

Experiments were performed using male C57BL/6 J mice (Jackson 
Laboratories) and the recently characterized eGFP-CB2R mice (gener
ated by Dr. Julián Romero and Dr. Cecilia J. Hillard) and their wild-type 
controls (8–12 weeks old) [27]. eGFP-CB2R mice result in the expression 
of the enhanced green fluorescent protein (eGFP) reporter gene under 
the control of the endogenous mouse CB2R promoter. eGFP-CB2R mice 
were backcrossed for at least five generations to C57BL/6 J mice. Mice 
were housed in cages holding a maximum of 5 mice per cage and 
maintained in a temperature (21.1 ± 1 ºC)- and humidity (55 ±
10%)-controlled room. Mice implanted with unilateral or bilateral 
cannulae were individually housed to avoid cannulae shifting or 
removal. Food and water were available ad libitum. Lightning was 
maintained in 12 h light/dark cycles (light on at 8:00 AM and off at 8:00 
PM). All experiments were performed during the light phase. Mice were 

handled daily for 3 days before the beginning of the experiments. All 
behavioural experiments were performed under blind conditions. 
Experimental procedures were conducted in the animal facilities of 
Universidad Francisco de Vitoria in Madrid, Spain, in accordance with 
the guidelines of the European Communities Directive 2010/63/EU and 
the Spanish Regulations RD 1201/2005 and 53/2013 regulating animal 
research and approved by the local ethical committee (CEEA-UFV). 

2.2. Drugs 

OXA (synthesized by Dr. David Andreu, Proteomics and Protein 
Chemistry, UPF, Barcelona) was dissolved in physiological saline and 
administered by intracerebroventricular (i.c.v.) route at 0.75nmol⋅µl− 1 

or intra-BLA (0.375nmol/0.5 µl/side). This dose was based on previous 
studies [8]. The FAAH inhibitor URB597 (3 mg⋅kg− 1) (Sigma) and the 
MAGL inhibitor JZL184 (8 mg⋅kg− 1) (Tocris), dissolved in physiological 
saline and in a solution of 15% dimethyl sulfoxide (DMSO), 5% Tween 
and 80% saline respectively, were administered by intraperitoneal (i.p.) 
route (5 ml⋅kg− 1 body weight). The DAGL inhibitor O7460 (synthesized 
by Dr. Vincenzo Di Marzo, Pozzuoli, Italy) was dissolved in 10% DMSO 
and 90% saline, and a volume of 1 µl was administered i.c.v. at 1 µg⋅µl− 1. 
The CB1R and CB2R antagonists, rimonabant (0.1, 0.5 and 1 mg⋅kg− 1) 
(Tocris) and AM630 (0.5, 3 and 5 mg⋅kg− 1) (Sigma) respectively, were 
administered i.p. (10 ml⋅kg− 1 body weight). Rimonabant was dissolved 
in a solution of 5% ethanol, 5% cremophor and 90% saline. AM630 was 
dissolved in a solution of 10% DMSO, 10% Tween 80% and 80% saline 
for i.p. and in DMSO/saline (2:1) for intra-BLA infusion (3 µg/0.5 
µl/side). The CB2R agonist JWH133 (2 mg⋅kg− 1) (Tocris) was dissolved 
in a solution of 10% DMSO, 10% Tween 80% and 80% saline, and 
administered by i.p. route (10 ml⋅kg− 1 body weight). This dose was 
based on previous studies [28]. Ketamine hydrochloride (7.5 mg⋅kg− 1) 
and dexmedetomidine hydrocloride (0.5 mg⋅kg− 1) were mixed and 
dissolved in saline, and administered i.p. (6 ml⋅kg− 1 body weight). 

2.3. Behavioural experiments 

2.3.1. Contextual fear conditioning and extinction 
Mice were contextually fear-conditioned as performed in preceding 

experiments and based on previous results of our group [8,10]. The test 
chamber (LE116, Panlab) was made with black methacrylate walls and a 
transparent front door. This chamber (25 ×25×25 cm) was located in
side a soundproof module with a ventilation fan in order to provide a 
background noise and attenuate surrounding sounds. The chamber floor 
was constructed of parallel stainless-steel bars of 2 mm of diameter 
spaced at 6 mm intervals and was connected to a scrambled shock 
generator (LE100–26 module, Panlab). A high-sensitivity weight trans
ducer (load cell unit) was used to record and analyse the signal gener
ated by the animal movement intensity. Experimental software 
PACKWIN V2.0 automatically calculated the percentage of immobility 
time for each experimental phase. Before each trial, the chamber floor 
and walls were cleaned with 70% ethanol and then water to avoid ol
factory cues. On the conditioning session, mice were individually placed 
in the chamber during 180 s before the exposure to the first uncondi
tioned stimulus (US) in the absence of any stimulus to habituate mice to 
the new environment. After the US (0.7 mA footshock for 1 s), mice were 
left for 60 s to associate the US with the conditioned stimulus. A second 
shock was given and then mice remained in the chamber for additional 
60 s. Fear extinction trials (E1-E5) were performed 24, 48, 72, 96 and 
120 h after the conditioning day. 

To study the consolidation of fear extinction, pharmacological 
treatments were administered immediately after the extinction session, 
except OXA which was administered 20 min later. Fear memory was 
assessed as the percentage of time that mice spent freezing during the 
first 3 min of each 5-minutes trial. Freezing behaviour, a rodent’s nat
ural response to fear, was automatically evaluated and defined as 
complete lack of movement, except for breathing for more than 800 ms. 
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Data from fear extinction were expressed as percentage of freezing 
behaviour and as area under the curve (AUC). AUC was calculated by 
using a standard trapezoid method, AUC = [0.5 × (B1 + B2) × h] + [0.5 
× (B2 + B3) × h] + … [0.5 × (Bn+ Bn+1) × h], where Bn were the 
percentage of freezing behaviour for each mouse and h was the time 
(days) passed between the consecutive measurements. Biochemical 
studies were carried out after the second extinction trial. 

2.3.2. Locomotor activity 
Locomotor activity was evaluated as previously reported [8]. 

Changes in locomotor activity were assessed by using locomotor activity 
boxes (27 ×27×21 cm, Cibertec). Mice were placed in locomotor cages 
with low luminosity. Activity was measured as the total number of 
infrared beams crossed by the animal every 5 min for 20 min. 

2.4. Stereotaxic surgery and infusion procedure 

Surgical procedures for i.c.v. infusion of OXA and intra-BLA 
administration of AM630 and OXA were performed as previously re
ported [8]. 

2.4.1. Intracerebroventricular infusion 
Mice were anesthetized with a ketamine/dexmedetomidine mixture 

and positioned in a stereotaxic frame (KOPF Instruments). A small hole 
was drilled on the left or the right side of the skull randomly and an 
unilateral cannula (26 gauge, Plastics One) was implanted vertically into 
the left/right lateral ventricle according to Paxinos and Franklin [29] 
(from bregma: AP, − 0.20 mm; ML, +/-1.00 mm; DV, 2.25 mm). The 
cannula was subsequently fixed to the skull with dental cement and 
closed with a dummy cap (33-gauge internal cannula, Plastics One). 
Mice were housed individually and allowed 3 days of post-operative 
recovery before behavioral experiments began. Microinjection proced
ure of OXA (0.75 nmol⋅µl) was performed by connecting the cannula of 
freely moving mice to an injection cannula (33-gauge internal cannula, 
Plastics One) connected to a polyethylene tubing (PE-20, Plastics One) 
attached to a 10 µl microsyringe (Model 1701 N SYR, Cemented NDL, 26 
ga, 2 in, point style 3, Hamilton Company). A total volume of 1 µl was 
injected at a constant rate of 1 µl⋅min by using a microinfusion pump 
(Harvard Apparatus, Holliston). The injection cannula was removed 1 
min after OXA infusion to prevent drug reflux. After completion of the 
behavioral experiments, 0.05% methylene blue solution (Sigma) was 
infused to check the correct position of the cannula. Only those mice 
with correct injection sites were included in the statistical analysis. 

2.4.2. Intra-amygdala microinjection 
Stereotaxic surgery was performed as explained above. Bilateral 

guide cannulae (26 gauge, Plastics One) were implanted vertically into 
the basolateral amygdala (BLA) according to Paxinos and Franklin [29] 
(from bregma: AP, − 1.70 mm; ML, +/-3.35 mm; DV, − 3.00 mm). Mi
croinjections of AM630 (3 µg/0.5 µl/side) and OXA (0.375 nmol//0.5 
µl/side) were performed by inserting an injection cannula (33 gauge, 
Plastics One) into the guide cannula, which extended 1 mm beyond to 
reach the BLA. Drugs and vehicles were delivered at a constant rate of 
0.5 µl⋅min− 1 during 1 min. Injection cannula was removed from the 
guide cannula 1 min after infusion to prevent drug reflux. After 
completion of the behavioral experiments, coronal sections of each brain 
were stained with toluidine blue and the injection sites were histologi
cally verified to be within the BLA. Only those mice with correct injec
tion sites were included in the statistical analysis. 

2.5. Measurement of endocannabinoid levels 

Endocannabinoid quantification was performed as previously re
ported [30]. Tissues were homogenized in 5 vol of chlor
oform/methanol/Tris–HCl 50 mM (2:1:1) containing 1 pmol of 
d8-anandamide (AEA) and d5–2-arachidonoylglycerol (2-AG). 

Deuterated standards were synthesized from d8-arachidonic acid and 
ethanolamine or glycerol, or from d4-ethanolamine. Homogenates were 
centrifuged at 13,000 g for 16 min (4 ◦C), the aqueous phase plus debris 
were collected and extracted again twice with 1 vol of chloroform. The 
organic phases from the three extractions were pooled and the organic 
solvents evaporated in a rotating evaporator. Lyophilized extracts were 
resuspended in chloroform/methanol 99:1 by vol. The solutions were 
then purified by open bed chromatography on silica. Fractions eluted 
with chloroform/methanol 9:1 by vol. (containing AEA and 2-AG) were 
collected and the excess solvent evaporated with a rotating evaporator, 
and aliquots analyzed by isotope dilution-liquid chromatogra
phy/atmospheric pressure chemical ionization/mass spectrometry 
(LC-APCI–MS) and allowing the separations of 2-AG and AEA. MS 
detection was carried out in the selected ion monitoring mode using m/z 
values of 356 and 348 (molecular ion +1 for deuterated and undeu
terated AEA), and 384.35 and 379.35 (molecular ion +1 for deuterated 
and undeuterated 2-AG). Values were expressed as pmol or fmol per mg 
of lipid extract. 

2.6. Quantitative RT-PCR analysis 

Amygdala, prefrontal cortex and hippocampus tissues were extracted 
10 min after the end of the extinction trial and immediately frozen at −
80ºC. Total RNA was purified with the RiboPure™ Kit (Invitrogen) for 
amygdala and prefrontal cortex, and the RNeasy Mini Kit (QIAGEN) for 
hippocampus, according to the manufacturer’s instructions. Reverse 
transcription was performed with 0.8 µg of total RNA and the Super
Script™ II Reverse Transcriptase (Invitrogen). PCR reactions were 
conducted using PrimePCR™ Probe Assay (Bio-Rad) to quantify mRNA 
levels for DAGLα (Unique Assay ID: qMmuCIP0032590), MAGL (Unique 
Assay ID: qMmuCIP0042348), NAPE-PLD (Unique Assay ID: qMmu
CIP0035707), FAAH (Unique Assay ID: qMmuCEP0055480), CB1R 
(Unique Assay ID: qMmuCEP0038879), CB2R (Unique Assay ID: 
qMmuCEP0039299) and CX3CR1 (Unique Assay ID: qMmu
CEP0058111) using GAPDH expression (Unique Assay ID: qMmu
CEP0039581) as endogenous control gene for normalization. PCR assays 
were carried out with the CFX Connect Real-Time PCR Detection System 
(Bio-Rad). The fold changes in gene expression of OXA-treated animals 
in comparison with controls were calculated using the 2-ΔΔCt method. 

2.7. Tissue preparation, immunofluorescence and image analysis 

Immunofluorescence was performed as previously reported [27]. 

2.7.1. Tissue preparation for immunofluorescence 
Mice were deeply anesthetized 30 min after the extinction trial by i. 

p. injection of the ketamine/dexmedetomidine solution and fixed by 
intracardiac perfusion with cold phosphate buffer saline (PBS) followed 
by freshly prepared cold 4% paraformaldehyde. Then, the brain was 
post-fixed overnight in the same fixative and dehydrated by sequential 
transfer to 15% and 30% sucrose solutions. Coronal frozen sections of 
30 µm thickness were obtained in a cryostat from 0.82 to − 1.82 mm 
relative to bregma for BLA, from 1.98 to 1.54 mm relative to bregma for 
prefrontal cortex and from − 1.46 to − 2.18 mm relative to bregma for 
hippocampus. Brain sections were preserved in cryoprotective solution 
until use. 

2.7.2. Immunofluorescence 
Floating brain sections were washed with tris buffer saline (TBS) 

before overnight incubation at 4 ºC with the designated primary anti
bodies diluted in TBS containing 1% bovine serum albumin (BSA, 
Sigma) and 1% Triton X-100 (Sigma). Antibodies used in this study were 
chicken antibody against green fluorescent protein (GFP) (1:1500, 
Abcam) and rabbit polyclonal antibody to Iba1 (1:1000, Wako). After 
primary antibody incubations, sections were washed three times in TBS 
followed by incubations with designed secondary antibodies at 37 ºC for 
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2 h. Secondary antibodies used in this study were Alexa 488-conjugated 
goat anti-chicken IgY and Alexa 555-conjugated goat anti-rabbit IgG 
(both from Invitrogen). Slices were washed three times in TBS, mounted 
on subbed slides, air dried, and coverslipped using Fluoromount-G 
(Invitrogen). 

2.7.3. Image analysis 
The stained sections were analysed at 10 x objective using the up

right microscope Nikon 90i (Nikon and Axioimager M2, Zeiss) equipped 
with a DXM 1200 F camera. Images (1024 × 1024 pixels) were obtained 
by using two different laser lines (488 and 561 nm) and further analysed 
in ImageJ software. GFP+ cells were counted (cells per area) in coronal 
sections of BLA (from − 0.82 to − 1.82 mm relative to bregma), pre
frontal cortex (from 1.98 to 1.54 mm relative to bregma) and hippo
campus (from − 1.46 to − 2.18 mm relative to bregma). Colocalization of 
GFP with microglial cells was quantified using the ImageJ manual par
ticle counting option. The option “freehand selections” was used to limit 
the area of BLA and the microglial soma perimeter. For prefrontal cortex 
analysis, a 540 µm side square region of interest (ROI) was delimited for 
quantification. Four to six images per brain area of each animal were 
analysed. 

2.8. Microglial depletion through chow treatment 

The colony stimulating factor 1 receptor (CSF1R) inhibitor PLX5622 
was provided by Plexxikon (Plexxikon Inc) and formulated in AIN-76A 
chow at dose of 1200 parts per million (Research Diets). Blockade of 
maintained CSF1R induces continuous microglial depletion. C57BL/6 
mice received PLX5622 or control chow for 4 days after stereotaxic 
surgery recovery and throughout the behavioural test. The selected dose 
and duration of PLX5622 treatment were based on previous studies 
showing 80% microglial depletion with the same dose and similar 
treatment duration [31]. 

2.9. Statistical analysis 

Comparisons between two groups were assessed by Student’s t tests. 
Multiple-group comparisons were performed by one-way or two-way 
analysis of variance (ANOVA), as appropriate. Repeated-measurement 
ANOVA was used for serial freezing and locomotion responses. Subse
quent Fisher’s LSD post-hoc test was only used when ANOVA interaction 
effects were significant. Pearson correlation coefficient was used to 
analyse the strength of relationship between two variables. All data were 
expressed as mean ± SEM. The statistical analysis was performed using 
Statistica (StatSoft) software. The level of significance was p < 0.05 in 
all experiments. 

3. Results 

3.1. Impairment of fear extinction induced by OXA is mediated by 2-AG 

First, we evaluated the effect of 2-AG and AEA in the extinction of 
fear memories by inhibiting the activity of monoacylglycerol lipase 
(MAGL) and fatty acid amide hydrolase (FAAH), the enzymes that 
degrade 2-AG and AEA respectively, in a contextual fear conditioning 
paradigm (Fig. 1A). The MAGL inhibitor JZL184 (8 mg⋅kg− 1, ip), but not 
the FAAH inhibitor URB597 (3 mg⋅kg− 1, ip), significantly impaired fear 
extinction as showed the increase of freezing behaviour and AUC 
(Fig. 1B,C) when compared to the control group. Locomotor activity was 
not modified in mice 24 h after acute administration of JZL184 (8 
mg⋅kg− 1, ip) (Fig. S1), demonstrating that the changes observed in 
freezing behaviour were not due to unspecific effects on locomotion. 
OX1R activation in response to OXA promotes diacylglycerol (DAG) 
production which in turn is used by diacylglycerol lipases (DAGL) as a 
substrate for 2-AG synthesis [26,32]. Interestingly, the pretreatment 
with the specific DAGL inhibitor O7460 (1 µg⋅µl− 1, icv) before OXA 

(0.75nmol⋅µl− 1, icv) (Fig. 1A) prevented the impairment of fear 
extinction induced by the neuropeptide (Fig. 1D,E). Taken together, 
these results suggest that OXA recruits 2-AG to regulate fear extinction. 

Next, we studied whether acute OXA infusion, at the same dose that 
produces impairment of fear extinction, increases 2-AG levels in 
amygdala, prefrontal cortex and hippocampus, key brain regions related 
to contextual fear regulation [33]. An enhancement of 2-AG was 
observed in the amygdala 10 min, but not 30 min, following OXA 
administration (Fig. 1F). In the prefrontal cortex, 2-AG increased 
30 min, but not 10 min, after OXA injection (Fig. 1G). Surprisingly, a 
decrease of 2-AG was found in the hippocampus 30 min after OXA 
infusion (Fig. 1H). There were no significant differences between saline 
and OXA treatment groups at 60 min (Fig. S2), while AEA levels were 
not modified in any brain area at the different time points analysed 
(Fig. S3 and S4). All together, these data suggest that OXA induces 
resistance to fear extinction through increased levels of 2-AG, probably 
in the amygdala. 

3.2. Impaired fear extinction is associated with increased 2-AG levels in 
the amygdala and hippocampus 

To further study the role played by 2-AG in the extinction deficit 
exerted by OXA, we measured endocannabinoid levels just before and 
10 min after the second extinction session in mice treated with saline or 
OXA (0.75nmol⋅µl− 1, icv) after the first extinction trial (Fig. 2A). As 
expected, OXA impaired fear extinction in comparison with control mice 
(Fig. 2B). No changes in 2-AG levels were observed between groups in 
any brain area before the extinction session (Fig. 2C,D,E). Notably, 2-AG 
levels increased in the amygdala and hippocampus (Fig. 2C,E), but not in 
the prefrontal cortex (Fig. 2D), after the extinction session in animals 
treated with OXA that do not extinguish fear (Fig. 2B). Indeed, a sig
nificant correlation between fear memory (freezing values) and 2-AG 
levels was observed in the amygdala (Fig. 2F). No correlation was 
found neither in the prefrontal cortex nor in the hippocampus (Fig. S5). 
OXA did not modify AEA levels analysed before and after the extinction 
session in any brain region (Fig. S6). These results suggest that an 
optimal level of 2-AG is required for appropriate processing of fear re
sponses and that high amygdalar and hippocampal 2-AG levels induced 
by OXA infusion are related to extinction deficits. 

3.3. Impairment of fear extinction induced by OXA is associated with 
increased expression of CB2R in the amygdala 

Given the role played by 2-AG in the extinction deficit induced by 
OXA, we determined the effects of OXA (0.75nmol⋅µl− 1, icv) on gene 
expression of the endocannabinoid-synthesizing and degrading en
zymes, as well as CB1R and CB2R. Brain tissue was removed 10 min after 
the second extinction session, in OXA- or saline-treated mice after the 
first session. In the amygdala, OXA infusion increased the mRNA 
encoding for DAGLα (Fig. 3A), but not MAGL, suggesting that the 
enhancement of 2-AG previously observed is due to the increase in the 
synthesis of this endocannabinoid. However, N-acyl phosphatidyletha
nolamine phospholipase D (NAPE-PLD) expression, but not FAAH, was 
also elevated after OXA treatment (Fig. 3A), indicating that increased 
expression of AEA biosynthetic enzymes was not sufficient alone to 
cause here elevation of the levels of the corresponding endocannabi
noid. Notably, quantitative RT-PCR analysis showed an increase of CB2R 
expression (~53%), but not CB1R, in the amygdala of mice treated with 
OXA that are resistant to fear extinction (Fig. 3A). By contrast, no 
changes were observed in the expression of any of these genes either in 
the prefrontal cortex or the hippocampus (Fig. 3B,C). 

To study the specific location of the CB2R in the amygdala, we used 
the recently characterized eGFP-CB2R mice [27], in which the expres
sion of enhanced green fluorescent protein (eGFP) is under the control of 
the endogenous mouse CB2R promoter. These mice were treated with 
saline or OXA (0.75nmol⋅µl− 1, icv) after the first session trial, and brain 
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Fig. 1. Impaired fear extinction induced by OXA is modulated by 2-AG. (A) Schematic representation of the experimental design for behavioural tests. (B,C) Time 
course of the freezing levels during contextual extinction trials (interaction day x treatment: F8,120 = 2.28, p < 0.05) (B) and AUC values (treatment effect: F2,30 =

7.17, p < 0.01) (C) in mice treated immediately after each extinction session with JZL184 (8 mg⋅kg− 1, ip), URB597 (3 mg⋅kg− 1, ip) or VEH (n = 8− 3 mice per group). 
(D,E) Time course of the freezing levels during contextual extinction trials (day x pretreatment x treatment interaction (F4,128 = 3.16, p < 0.05) (D) and AUC values 
(pretreatment x treatment interaction (F1,32 = 4.11, p < 0.05) (E) in mice treated with O7460 (1 µg⋅µl, icv) immediately after each extinction session, 20 min before 
OXA (0.75 nmol⋅µl− 1, icv) infusion (n = 8–10 mice per group). (F,G,H) Levels of 2-AG in amygdala (F2,14 = 6.56, p < 0.01) (F), prefrontal cortex (F2,15 = 4.26, 
p < 0.05) (G) and hippocampus (F2,15 = 5.56, p < 0.05) (H), in homogenates extracted 10 and 30 min after acute OXA (0.75nmol⋅µl− 1, icv) infusion (n = 5–6 mice 
per group). Data are expressed as mean ± SEM. *p < 0.05, **p < 0.01 (compared with VEH in (B,C), VEH-SAL in (D,E) and SAL in (F,G,H)); #p < 0.05, ##p < 0.01 
(comparison with O7460-OXA group). OXA: orexin-A; VEH: vehicle; SAL: saline; E1-E5: extinction trials 1–5; AUC: area under the curve; 2-AG: 2- 
arachidonoylglycerol. 
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tissue was perfused 30 min after the second extinction session (Fig. 3D). 
Additional control mice were injected with saline or OXA and perfused 
24 h later without exposing to footshock (Fig. 3D). In agreement with 
quantitative RT-PCR analysis, an enhancement of eGFP signal in the BLA 
(~29%) was found in mice infused with OXA 20 min after the first 
extinction session in comparison with saline-treated mice (Fig. 3E,J), 
suggesting an association between impaired extinction and increased 
eGFP (CB2R) expression. Interestingly, most of the eGFP+ cells (~80%) 
co-localized with Iba1, a commonly used marker of microglia (Fig. 3H, 
J), indicating that CB2R-dependent eGFP expression takes place mainly 
in microglial cells. Moreover, a significant increase in the perimeter of 

microglia soma was observed in eGFP+ cells (Fig. 3I), independently of 
saline or OXA treatment. This result indicates that the expression of 
CB2R is associated with a shift of microglia morphology to a reactive 
state which is characterized by larger amoeboid soma [34]. No changes 
in eGFP signal were observed either in the prefrontal cortex or the 
hippocampus due to OXA infusion (Fig. 3F,G). Basal expression of CB2R 
was scarce as shown by the low eGFP immunoreactivity in mice that 
were not exposed to footshock, in the different brain areas evaluated 
(Fig. 3E,F,G). Moreover, OXA administration by itself did not modify 
CB2R expression (Fig. 3E,F,G). Taken together, these data suggest that 
fear extinction deficits induced by OXA are associated with increased 

Fig. 2. High levels of 2-AG in the amygdala and hippocampus are associated with impaired fear extinction. (A) Schematic representation of the experimental design 
for behavioural test. OXA (0.75 nmol⋅µl− 1, icv) or SAL were injected 20 min after E1, and brain tissue was obtained immediately before or 10 min after E2. (B) Time 
spent freezing by SAL- and OXA-treated mice during E1 and E2 (n = 9–12 mice per group) (interaction day x treatment: F1,19 = 7.69, p < 0.05). (C) 2-AG levels in the 
amygdala before (pre-extinction) and 10 min after (post-extinction) E2 (interaction experimental condition x treatment: F1,20 = 4.76, p < 0.05) (n = 6 mice per 
group). (D) 2-AG levels in the prefrontal cortex before (pre-extinction) and 10 min after (post-extinction) E2 (n = 6 mice per group). (E) 2-AG levels in the hip
pocampus before (pre-extinction) and 10 min after (post-extinction) E2 (interaction experimental condition x treatment: F1,18 = 7.32, p < 0.05) (n = 4–6 mice per 
group). (F) Correlation between fear memory (freezing values) and 2-AG levels in the amygdala after E2 in mice treated with SAL or OXA 20 min following E1. Data 
are expressed as mean ± SEM. *p < 0.05, **p < 0.01 (compared with SAL). OXA: orexin-A; SAL: saline; E1-E2: extinction trials 1–2; 2-AG: 2-arachidonoylglycerol. 
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expression of CB2R in microglial cells of the BLA. 

3.4. CB2R mediates the impairment of fear extinction induced by OXA 

2-AG is a full agonist of CB1R and CB2R [35]. Therefore, in view of 
the role played by 2-AG in the impairment of fear extinction induced by 
OXA, we studied the cannabinoid receptor subtype involved in this ef
fect. A low dose of the CB1R antagonist rimonabant (0.5 mg⋅kg− 1, ip) 
(Fig. 4A) was used to rule out an intrinsic effect of this cannabinoid 
ligand. Interestingly, pretreatment with rimonabant potentiated the 
resistance of fear extinction induced by OXA (0.75nmol⋅µl− 1, icv) 
(Fig. 4B,C). On the contrary, blockade of the CB2R with the specific 
antagonist AM630 (3 mg⋅kg− 1, ip) (Fig. 4D) completely prevented the 
extinction deficit induced by OXA (Fig. 4E,F). Locomotor activity was 

not modified in mice 24 h after acute administration of OXA 
(0.75nmol⋅µl− 1, icv), rimonabant (0.5 mg⋅kg− 1, ip), and AM630 
(3 mg⋅kg− 1, ip) (Fig. S7). Pretreatment with rimonabant or AM630 
before OXA also did not alter locomotion 24 h later (Fig. S7). Moreover, 
rimonabant injection (0.5 mg⋅kg-1, ip) before OXA (0.75nmol⋅µl− 1, icv) 
during four days did not induce changes in locomotor activity measured 
24 h after the last administration day (fifth day) (Fig. S8). These data 
demonstrate that the changes observed in freezing behaviour were not 
due to unspecific effects on locomotion. As a whole, these results are in 
agreement with the increased expression of CB2R previously observed in 
the BLA of mice treated with OXA. Moreover, the potentiation of the 
extinction deficits induced by the per se inactive dose of rimonabant 
could reflect a blockade of a compensatory and/or simultaneous facili
tation of fear extinction through activation of CB1Rs. 

Fig. 3. Impaired fear extinction induced by OXA is associated with increased expression of CB2R in the amygdala. (A,B,C) Gene expression of the endocannabinoid 
synthesizing and degrading enzymes, CB1R and CB2R in amygdala (A), prefrontal cortex (B) and hippocampus (C) 10 min after E2 in mice treated with SAL or OXA 
(0.75 nmol⋅µl, icv) 20 min following E1 (n = 8–12 mice per group). (D) Schematic representation of the experimental design for (E-I) biochemical experiments. (E,F, 
G) GFP staining in the basolateral amygdala (interaction experimental condition x treatment: F1,11 = 7.59, p < 0.05) (E), prefrontal cortex (experimental condition: 
F1,10 = 43.89, p < 0.001) (F) and hippocampus (experimental condition: F1,10 = 76.28, p < 0.001 (G) of eGFP-CB2R mice injected with SAL or OXA and sacrificed 
24 h later without receiving footshock, and mice exposed to fear conditioning and sacrificed 30 min after E2, treated with SAL or OXA 20 min following E1 (n = 4–5 
mice per group). (H) Percentage of GFP+ cells expressing Iba1 in the basolateral amygdala of eGFP-CB2R mice after E2, treated with SAL or OXA 20 min following E1 
(n = 4–5 mice per group). (I) Soma perimeter of microglia in GFP+ and GFP- cells in the basolateral amygdala of eGFP-CB2R mice sacrificed after E2, treated with 
SAL or OXA 20 min following E1 (eGFP effect: F1,14 = 37.35, p < 0.01) (n = 4–5 mice per group). (J) Representative images of the basolateral amygdala of eGFP- 
CB2R mice labelling GFP (green), Iba1 (red) and colocalization of GFP and Iba1. The sale bar represents 20 µm. Data are expressed as mean ± SEM. *p < 0.05, 
**p < 0.01 (compared with SAL or GFP- cells); ##p < 0.01 (compared with NO SHOCK group). OXA: orexin-A; SAL: saline; E1-E2: extinction trials 1–2. 
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Given that CB2Rs underpin the fear extinction deficits of OXA, as 
suggested by their blockade by AM630, direct-acting CB2R agonists 
should also promote fear extinction resistance. Accordingly, the CB2R 
agonist JWH133 (2 mg⋅kg− 1, ip), administered immediately after each 
extinction session, impaired fear extinction (Fig. 4G,H), confirming a 
novel functional role for CB2R in the modulation of fear extinction. 

3.5. Intra-amygdala infusion of the CB2R antagonist AM630 prevents the 
fear extinction deficits promoted by OXA 

Considering the behavioural and biochemical data previously 

described, we next evaluated the possible direct participation of CB2Rs 
located in the amygdala in the extinction deficits induced by OXA. For 
this purpose, mice were bilaterally implanted with cannulae into the 
BLA and received intra-structure microinjections of AM630 (3 µg/ 
0.5 µl/side) immediately after each contextual extinction session and 
OXA (0.375nmol/0.5 µl/side) 20 min later. Notably, pretreatment with 
AM630 into the BLA completely blocked the impaired fear extinction 
induced by intra-BLA infusion of OXA (Fig. 5A,B). Representative 
location of the injection sites and a characteristic image of bilateral 
cannulae positions (Fig. 5C,D) are shown. This result demonstrates an 
unequivocal role for amygdalar CB2R in the impaired fear extinction 

Fig. 4. Impaired fear extinction induced by OXA is mediated by CB2R. (A,D) Time course of the freezing levels during contextual extinction trials in mice treated 
with the CB1R antagonist rimonabant (0.1, 0.5 and 1 mg⋅kg− 1, ip) (A) or the CB2R antagonist AM630 (0.5, 3 and 5 mg⋅kg− 1, ip) (D) immediately after each extinction 
session (n = 12–24 mice per group). (B,C,E,F) Time course of the freezing levels during contextual extinction trials (interaction pretreatment x treatment: F1,35 =

4.53, p < 0.05) (B), (interaction pretreatment x treatment: F1,38 = 5.80, p < 0.05) (E) and AUC values (interaction pretreatment x treatment: F1,35 = 5.28, p < 0.05) 
(C), (interaction pretreatment x treatment: F1,38 = 5.78, p < 0.05) (F) in mice treated with rimonabant (0.5 mg⋅kg− 1, ip) (n = 7–12 mice per group) (B,C) or AM630 
(3 mg⋅kg− 1, ip) (n = 9–11 mice per group) (E,F) immediately after each extinction session, 20 min before OXA (0.75 nmol⋅µl− 1, icv) infusion. (G,H) Time course of 
the freezing levels during contextual extinction trials (day x treatment interaction: F4,88 = 2.27, p < 0.05) (G) and AUC values (H) in mice treated with the CB2R 
agonist JWH133 (2 mg⋅kg− 1, ip) immediately after each extinction session (n = 11–13 mice per group). Data are expressed as mean ± SEM. *p < 0.05, **p < 0.01 
(compared with VEH or SAL); #p < 0.05, ##p < 0.01 (comparison between pretreatments). OXA: orexin-A; VEH: vehicle; SAL: saline; E1-E5: extinction trials 1–5; 
AUC: area under the curve. 
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promoted by OXA. 

3.6. Microglial depletion blocks the increase of CB2R expression in the 
amygdala and prevents the impairment of fear extinction induced by OXA 

To determine the contribution of amygdalar CB2R located in 
microglial cells in the fear extinction deficit induced by OXA, we used 
PLX5622, a colony-stimulating factor-1 receptor (CSF1R) antagonist, to 
pharmacologically deplete microglia in animals undergoing the fear 
extinction process. To this aim, 4 days before starting behavioural 
evaluation, both saline- and OXA-treated mice were given either control 
chow or PLX5622 chow (Fig. 5A). Notably, the impairment of fear 
extinction induced by OXA (0.75nmol⋅µl− 1, icv) was totally prevented in 
mice exposed to PLX5622 chow (Fig. 5B,C). PLX5622 chow exposure 
during four days did not modify locomotor activity evaluated 24 h later 
(Fig. S1). In agreement with previous reports [31,36], microglia were 
successfully deleted in the amygdala as shown by the dramatic decrease 
in the expression of the microglial marker CX3CR1 (~80%) by quanti
tative RT-PCR analysis in saline and OXA-treated mice exposed to 
PLX5622 chow (Fig. 5D). Moreover, the enhanced expression of CB2R in 
the amygdala of mice infused with OXA and exposed to control diet that 
are resistant to fear extinction was markedly decreased (~80%) due to 
PLX5622 chow exposure (Fig. 5E). However, as previously observed, 
mRNA expression of CB1R was not affected by either OXA infusion or by 
PLX5622 chow treatment (Fig. 5F). These data suggest that CB2Rs 
located in microglial cells of the amygdala may be involved in the fear 
extinction deficits induced by overactivation of the orexin system. 
(Fig. 6). 

4. Discussion 

Our data demonstrate a pivotal role for 2-AG in the impairment of 
fear extinction induced by OXA. Moreover, we reveal that CB2Rs, spe
cifically those located in the amygdala, are involved in the extinction 
deficit triggered by OXA. 

Orexins are implicated in the modulation of emotional behaviours 
[3,4], and activation of this system is related to poor extinction of 
conditioned fear. In humans, patients with panic anxiety symptoms 

show elevated CSF orexin concentrations [16]. Consistent with this, 
OX1R blockade facilitated fear extinction in animal models [8,11] and 
reduced CO2-induced fear and anxiety symptoms in humans [37]. A 
better understanding of the neurobiological mechanisms by which 
orexins regulate fear extinction may provide novel pharmacologic tar
gets for PTSD or panic disorders. 

OXA triggers biosynthesis of the endocannabinoid 2-AG via the PLC/ 
DAG/DAGLα pathway downstream to OX1R [25], a Gq-protein-coupled 
receptor. Functional interactions between orexins and endocannabi
noids have been reported, mainly in the regulation of pain [38–40], food 
intake [41,42], and cocaine relapse [43]. A general mechanism of these 
interactions implies OXA-induced synthesis of 2-AG and subsequent 
CB1R-dependent retrograde inhibition of GABA release, leading to 
disinhibition of different pathways in brain areas such as the peri
aqueductal grey matter [38] or the ventral tegmental area [43]. 

We investigated the possible involvement of 2-AG in the fear 
extinction deficit induced by OXA given that the ECS also plays an 
important role in the modulation of the extinction of aversive memories 
[20,21]. O7460, a selective inhibitor of DAGLs [44], which are the en
zymes in charge of 2-AG biosynthesis, prevented the impaired fear 
extinction elicited by OXA. Consistently, an early increase of 2-AG, but 
not AEA, was observed in the amygdala after the infusion of OXA at the 
same dose that impairs extinction. At a later time point, 2-AG levels 
increased in the prefrontal cortex, maybe due to an indirect effect of 
OXA rather than direct orexin-mediated stimulation of 2-AG biosyn
thesis. Intriguingly, the levels of 2-AG dramatically decreased in the 
hippocampus at the same later time point. OXA administration could 
modify, through the alteration of 2-AG levels, the communication be
tween these brain regions that underlies important cognitive and 
behavioural functions [45]. Indeed, the ECS is a fundamental regulator 
in synaptic plasticity and functional connectivity in the 
hippocampus-prefrontal cortex pathway [46]. 

Our data also demonstrate that high levels of 2-AG are related to 
resistance of fear extinction. Thus, 2-AG levels increased in the amyg
dala and the hippocampus, but not in the prefrontal cortex, after the 
extinction session in mice treated with OXA that did not extinguish fear. 
A significant correlation between fear memory (freezing values) and 2- 
AG levels was also found in the amygdala. Moreover, in agreement with 

Fig. 5. Intra-amygdala infusion of the CB2R antagonist AM630 blocks the impaired fear extinction induced by intra-amygdala administration of orexin-A. Mice were 
bilaterally cannulated in the BLA, and after recovery were subjected to contextual fear conditioning and extinction procedure. (A,B) Time course of the freezing levels 
during contextual extinction trials (interaction pretreatment x treatment: F1,28 = 7.33, p < 0.05) (A), and AUC values (interaction pretreatment x treatment: F1,28 
= 7.79, p < 0.01) (B), in mice treated with AM630 (3 µg/0.5 µl/side) immediately after each extinction session, 20 min before OXA (0.375nmol/0.5 µl/side) infusion 
(n = 8 mice per group). (C) Schematic representation of microinjections sites within the BLA. The number of dots in the figure is fewer than the actual number of 
animals used because of data overlapping. (D) Photomicrograph of a coronal section of a representative subject showing bilateral injection sites within the mice BLA. 
Data are expressed as mean ± SEM. **p < 0.01 (compared with VEH or SAL); #p < 0.05; ##p < 0.01 (comparison between pretreatments). OXA: orexin-A; VEH: 
vehicle; SAL: saline; E1-E5: extinction trials 1–5; AUC: area under the curve. 
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previous reports [23], the administration of JZL184, an inhibitor of 
MAGL which is responsible for 2-AG degradation, impaired fear 
extinction. Therefore, an optimal level of 2-AG could be required for 
appropriate processing of fear responses since mice deficient in DAGLα, 
which have reduced 2-AG brain levels, also exhibit impaired fear 
extinction [47]. This is feature also of germ-free mice [48], which are 
also characterised by lower brain 2-AG levels [49]. On the other hand, 
CB1R knockout mice and wild-type mice treated with the CB1R antag
onist rimonabant show resistance to fear extinction [21] and consis
tently, AEA facilitates fear extinction by CB1R activation in the BLA 
[22]. Taken together, these data suggest potentially opposing functions 
of AEA and 2-AG on fear extinction modulation indicating that endo
cannabinoid signalling could play a more complex role in the regulation 

of fear learning processes than previously thought. 
We next explored the cannabinoid receptor subtype involved in the 

mediation exerted by 2-AG in OXA-induced impaired fear extinction 
given that this endocannabinoid, unlike AEA, is a full agonist at CB1R 
and CB2R [35]. In this study we propose that CB2Rs located in the 
amygdala are involved in the fear extinction deficit produced by OXA 
infusion. This proposal is based on the following observations: (i) mRNA 
levels of CB2R increased in the amygdala, but not in the prefrontal 
cortex or the hippocampus, in mice treated with OXA and resistant to 
fear extinction. Importantly, a similar increase of CB2R was observed in 
the BLA by using eGFP-CB2R mice. Most of CB2Rs colocalized with 
microglial cells, which were activated by the presence of this cannabi
noid receptor subtype; (ii) systemic and intra-BLA CB2R antagonism 

Fig. 6. Microglial and CB2R depletion in the amygdala with PLX5622 chow prevents the impairment of fear extinction induced by OXA. (A) Schematic represen
tation of the experimental design. (B,C) Time course of the freezing levels during contextual extinction trials (interaction day x diet x treatment: F4,152 = 3.78, 
p < 0.01) (B) and AUC values (interaction diet x treatment: F1,38 = 14.77, p < 0.001) (C) in mice treated with SAL or OXA (0.75 nmol⋅µl− 1, icv) 20 min after each 
extinction session, and exposed to control or PLX5622 chow (n = 10–11 mice per group). (D-F) Gene expression of CX3CR1 (diet effect: F1,31 = 204.81, p < 0.001) 
(D), CB2R (interaction diet x treatment: F1,30 = 13.28, p < 0.01) (E), and CB1R (F) in the amygdala of mice treated with SAL or OXA (0.75nmol⋅µl, icv) 20 min after 
each extinction session, and exposed to control or PLX5622 chow. Tissue was extracted 10 min after the last extinction session (n = 7–10 mice per group). Data are 
expressed as mean ± SEM. **p < 0.01 (compared with SAL); #p < 0.05, ##p < 0.01 (comparison between diets). OXA: orexin-A; CTRL: control diet; SAL: saline; E1- 
E5: extinction trials 1–5; AUC: area under the curve. 
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with AM630 completely prevented the extinction deficit of OXA; (iii) 
administration of the selective CB2R agonist, JWH133, induced 
impairment of fear extinction; (iv) microglia depletion in the amygdala 
following exposure to PLX5622 chow reduced the increased expression 
of CB2R in OXA-treated mice, and suppressed the extinction deficit 
induced by the neuropeptide, suggesting a participation of CB2Rs 
located in microglial cells of the amygdala in this effect. Conversely, 
CB1R mRNA was not altered by microglia reduction, consistent with the 
main localization of this receptor in neurons. 

Although the CB2R was initially regarded as a peripheral cannabi
noid receptor, several studies indicate that this receptor is expressed in 
the CNS mainly under pathological conditions. Thus, brain CB2Rs are 
highly inducible in response to various insults [50–53] and have been 
involved in the regulation of different neurobiological processes 
including cognition, and mood-related (anxiety, depression) behaviours 
[54]. A recent study has shown an anxiolytic-like effect of 2-AG through 
CB2R activation in a model of innate predator-induced fear [53]. While 
evidence for a role of CB2R in anxiolytic-like effects is still sparse, MAGL 
inhibition has emerged as a potential target for anxiolytic drug discovery 
[55]. However, based on our data and as previously suggested [23], 
2-AG signalling and CB2R could play a different role in the modulation 
of unconditioned anxiety and stress responses versus conditioned fear 
behaviours, emphasizing the complexity of the ECS involvement in 
emotional regulation. It is noteworthy that, while deletion of CB2R was 
found to disrupt the consolidation of foot-shock aversive memories 
using the step-down inhibitory avoidance test [56], the possible 
involvement of CB2R in fear extinction learning has not been previously 
reported. The apparent opposing role for CB1R and CB2R in the regu
lation of fear extinction could explain why unselective activation of 
cannabinoid receptors by, e.g., cannabis preparations or Δ9-tetrahy
drocannabinol, has so far been found of controversial efficacy [57,58] to 
treat these disorders, despite the beneficial role played therein by 
CB1Rs. 

Our data reveal that the impairment of fear extinction induced by the 
overactivation of the orexin system is mediated by 2-AG and amygdalar 
CB2R stimulation. Moreover, although the intervention of other cell 
types cannot be ruled out, our results suggest that microglial cells of the 
amygdala could be responsible of this effect. A growing body of evidence 
demonstrates that CB2R is up-regulated in microglia in the context of 
neuroinflammatory diseases [59]. Given the presence of CB2R in acti
vated microglial cells of the amygdala during the extinction process, 
future experimental work will be necessary to elucidate the conse
quences of CB2R-mediated microglial activation during fear extinction. 
Indeed, altered microglial function and inflammation may contribute to 
fear dysregulation [60], and has been suggested to underlie the 
impairment of fear extinction in germ-free or antibiotic-treated mice 
[48]. Levels of the proinflammatory cytokine TNFα increased in 
microglia from mice during retention of fear memory [61] while altered 
blood concentrations of cytokine such as IL6, IL1β or TNFα were asso
ciated with PTSD disorder in humans [62]. 

5. Conclusions 

In summary, our multidisciplinary study revealed the involvement of 
2-AG and CB2R located in the amygdala in the impaired fear extinction 
induced by overactivation of the orexin system. In addition, based on 
our biochemical and behavioural data, microglial CB2Rs in this brain 
area seem to be involved in this effect, although this statement needs to 
be confirmed by further research. The discovery of this novel mecha
nism warrants the study of new approaches in the treatment of disorders 
characterized by pathological fear. 
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