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Increased anandamide (AEA) signaling through inhibition of its catabolic enzyme fatty acid amide hydrolase (FAAH) in the basolateral
complex of amygdala (BLA) is thought to buffer against the effects of stress and reduces behavioral signs of anxiety and fear. However,
examining the role of AEA signaling in stress, anxiety, and fear through pharmacological depletion has been challenging due to the
redundant complexity of its biosynthesis and the lack of a pharmacological synthesis inhibitor. We developed a herpes simplex viral
vector to rapidly yet transiently overexpress FAAH specifically within the BLA to assess the impact of suppressing AEA signaling on
stress, fear, and anxiety in male rats. Surprisingly, FAAH overexpression in BLA dampened stress-induced corticosterone release,
reduced anxiety-like behaviors, and decreased conditioned fear expression. Interestingly, depleting AEA signaling in the BLA did not
prevent fear conditioning itself or fear reinstatement. These effects were specific to the overexpression of FAAH because they were
reversed by intra-BLA administration of an FAAH inhibitor. Moreover, the fear-suppressive effects of FAAH overexpression were also
mitigated by intra-BLA administration of a low dose of a GABAA receptor antagonist, but not an NMDA/AMPA/kainate receptor antag-
onist, suggesting that they were mediated by an increase in GABAergic neurotransmission. Our data suggest that a permissive AEA tone
within the BLA might gate GABA release and that loss of this tone through elevated AEA hydrolysis increases inhibition in the BLA, which
in turn reduces stress, anxiety, and fear. These data provide new insights on the mechanisms by which amygdalar endocannabinoid
signaling regulates emotional behavior.
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Introduction
Endocannabinoid signaling is involved in the modulation of
physiological and behavioral outcomes of stress exposure, in-

cluding neuroendocrine responses, anxiety, and fear memory
processes (Lutz et al., 2015; Hillard et al., 2016; Morena et al.,
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Significance Statement

Amygdala endocannabinoid signaling is involved in the regulation of stress, anxiety, and fear. Our data indicate that viral-
mediated augmentation of anandamide hydrolysis within the basolateral amygdala reduces behavioral indices of stress, anxiety,
and conditioned fear expression. These same effects have been previously documented with inhibition of anandamide hydrolysis
in the same brain region. Our results indicate that the ability of anandamide signaling to regulate emotional behavior is nonlinear
and may involve actions at distinct neuronal populations, which could be influenced by the basal level of anandamide. Modulation
of anandamide signaling is a current clinical therapeutic target for stress-related psychiatric illnesses, so these data underscore the
importance of fully understanding the mechanisms by which anandamide signaling regulates amygdala-dependent changes in
emotionality.
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2016b). The endocannabinoid system consists of cannabinoid
type-1 and type-2 receptors (CB1R and CB2R) and two endoge-
nous ligands, N-arachidonylethanolamide (anandamide; AEA)
and 2-arachidonoylglycerol (2-AG). CB1Rs are primarily local-
ized to axon terminals and their activation leads to a transient or
sustained suppression of neurotransmitter release from presyn-
aptic neurons, which regulates basal synaptic transmission and
many forms of synaptic plasticity (Katona and Freund, 2012;
Colangeli et al., 2017). AEA and 2-AG signaling is mainly termi-
nated by hydrolytic degradation by fatty acid amide hydrolase
(FAAH) and monoacylglycerol lipase (MAGL), respectively
(Blankman and Cravatt, 2013).

Within the basolateral amygdala (BLA), AEA signaling has
been implicated in the regulation of stress response, anxiety, and
emotional memory (Ganon-Elazar and Akirav, 2009; Hill et al.,
2009; Dono and Currie, 2012; Bedse et al., 2015; Gray et al., 2015;
Morena et al., 2016a; for review, see Ramikie and Patel, 2012;
Gunduz-Cinar et al., 2013a; Morena et al., 2016b). Acute stress
exposure rapidly reduces AEA signaling in the BLA through in-
creased AEA hydrolysis by FAAH (Patel et al., 2005; Rademacher
et al., 2008; Hill et al., 2009; Gray et al., 2015; Jenniches et al.,
2016). This loss of AEA signaling is thought to occur primarily at
CB1Rs on glutamatergic inputs to the BLA, which in turn disin-
hibits afferent excitatory drive and contributes to the activation
of BLA output pyramidal neurons, thus recruiting downstream
circuits to orchestrate different aspects of stress response, includ-
ing hypothalamic-pituitary-adrenal (HPA) axis activation, in-
creased anxiety, and cognitive alterations (Gray et al., 2015;
Morena et al., 2016b). Consistently, increased AEA signaling
through genetic deletion or pharmacological inhibition of FAAH
systemically or directly into the BLA mitigates neuroendocrine
and behavioral responses to stress (Kathuria et al., 2003; Bambico
et al., 2010; Morena et al., 2016a).

Many studies have highlighted the relevance of AEA signaling
in fear memory regulation (for reviews, see Morena and Campo-
longo, 2014; Lutz et al., 2015; Morena et al., 2016b). Marsicano et
al., 2002 and subsequent investigators (Gunduz-Cinar et al.,
2013b) demonstrated the involvement of AEA signaling in con-
ditioned fear expression and extinction, showing that presenta-
tion of a tone previously paired with aversive footshock during
extinction trials elevates AEA levels in the BLA. Consistently,
pharmacologically induced increases in AEA levels by FAAH in-
hibition systemically or directly in the BLA reduces conditioned-
fear response both acutely (Llorente-Berzal et al., 2015) and over
the following day facilitating fear extinction (Chhatwal et al.,
2005; Bitencourt et al., 2008; Pamplona et al., 2008; Gunduz-
Cinar et al., 2013b). Similarly, humans and mice carrying the
C385A polymorphism in FAAH, which exhibit reduced expres-
sion and functionality of FAAH and thus elevated AEA levels,
present reduced anxiety, increased fear extinction, and blunted
activation of the amygdala (Hariri et al., 2009; Gunduz-Cinar et
al., 2013b; Dincheva et al., 2015; Mayo et al., 2018).

Despite this extensive literature, the explicit delineation of the
necessity of BLA AEA signaling to regulate these stress-related
physiological and behavioral responses have not been clearly elu-
cidated. This is partly due to the fact that it has not been possible

to date to produce a depletion of AEA as its biosynthesis is com-
plex and seems to involve redundant pathways (Blankman and
Cravatt, 2013). Unlike 2-AG, which can be readily depleted
through genetic or pharmacological inhibition of its biosynthetic
enzyme diacylglycerol lipase (Shonesy et al., 2014; Ogasawara et
al., 2016; Bedse et al., 2017), sufficiency studies of AEA depletion
have been challenging. However, AEA degradation is almost en-
tirely mediated by FAAH, which determines AEA concentration
at active synapses (Blankman and Cravatt, 2013). Therefore, to
investigate the role of AEA signaling in the regulation of stress-
related responses, we augmented AEA hydrolysis through viral-
mediated FAAH overexpression in BLA principal neurons and
examined the impact that AEA depletion had on stress-induced
neuroendocrine response, anxiety, and fear memory dynamics in
rats.

Materials and Methods
Animals
Male Sprague Dawley rats (300 –375 g at the time of behavioral experi-
ments; Charles River Laboratories) were pair housed in a temperature-
controlled (20 � 1°C) vivarium room and maintained under a 12 h/12 h
light/dark cycle (8:00 A.M. to 8:00 P.M. lights on). Food and water were
available ad libitum. All tests were performed during the light phase of the
cycle between 10:00 A.M. and 5:00 P.M. All experimental procedures
were in compliance with protocols approved by the University of Calgary
Animal Care Committee and guidelines from the Canadian Council on
Animal Care. All efforts were made to minimize animal suffering and to
reduce the number of animals used.

Viral construct
The coding region of FAAH was isolated by PCR amplification from
mouse brain cDNA (forward primer: 5� ggtcggaagcttgccaccatggtgctgagc-
gaagtgtg 3�, reverse primer: 5� gcagatggcggccgctcaagatggccgcttttc 3�). Us-
ing restriction sites engineered into the primers (HindIII and NotI,
respectively), the isolated cDNA was subcloned into a bicistronic pHSV
(herpes simplex virus)-p1005� amplicon vector after the HSV-derived
IE4/5 promoter. A second promoter in this plasmid, cytomegalovirus
(CMV), drove expression of green fluorescent protein (GFP).
Replication-deficient HSV-derived particles were made from this vector
as previously described (Han et al., 2009). The control virus, HSV-GFP,
was identical to the HSV-GFP-FAAH with the FAAH gene excluded.
Both viruses (HSV-GFP and HSV-GFP-FAAH) had titers 4.0 � 10 7

infectious units/ml. Maximal gene expression following HSV infusion
occurs within 24 –72 h and rapidly dissipates within 6 –7 d after injection
(Carlezon et al., 1997; Barrot et al., 2002).

Drugs
The AEA hydrolysis inhibitor URB597 (10 ng; Cayman Chemical), the
GABAA antagonist (-)-bicuculline methiodide (BIC; 50 ng; Tocris Bio-
science), the NMDA receptor antagonist D-AP5 (5 �g; Tocris Biosci-
ence), the AMPA/kainate receptor antagonist DNQX (1 �g; Tocris
Bioscience) or their vehicles (5% DMSO, 5% Tween 80, 90% saline for
D-AP5 and DNQX and 5% polyethylene glycol, 5% Tween 80, 90%
saline for the remaining experiments) were bilaterally infused into the
BLA (0.2 �l/side) over 1 min. The dose of URB597 was chosen based on
previously published studies (Morena et al., 2014, 2016a; Gray et al.,
2015). For BIC, the 50 ng dose was chosen on the basis of previously
published work (Ratano et al., 2014) and pilot experiments per-
formed in our laboratory showing no effects on freezing behavior and
memory by itself. For D-AP5 and DNQX, doses were chosen on the
basis of previously published work (Barros et al., 2000; Zimmerman
and Maren, 2010) and pilot experiments performed in our laboratory.
All drug solutions were freshly prepared before each experiment.

Surgery, viral vector, and drug administration
Rats were anesthetized with ketamine hydrochloride (100 mg/kg) and
xylazine (7 mg/kg), given intraperitoneally. Subsequently, they were in-
jected with 3 ml of saline subcutaneously to facilitate clearance of these
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drugs and prevent dehydration. Animals were then positioned in a ste-
reotaxic frame (David Kopf Instruments) and two glass capillaries were
bilaterally lowered into the BLA (coordinates: anteroposterior, �2.8
mm, and mediolateral, � 5.1 mm from bregma; dorsoventral, �6.7 mm
from dura) (Paxinos and Watson, 2004). Recombinant HSV type 1 car-
rying GFP along with FAAH (HSV-GFP-FAAH) and a control virus only
carrying GFP (HSV-GFP) were pressure injected with the Nanoject II
apparatus (Drummond Scientific) in a total volume of 2 �l/side over 2
min and then the capillaries were left in place for an additional 5 min to
ensure diffusion. The injection volume was chosen based on previous
studies using this viral construct (Yiu et al., 2014) and on pilot experi-
ments performed in our laboratory finding that, despite the rather large
volume, GFP expression did not spread beyond the BLA and, at lower
injection volumes (0.5, 1, and 1.5 �l), we were not able to achieve reliable
GFP expression, a significant elevation in AEA hydrolysis, or depletion of
AEA content within the BLA itself (data not shown).

For the last four experiments, rats received cannula implantation.
Stainless-steel guide cannulae (23 gauge, 15-mm-long) were implanted
bilaterally with the cannula tips 2 mm above the BLA (coordinates: an-
teroposterior, �2.8 mm and mediolateral, � 5.0 mm, from bregma;
dorsoventral, �6.5 mm, from skull surface; Paxinos and Watson, 2004).
The cannulae were affixed to the skull with two anchoring screws and
dental cement. Stylets (15-mm-long 00 insect dissection pins) were in-
serted into each cannula to prevent clogging.

After surgery, the rats were retained on a heated pad until they recov-
ered from anesthesia and were then returned to their home cages. Fol-
lowing surgical cannula implantation, rats were allowed to recover from
surgery for at least 1 week before testing. All animals with surgical im-
plant were also bilaterally injected with the viral construct through their
cannulae (2 �l/side). Bilateral infusions of drugs or an equivalent vol-
ume of vehicle or HSV into the BLA were made by using a 30-gauge
injection needle connected by polyethylene tubing (PE-20) to a 10 �l
Hamilton microsyringe driven by a minipump (Harvard Apparatus)
over a period of 2 min. The injection needle protruded 2 mm beyond
the tip of the cannula (Morena et al., 2014). The injection needles
were retained within the cannulae for an additional 20 s after drug
infusion or 5 min after virus infusion to maximize diffusion and to
prevent backflow into the cannulae.

Validation of viral-mediated FAAH overexpression
Double-immunofluorescence experiment. Seventy-two hours following
intra-BLA HSV-GFP or HSV-GFP-FAAH injection, rats were deeply
anesthetized with sodium pentobarbital (100 mg/kg, i.p.) and perfused
transcardially with 0.9% saline followed by ice-cold fixative made of 4%
paraformaldehyde. The brains were then removed and postfixed in a 4%
paraformaldehyde solution overnight at 4°C. The brains were transferred
to a 20% sucrose solution in saline for cryoprotection. Coronal sections
of 35 �m were cut on a cryostat, placed in KPBS 0.1 M solution, and
stored at 4°C until staining.

Free-floating sections were washed in 0.1 M KPBS and incubated in
blocking solution (0.3% Triton X-100, 5% normal goat serum in 0.1 M

KPBS) for 2 h at room temperature before incubating in both primary
antibodies (mouse anti-glutamate decarboxylase 67, GAD67, 1:500, Mil-
lipore catalog #MAB5406, RRID:AB_2278725; chicken anti-GFP,
1:1000, Aves Laboratories catalog #GFP-1020, RRID:AB_10000240) for
48 h at 4°C. Slices were then washed in 0.1 M KPBS and incubated at
room temperature for 2 h in both secondary antibodies (Cy3 goat
anti-mouse, 1:1000, Jackson ImmunoResearch Laboratories catalog
#115–165-003, RRID:AB_2338680; Alexa Fluor 488 goat anti-
chicken, 1:1000, Thermo Fisher Scientific catalog #A-11039, RRID:
AB_2534096). Finally, slices were washed in 0.1 M KPBS, mounted,
and coverslipped onto charged slides with Fluoroshield mounting
medium (Sigma-Aldricha) for imaging.

Different series of slices from the same animals were immunolabeled
for �Ca 2�/calmodulin-dependent protein kinase II (CaMKIIa) and GFP
by using a slightly different protocol. Briefly, free-floating sections were
washed in PBST (0.05% Tween 20 in PBS) and heat-mediated antigen
retrieval was performed to expose the epitope (Shi et al., 1993; Kanai et
al., 1998). Slices were then rewashed in PBST and incubated for 2 h at

room temperature in blocking solution (PBST � 20% normal goat
serum) before incubating in both primary antibodies (mouse anti-
CaMKIIa, 1:100, Abcam catalog #ab22609, RRID:AB_447192;
chicken anti-GFP, 1:100, Aves Laboratories catalog #GFP-1020, RRID:
AB_10000240) for 72 h at 4°C. Slices were then washed in PBST and
incubated for 2 h in both secondary antibodies (Cy3 goat anti-mouse,
1:100, Jackson ImmunoResearch Laboratories catalog #115-165– 003,
RRID:AB_2338680; Alexa Fluor 488 goat anti-chicken, 1:500, Thermo
Fisher Scientific catalog #A-11039, RRID:AB_2534096). Finally, slices
were washed in PBST, mounted, and coverslipped onto miscroscope
slides with Fluoroshield mounting medium (Sigma-Aldrich) for
imaging.

Images were taken on a Leica DM5500 Q confocal microscope and
displayed and analyzed using LAS X software (version 3.1.1.15751). Set-
tings for laser power, gain, and offset were kept constant for each exper-
iment. All images were taken through a 20� objective (numerical
aperture 0.40) in areas of the BLA expressing high levels of GFP � neu-
rons. Each marker was counted independently before overlaying images
to observe colocalization of either GAD67 or CaMKIIa with GFP-labeled
cells.

Membrane preparation and FAAH activity assay. Seventy-two hours
following intra-BLA HSV-GFP, HSV-GFP-FAAH, or 0.9% saline solu-
tion injection, rats underwent rapid decapitation and the amygdalae
were dissected as described previously (Hill et al., 2010; Gray et al., 2015),
with tissue extraction focusing on the region of the BLA immediately
surrounding the end of the needle track. To ensure that our viral vector
itself did not influence FAAH activity and endocannabinoid content, as
has been previously reported with a lentiviral vector (Rubino et al., 2008),
we included an additional group for these validation studies which in-
cluded a no HSV, saline-only injection group to act as a baseline for us to
compare the HSV-GFP against. Brain samples were stored at �80°C.
Membranes were collected by homogenization of frozen tissue in 10
volumes of TME buffer (50 mM Tris HCl, pH 7.4, 1 mM EDTA, and 3 mM

MgCl2) (Hill et al., 2009; Morena et al., 2015). Homogenates were then
centrifuged at 18,000 � g for 20 min at 4°C and the resulting crude
membrane fraction-containing pellet was resuspended in 10 volumes of
TME buffer. Protein concentrations were determined using the Bradford
method (Bio-Rad Laboratories). FAAH-mediated AEA hydrolysis from
amygdala membranes was measured by conversion of AEA labeled with
[ 3H] in the ethanolamine portion of the molecule to [ 3H] ethanolamine
preparations as reported previously (Hill et al., 2009; Morena et al.,
2015). The binding affinity (Km) of AEA for FAAH and the maximal
hydrolytic activity (Vmax) of FAAH for this conversion were determined
by fitting the data to the Michaelis–Menten equation using GraphPad
Prism software (RRID:SCR_002798).

Endocannabinoid extraction and analysis. Seventy-two hours following
intra-BLA HSV-GFP, HSV-GFP-FAAH, or 0.9% saline solution injec-
tion, rats underwent rapid decapitation and the amygdalae were dis-
sected as described above. Brain samples were stored at �80°C until
measurement of endocannabinoid levels. The lipid extraction process
was performed as described previously (Qi et al., 2015; Morena et al.,
2018). In brief, brain tissue was weighed and placed into borosilicate glass
culture tubes containing 2 ml of acetonitrile with 5 pmol d8-AEA and 5
nmol d8-2-AG for extraction and homogenized with a glass rod. Tissue
was sonicated for 30 min on ice water, incubated overnight at �20°C to
precipitate proteins, and then centrifuged at 1500 � g to remove partic-
ulates. The supernatants were transferred to a new glass tube and evap-
orated to dryness under N2 gas. The tubes were washed with 300 �l of
acetonitrile to recapture any lipids adhering to the wall of the tube and
evaporated again under N2 gas. Finally, samples were reconstituted in
200 �l of acetonitrile and stored at �80°C until analysis. Analysis of AEA
and 2-AG was performed by liquid chromatography tandem mass spec-
trometry analysis as described previously (Qi et al., 2015).

Behavioral testing
Elevated plus maze. The elevated plus maze apparatus (EPM; Med Asso-
ciates) comprised two open arms (50 � 10 � 75 cm 3; l � w � h) and two
closed arms (50 � 10 � 75 cm 3; l � w � h) that extended from a
common central platform (10 � 10 cm 2). The maze was located within a
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sound-isolated room under dim light conditions (open arms, 15 lux;
closed arms, 5 lux). A slightly modified procedure of that we described
previously (Manduca et al., 2015; Morena et al., 2016a) was used. Each
rat was placed in the central area of the apparatus with the head facing a
closed arm. Exposure lasted for 5 min and the behavior was recorded by
using a video camera positioned above the experimental apparatus. A
trained observer who was unaware of treatment condition analyzed vid-
eos. The following parameters were analyzed as indicators of anxiety-like
behavior: percentage time spent in the open arms (% open time), ex-
pressed as [(seconds spent on the open arms of the maze/seconds spent
on the open � closed arms) � 100]; percentage open arm entries (%
open entries), expressed as [(number of entries into the open arms/
number of entries into open � closed arms) � 100], the time to first
enter the open arms (latency to first enter open arms, s). The number of
entries into the closed arms was considered as an indicator of locomotor
activity (Rodgers et al., 1999; Holmes and Rodgers, 2003; Morena et al.,
2016a). We also evaluated the total number of head dippings (the rat
investigating the area beneath the EPM; HDIPS) and the number of
stretch attend postures ( posture in which the body is stretched forward
then retracted to the original position without any forward locomotion
and investigating the environment; SAP). As a measure of exploratory
behavior, the number of HDIPS relates more to a reduced level of
anxiety-like behavior, whereas the number of SAP indicates a measure of
risk assessment and tends to associate positively with anxious behavior
(Rodgers et al., 1997, 1999; Bortolato et al., 2006; Morena et al., 2016a).
The maze was cleaned with 70% ethanol solution after each use.

Light–dark (LD) box. The LD box (Med Associates) was made of white
and black opaque Plexiglas (44 � 22 � 30 cm 3, l � w � h, light chamber,
15 lux; 44 � 22 � 30 cm 3, l � w � h, dark chamber, 5 lux). The chambers
were connected by a 9 � 10 cm 2 (l � h) door separating the two cham-
bers. Animals were placed in the dark compartment. The amount of time
it took the animal to fully emerge into the light side and the time spent
ambulating in the light side were recorded for 10 min and scored by a
trained experimenter blind to the treatment conditions. The behavioral
parameters analyzed were as follows: percentage time spent in light com-
partment (% light section time), expressed as [(seconds spent in the light
chamber/total time, in seconds, spent in the apparatus) � 100]; total
number of entries into the light chamber (light section entries, counts);
the time to first enter the light chamber (latency to first enter the light
section, s); the number of attempts to enter the light chamber (attempts
to enter the light section, counts). The apparatus was cleaned with 70%
ethanol solution after each use.

Open-field (OF) apparatus. The testing arena consisted of a wooden
cage measuring 90 � 90 � 60 cm 3 (l � w � h). The apparatus was located
within a sound-isolated room under dim light conditions (17 lux). Each
rat was placed in the central area of the OF and allowed to explore the
apparatus freely for 10 min. The behavior was recorded by using a video
camera positioned above the experimental apparatus and a trained ob-
server who was unaware of treatment condition analyzed videos. The
locomotor activity (total distance traveled in meters) was recorded using
the software EthoVision XT, RRID:SCR_000441 (Noldus). The follow-
ing behavioral parameters were analyzed: percentage time spent in center
quadrant (% center time), expressed as [(seconds spent in the center of
the apparatus/total time, in seconds, spent in the OF) � 100]; total num-
ber of entries in the center quadrant of the OF (center entries, counts).
Both measures correlate negatively with anxious behavior. Furthermore,
we evaluated the exploratory behavior expressed as the sum of the rearing
and wall rearing events and other behaviors that positively correlate with
anxiety, expressed as the sum of SAP and self-grooming events (anxiety-
like behaviors) (Kalueff and Tuohimaa, 2005; Morena et al., 2016a). The
apparatus was cleaned with 70% ethanol solution after each use.

Fear-conditioning apparatus. Rats were trained and tested in fear-
conditioning chambers (30.5 � 24.1 � 21 cm 3, l � w � h) equipped with
metal stainless-steel rod flooring connected to a shock generator. Each
chamber was enclosed within ventilated and sound attenuating cubicles
(Med Associates). Three different contexts were used (contexts A–C).
Context A consisted of a chamber with a grid floor, back and side metal
walls, clear Plexiglas front door and ceiling, and white light. Context A
was cleaned with 70% ethanol between rats. To create a novel testing

context (context B), the original grid floor was covered by a white opaque
plastic insert and the side metal walls were covered by a white plastic
panel to create a curved wall. Context B was cleaned with Virkon solution
between rats. Context C consisted of a grid floor and white plastic walls
and was cleaned with soapy water between rats. A video camera located
on the inner door of the conditioning box recorded video and the result-
ing output was analyzed for freezing behavior (i.e., absence of movement
except for respiration) using Med Associates Video Freeze Software,
RRID:SCR_014574).

Experimental design
Restraint stress experiment and plasma corticosterone assay. On day 1, rats
were bilaterally injected into the BLA with the control viral construct,
HSV-GFP, or the one containing FAAH, HSV-GFP-FAAH. Rats were
allowed to recover from surgery for 72 h to get the maximal viral expres-
sion and, on day 4, were subjected to a 60 min restraint stress. Restraint
was performed by placing the animal into a 22 � 7 cm plastic tube with
an adjustable plug to accommodate the size of the rat so that the animal
was unable to move. Blood samples were collected from a razor nick over
the lateral tail vein into ice-chilled, EDTA-treated tubes at different time
points: 0, 30, 60, and 90 min from stress onset. Tail blood was centrifuged
at 10,000 rpm for 20 min at 4°C. Plasma was then stored at �20°C until
corticosterone analyses with an ELISA kit (Cayman Chemical) according
to the manufacturer’s instructions, as described previously (Vecchiarelli
et al., 2016). Samples were tested in duplicate and diluted 1:1000 to
ensure that corticosterone levels fit on the linear portion of the standard
curve. The detection limit of the assay was 30 pg/ml at 80% binding.

Anxiety experiments. To examine the anxiety trait in condition of AEA
depletion and to reduce the total number of animals being used, we
performed a behavioral battery of anxiety tests. To reduce any possible
bias relative to performing a battery of behavioral tests, we kept handling
procedures, housing conditions, and behavioral test procedures consis-
tent across HSV-GFP control rats and HSV-GFP-FAAH rats. On day 1,
both groups of animals were handled for 1 min each and 24 h later (day 2)
were divided into 2 experimental groups and injected with either the
HSV-GFP or HSV-GFP-FAAH constructs. Animals were handled again
on day 3. Anxiety tests occurred on days 4 and 5, when the viral expres-
sion was maximal. On day 4, rats underwent a 5 min EPM test; on day 5,
they were subjected to a 10 min LD box test and, immediately afterward,
rats were placed in an OF arena for 10 min. Throughout the experimental
procedures, rats were housed in a room adjacent to the rooms where
behavioral experiments were conducted. To reduce any bias related to
the habituation to the experimental room, the three behavioral tasks
were conducted in three different rooms and each rat was individually
tested in each room.

Auditory fear-conditioning experiments. Separate cohorts of animals
were used for each of the following experiments. Because our intent in
these experiments was to examine the impact of FAAH overexpression
on fear extinction, the conditioning arm of all studies (except for one
experiment) was performed before viral injection and thus was done in
the absence of any manipulation. To habituate the animals to the behav-
ioral testing room, rats were transferred to the behavioral room and their
home cage was placed in sound-attenuating, ventilated, and lighted cab-
inets for at least 30 min before and after the handling on days 1, 2, and 3
and for 90 min before and after testing the following days. Rats were
handled for 1 min each. On day 2 and 3, immediately after the handling
procedure, animals were habituated to the experimental chambers for 10
min. Auditory fear conditioning (day 4) was performed in context A.
After a 5 min acclimation period, all rats were exposed to 3 conditioning
trials. Each conditioning trial involved presentation of the conditioned
stimulus (CS; 80 dB, 4 Hz tone) for 30 s, co-terminating with a 1 s
unconditioned stimulus (US; 0.65 mA shock, for rats undergone fear
conditioning in naive conditions and that received surgery microinjec-
tions the day after fear conditioning; 1.3 mA shock, for rats undergone
surgery for either virus microinjections or cannula implantation before
fear conditioning). The two different shock intensities were used to en-
sure comparable levels of memory in all experimental control groups
(Morena et al., 2014; Park et al., 2016). Intertrial interval (ITI) between
two consecutive CS–US pairings was 3 min. After conditioning, each rat
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was returned to its home cage. To prevent any influence of anesthetic or
surgery on the consolidation of the initial fear memory, we waited for
24 h following fear conditioning before we performed intra-BLA admin-
istration of the viral vector. Twenty-four hours after conditioning, rats
were injected with HSV-GFP or HSV-GFP-FAAH (day 5; as described
above) and were allowed to recover from surgery for 72 h. On day 8, when
the viral expression was maximal, rats received an extinction training
session consisting of 20 CS presentations with an ITI between CSs of 2
min, in context B. On days 9 –11, rats received 3 consecutive days of
extinction retrieval trials in context B. After a 2 min acclimation period,
rats were presented with 5 CSs (2 min ITI). A separate cohort of rats
underwent surgical injection of the viral constructs 72 h before fear con-
ditioning (day 1) to evaluate the effects on fear memory acquisition.

Additional pharmacological studies were performed on separate
groups of animals and, for all of these studies, rats were implanted with
bilateral cannulae in the BLA 7–10 d before the auditory fear-
conditioning experiments. They were exposed to the same fear-
conditioning procedure as described above except for day 5, when they
were injected with the viral constructs through their cannulae as opposed
to directly through a cranial burr hole. On day 8, separate cohorts of
animals were administered the FAAH inhibitor URB597, the GABAA

receptor antagonist BIC, or a mixture of the NMDA receptor antagonist
D-AP5 together with the AMPA/kainate receptor antagonist DNQX di-
rectly into the BLA 60 min before fear memory retrieval/extinction train-
ing. Additionally, after the last extinction retrieval session, animals
received a reinstatement session on day 12 and, 24 h later, a test for fear
reinstatement (day 13). During the reinstatement session, rats received 4
unsignaled foot shocks (1.3 mA, 1 s; 2 min ITI) in context C. The next
day, they were tested for fear reinstatement assessed by their freezing to
the tone alone (Context B, 5 CS presentations, 2 min ITI).

Histology
To check for cannula placement, after the behavioral experiments, rats
were anesthetized with an overdose of sodium pentobarbital (100 mg/kg,
i.p.) and perfused transcardially with 0.9% saline. The brains were then
removed and immersed in a 4% paraformaldehyde solution. At least 48 h
before sectioning, the brains were transferred to a 20% sucrose solution
in saline for cryoprotection. Coronal sections of 35 �m were cut on a
cryostat, mounted on charged slides, and stained with Cresyl violet. The
sections were examined under a light microscope (Leica DM4000 B LED)
and determination of the location of infusion needle tips within the BLA
was made according to the standardized atlas plates of Paxinos and Wat-
son (2004) by an observer blinded to treatment condition.

Statistical analysis
All data are expressed as mean � SEM. Data obtained from testing for
anxiety-like behavior and the magnitude of the total plasma corticoste-
rone stress response were analyzed with unpaired Student’s t tests. One-
way ANOVA followed by Bonferroni post hoc multiple-comparisons tests
were used to analyze FAAH activity and AEA and 2-AG levels. Two-way
ANOVA was used to analyze freezing levels at extinction retrieval ses-
sions 2 and 3. Repeated-measures ANOVA followed by Bonferroni post
hoc multiple-comparisons tests were used to analyze the remaining au-
ditory fear-conditioning behavioral data and the plasma corticosterone
time course. Percentage of freezing during extinction training sessions
were averaged in 4 blocks of 5 consecutive CSs each (CS 1–5, CS 6 –10, CS
11–15, CS 16 –20) for extinction retrieval 2 and 3 and test for reinstate-
ment percentage of freezing during the 5 CS presentations was averaged.
A probability level of �0.05 was accepted as statistically significant. The
numbers of rats per group are indicated in the figure legends.

Results
Anatomical localization and functional characterization of
FAAH overexpression in the BLA
To phenotype the type of BLA cells infected by HSV, we bilater-
ally microinjected rats with the HSV vector, waited for 72 h to
allow maximal expression (Fig. 1A,B), and performed double-
labeling immunohistochemistry for GFP and either CaMKIIa as a
marker of excitatory pyramidal neurons or GAD67 as a marker of

inhibitory neurons. We observed that HSV primarily (82.99%)
infected pyramidal excitatory neurons (CaMKIIa�) in the BLA
(Fig. 1C,E,F,G), with only a very small number (1.68%) of GFP�

infected neurons colabeling with GAD67 (Fig. 1D,H, I, J). There-
fore, consistent with previous studies showing also that HSV is
neurotropic (Cole et al., 2012; Yiu et al., 2014), we found that
HSV predominantly infects pyramidal excitatory neurons in the
BLA. Because FAAH expression in the BLA is found primarily
only within large pyramidal neurons (Gulyas et al., 2004), this
indicates that our approach did not result in ectopic expression of
FAAH in cells that normally do not express it, but rather that we
increased the expression of FAAH within cell types that natively
express this enzyme.

To examine the functionality of FAAH overexpression in the
BLA, separate groups of animals were bilaterally microinjected
with 0.9% saline solution, HSV-GFP, or HSV-GFP-FAAH into
the BLA and killed 72 h later for BLA dissection and subsequent
enzymatic FAAH activity analysis and determination of endocan-
nabinoid levels (Fig. 1A). As shown in Figure 1K, one-way
ANOVA for Vmax of FAAH revealed a significant treatment effect
(F(2,12) � 8.81, p � 0.004). Post hoc comparison indicated that
rats injected with HSV-GFP-FAAH presented increased Vmax of
AEA hydrolysis by FAAH compared with both groups injected
with saline (p � 0.05) and HSV-GFP (p � 0.01), so HSV-GFP-
FAAH injection successfully induced FAAH overexpression as
indicated by increased FAAH hydrolytic activity. Furthermore,
post hoc analysis showed no significant difference between saline-
treated rats and rats injected with HSV-GFP, which importantly
indicates that the HSV viral vector itself did not alter FAAH Vmax

as has been reported with lentiviral vectors (Rubino et al., 2008).
One-way ANOVA for Km of FAAH did not reveal a significant
treatment effect (F(2,12) � 2.99, p � 0.09; Km, expressed as
mean � SEM, �M, for saline group: 1.32 � 0.25; HSV-GFP
group: 1.51 � 0.29; HSV-GFP-FAAH group: 2.15 � 0.20), so
FAAH overexpression did not change the affinity of the enzyme
for its substrate. One-way ANOVA for AEA levels revealed a sig-
nificant treatment effect (F(2,23) � 7.11, p � 0.004; Fig. 1L). Post
hoc comparison showed that the HSV-GFP-FAAH group pre-
sented decreased AEA levels compared with both the saline (p �
0.05) and HSV-GFP (p � 0.01) groups. Again, no significant
difference was found between the saline and the HSV-GFP
groups, supporting the enzyme activity data showing that the
HSV vector itself did not have an impact on FAAH activity or
endocannabinoid content. One-way ANOVA for 2-AG levels did
not show any significant treatment effect (F(2,23) � 0.08, p � 0.93;
Fig. 1M). Therefore, FAAH overexpression successfully and se-
lectively reduced AEA and not 2-AG levels and the HSV vector
itself did not alter endocannabinoid levels in the BLA.

Intra-BLA FAAH overexpression decreases plasma
corticosterone stress response and reduces anxiety-like
behavior
To examine the effects of intra-BLA FAAH overexpression on
stress-induced plasma corticosterone response, 72 h after HSV-
GFP or HSV-GFP-FAAH microinjection, rats were stressed for
1 h in a restraint tube and tail blood was collected at time 0, 30, 60,
and 90 min from stress onset to measure plasma corticosterone
levels (Fig. 2A). As shown in Figure 2B, repeated-measures
ANOVA for corticosterone plasma levels showed a significant
effect of time (F(3,36) � 19.97, p � 0.0001), but no treatment or
time � treatment interaction effect (F(1,36) � 1.85, p � 0.20;
F(3,36) � 1.85, p � 0.16). To gauge relative effects of treatment on
the magnitude of the total plasma corticosterone stress response,
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Figure 1. Anatomical localization and functional characterization of FAAH overexpression in the BLA. A, Schematic representation of the experimental design. Rats received bilateral intra-BLA
injections of the HSV viral vector carrying GFP only, GFP-FAAH, or saline on day 1 and, 72 h later, on day 4, they were killed for double-immunofluorescence experiments, measurement of FAAH
enzymatic activity, and determination of AEA and 2-AG levels in the BLA. B, Representative image of intra-BLA HSV injection (2� magnification). C, D, Quantification (Figure legend continues.)
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total hormone (area under the curve) responses were calculated
for both HSV-GFP and HSV-GFP-FAAH groups (Fig. 2C). Stu-
dent’s t test revealed that the FAAH overexpression significantly
decreased the total corticosterone stress response (t(23) � 2.21,
p � 0.04) compared with the HSV-GFP control group (Fig. 2C).

In a separate cohort of animals, we examined the effects of
intra-BLA FAAH overexpression on anxiety-like behavior. Forty-
eight hours following virus microinjections, rats were tested in an
EPM for 5 min, then the following day in an LD box, and, imme-
diately afterward, in an OF task for 10 min each (Fig. 3A). Very
consistently, we found that the HSV-GFP-FAAH group showed
less anxiety-like behavior across the behavioral tasks performed
compared with the HSV-GFP control group. Specifically, in the
EPM (Fig. 3B–E), we did not find a significant difference between
groups in the percentage of time spent in open arms (t(19) � 1.27,
p � 0.22; Fig. 3B); however, HSV-GFP-FAAH-injected rats
showed a significant increase in the percentage of open arm en-

tries (t(19) � 2.19, p � 0.04; Fig. 3C), and a
significant decrease in the latency to first
enter the open arms (t(19) � 2.82, p �
0.01; Fig. 3D) compared with HSV-GFP-
injected rats. Animals in the HSV-GFP-
FAAH group also presented increased
number of HDIPS (t(19) � 2.94, p � 0.008;
Fig. 3E) compared with the HSV-GFP
group. Moreover, there was no statisti-
cally significant difference between
groups in the number of SAP (t(19) � 0.69,
p � 0.50; HSV-GFP group: 9.75 � 1.63;
HSV-GFP-FAAH group: 11.33 � 1.52).
As a measure of exploratory behavior,
number of HDIPS relates more to re-
duced anxiety-like behavior, whereas the
number of SAP indicates a measure of risk
assessment and tends to associate posi-
tively with anxious behavior (Rodgers et
al., 1997, 1999; Bortolato et al., 2006;
Morena et al., 2016a). These effects were
not due to changes in motor activity be-
cause the different treatments did not
affect the total number of entries in the
closed arms during the 5 min test (t(19)

� 0.63, p � 0.54; HSV-GFP group:
5.17 � 0.83; HSV-GFP-FAAH group:

6.00 � 1.07).
When animals were tested in the LD box, we found that HSV-

GFP-FAAH-injected rats presented increased percentage of time
spent in the light section and light section entries (t(20) � 2.68,
p � 0.01; t(20) � 2.84, p � 0.01; Fig. 3F,G, respectively) compared
with control animals. Consistently, the HSV-GFP-FAAH group
also presented a significant decrease in the latency to first enter
the light section (t(20) � 2.75, p � 0.01; Fig. 3H). There was no
significant difference in the attempts made to enter the light com-
partment between groups (t(20) � 1.96, p � 0.06; Fig. 3I). In the
OF task, we did not find a difference between groups in the per-
centage of time spent in the center quadrant of the OF (t(21) �
0.13, p � 0.90; Fig. 3J), in the number of entries into the center
section (t(21) � 1.45, p � 0.16; Fig. 3K), or in other behavioral
indices of anxiety-like behavior (expressed as the sum of SAP and
self-grooming events; t(21) � 1.40, p � 0.18; Fig. 3L). No differ-
ences between groups were found in the total exploratory behav-
ior (expressed as the sum of rearing and wall rearing events;
t(21) � 0.40, p � 0.69; HSV-GFP: 50.09 � 7.08; HSV-GFP-FAAH:
46.67 � 4.98) or in the total distance traveled (t(21) � 0.51, p �
0.62; Fig. 3M), thus further confirming that the treatment did not
affect locomotor activity. Together, these results consistently in-
dicate that intra-BLA FAAH overexpression induced an overall
decrease in anxiety-like behavior.

Intra-BLA FAAH overexpression selectively decreases
conditioned fear expression during the extinction training
and the first extinction retrieval sessions
To test the effects of intra-BLA FAAH overexpression on fear
memory expression, rats were trained in an auditory fear condi-
tioning and, to not interfere with memory consolidation, they
underwent surgical intra-BLA microinjection of HSV-GFP or
HSV-GFP-FAAH 24 h later. Three days later, when the viral ex-
pression reached its peak, rats received extinction training fol-
lowed by 3 consecutive days of extinction retrieval sessions
(Fig. 4A).

4

(Figure legend continued.) of coexpressed GFP � and CaMKIIa � (C) and GFP � and GAD67 �

(D). Detailed quantification of cell phenotype infected by HSV-GFP in 11–12 rats shows that,
following microinjection into the BLA, HSV predominately infected CaMKIIa � excitatory pyra-
midal neurons (82.99%) and only very rare HSV-infected cells coexpressed GAD67 �, a marker
of inhibitory neurons (1.68%). E–G, Representative images of double-immunofluorescence
staining in the BLA for GFP � (HSV-infected cells, green) (E), CaMKIIa � (excitatory pyramidal
neurons, red) (F), and with merged channels (yellow) (G). White arrowheads indicate GFP �

and CaMKIIa � coexpression. H–J, Representative images of double-immunofluorescence
staining in the BLA for GFP � (HSV-infected cells, green) (H), GAD67 � (inhibitory neurons, red)
(I), and with merged channels (J). K, FAAH maximal hydrolytic activity (Vmax; pmol/mg protein/
min) in the amygdala. Rats injected with HSV-GFP-FAAH presented increased FAAH activity
compared with rats injected with the control HSV-GFP vector or with saline only (n � 5 per
group). L, AEA levels (pmol/g tissue) in the amygdala. Rats injected with HSV-GFP-FAAH pre-
sented decreased AEA levels compared with rats injected with the control HSV-GFP vector or
with saline only (n � 6 –10 per group). M, 2-AG levels (nmol/g tissue) in the amygdala. There
were no differences in 2-AG levels among the three experimental groups (n � 6 –10 per
group). Data are expressed as mean � SEM. *p � 0.05 versus the corresponding saline group;
��p � 0.01 versus the corresponding HSV-GFP group.

Figure 2. Intra-BLA FAAH overexpression decreased plasma corticosterone acute stress response. A, Schematic representation
of the experimental design. Rats received bilateral intra-BLA injections of the HSV viral vector carrying GFP only or GFP-FAAH on day
1 and, 72 h later, on day 4, underwent a 1 h restraint stress. Plasma corticosterone levels were measured at time 0, 30, 60, and 90
min from stress onset. B, Ninety-minute time course of plasma corticosterone levels (Cort, ng/ml). C, Total plasma corticosterone
stress response (area under the curve, AUC, ng/ml/time). Rats injected with HSV-GFP-FAAH presented decreased total corticoste-
rone stress response during the 90-min time course compared with their HSV-GFP control group. Data are expressed as mean �
SEM (n � 12–13 per group). *p � 0.05.
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Repeated-measures ANOVA for CS–US-evoked freezing dur-
ing conditioning revealed a significant CS–US presentation effect
(F(2,68) � 44.73, p � 0.0001), no treatment (F(1,34) � 0.06, p �
0.81), or CS–US presentation � treatment interaction effect
(F(2,68) � 2.44, p � 0.09; Fig. 4B), indicating that all rats acquired
similar CS-evoked fear responses before viral administration and
demonstrating that no preexisting differences were present be-
tween these groups. Unpaired Student’s t test for the average
percentage freezing during the 5 min habituation (pre-CS pe-
riod) revealed no baseline freezing difference to context A be-
tween the treatment groups (t(34) � 0.23, p � 0.82; Fig. 4B). As

shown in Figure 4C, repeated-measures ANOVA for CS-evoked
freezing during extinction training revealed significant CS pre-
sentation (F(3,102) � 11.97, p � 0.0001), treatment (F(1,34) �
15.95, p � 0.0003), and CS presentation � treatment interaction
(F(3,102) � 2.95, p � 0.04) effects. Post hoc comparisons showed
that HSV-GFP-FAAH-injected animals presented decreased av-
erage freezing during the first 5 CS presentations compared with
the HSV-GFP group (p � 0.0001; Fig. 4C), suggesting that intra-
BLA FAAH overexpression reduces learned fear expression and
fear memory retrieval. Unpaired Student’s t test for the average
percentage freezing during the pre-CS period revealed no base-

Figure 3. Intra-BLA FAAH overexpression decreased indices of anxiety-like behavior. A, Schematic representation of the experimental design. Rats were handled on day 1 and 3, received bilateral
intra-BLA injections of the HSV viral vector carrying GFP only or GFP-FAAH on day 2 and, 48 h later, on day 4, underwent a 5 min-elevated plus maze test (EPM). On day 5, rats were tested in an LD
box for 10 min and immediately after, in an OF task for 10 min. B–E, Intra-BLA FAAH overexpression decreased indices of anxiety-like behavior in the EPM. Effects of intra-BLA FAAH overexpression
on percentage time spent in the open arms (B), percentage of open arm entries (C), latency to first enter the open arms (seconds) (D), HDIPS (counts) (E) in the EPM. F–I, Intra-BLA FAAH
overexpression decreased indices of anxiety-like behavior in the LD box. Effects of intra-BLA FAAH overexpression on percentage time spent in the light section (F), number of entries into the light
section (counts) (G), latency to first enter the light section (seconds) (H), and number of attempts to enter the light section (counts) (I), in the LD box. J–M, Intra-BLA FAAH overexpression did not
alter locomotor activity in the OF task. Effects of intra-BLA FAAH overexpression on percentage time spent in the center section (J), number of entries into the center section (counts) (K), anxiety-like
behaviors (sum of self-grooming and stretch attend posture events) (L), total distance traveled (meters) (M) in the OF task. Data are expressed as mean � SEM (n � 9 –12 per group). *p � 0.05;
**p � 0.01.
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Figure 4. Intra-BLA FAAH overexpression selectively reduced conditioned fear expression. A, Schematic representation of the experimental design. Rats were handled on day 1 and, on days 2 and
3, were handled and habituated to the experimental chambers. On day 4, animals were subjected to an auditory fear conditioning and, 24 h later (day 5), received bilateral intra-BLA surgical
injections of HSV-GFP or HSV-GFP-FAAH. Seventy-two hours later, rats received a fear memory test/extinction training (day 8) and three consecutive extinction retrieval sessions (extinction retrieval
1, 2, and 3) on days 9 –11. B–E, Intra-BLA FAAH overexpression at extinction training decreased conditioned fear expression/fear memory retrieval during the extinction training and extinction
retrieval 1 and 3. B–E, Percentage freezing during cued fear conditioning (B), extinction training (C), extinction retrieval 1 (D), and extinction retrieval 2 and 3 (E) (n � 16 –20 per group).
F, Schematic representation of the experimental design. Rats received bilateral intra-BLA surgical injections of HSV-GFP or HSV-GFP-FAAH on day 1 and, on days 2 and 3, they were handled and
habituated to the experimental chambers. On day 4, animals were subjected to an auditory fear conditioning and 96 h later received a fear memory test/extinction training (day 8) and an extinction
retrieval session (day 9). G–I, Intra-BLA FAAH overexpression at fear conditioning did not affect the acquisition or the expression of cued fear conditioning and did not alter the animals’ ability to
express freezing behavior. G–I, Percentage freezing during cued fear conditioning (G), extinction training (H), and extinction retrieval (I) (n � 11–13 per group). J, Schematic representation of the
experimental design. Rats received bilateral cannulation surgery aiming at the BLA 7–9 d before the behavioral experiment. Rats were handled on day 1 and, on days 2 and 3, they were handled and
habituated to the experimental chambers. On day 4, animals were subjected to an auditory fear conditioning and, 24 h later (day 5), received bilateral intra-BLA injections of HSV-GFP or
HSV-GFP-FAAH through their cannulae. Seventy-two hours later, rats received a fear memory test/extinction training (day 8) and three consecutive extinction retrieval sessions (extinction retrieval
1, 2, and 3) on days 9 –11. On day 12, rats were given unsignaled foot shocks and the following day tested for fear reinstatement (day 13). K–N, The cannulation surgery (Figure legend continues.)
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line freezing difference to context B between the HSV-GFP and
HSV-GFP-FAAH groups (t(34) � 1.91, p � 0.07; Fig. 4C), thus
indicating that FAAH overexpression did not affect uncondi-
tioned fear response. Repeated-measures ANOVA for freezing
during extinction retrieval 1 revealed a significant effect of CS
presentation (F(4,136) � 4.02, p � 0.004; Fig. 4D), treatment
(F(1,34) � 5.56, p � 0.03; Fig. 4D), and CS presentation � treat-
ment interaction (F(4,136) � 3.19, p � 0.02; Fig. 4D). Post hoc tests
revealed that the HSV-GFP-FAAH group expressed lower freez-
ing levels at the first and third CS presentations relative to the
HSV-GFP control group (p � 0.01 and p � 0.05, respectively;
Fig. 4D), indicating that FAAH overexpression decreased fear
memory expression. As shown in Figure 4E, there were no differ-
ences in the average freezing during the 5 CS presentations be-
tween groups at extinction retrieval 2 (t(34) � 1.70, p � 0.10; Fig.
4E). However, the following day during the extinction retrieval 3
session, again, rats in the HSV-GFP-FAAH group showed signif-
icantly less freezing than the HSV-GFP group (t(34) � 2.39, p �
0.02; Fig. 4E). These results suggest that, overall, FAAH overex-
pression within the BLA reduced the expression or retrieval of
learned fear.

To exclude the possibility that the impairing effects on mem-
ory retrieval and the reduction of fear expression were due to
nonspecific effects of the virus infection on the rats’ ability to
express freezing behavior and to correctly acquire the CS–US
association, we performed two additional experiments. In the
first experiment, rats were surgically microinjected with the viral
vectors on day 1 and fear conditioned 72 h later (day 4). On days
8 and 9, animals underwent the extinction training and retrieval
sessions to match the experimental design used in the previous
experiments (Fig. 4F). As shown in Figure 4G, repeated-
measures ANOVA for percentage of freezing during condition-
ing showed a significant CS–US presentation effect, but no
treatment or CS–US presentation � treatment interaction effects
(F(2,44) � 24.73, p � 0.0001; F(1,22) � 1.49, p � 0.24; F(2,44) � 0.93,
p � 0.40; respectively; Fig. 4G), indicating that the HSV-GFP-
FAAH vector did not induce a general impairment in fear expres-
sion or in the acquisition of the aversive CS–US association
because rats’ freezing levels increased over time with the stimuli
presentations. Student’s t test also revealed no group differences
in baseline freezing levels to the conditioning context (t(22) �
1.04, p � 0.31; Fig. 4G, freezing during pre-CS). Repeated-
measures ANOVA for percentage of freezing during extinction
training revealed a significant CS presentation, but no treatment
or CS presentation � treatment interaction effects (F(3,66) �
32.54, p � 0.0001; F(1,22) � 0.50, p � 0.49; F(3,66) � 2.54, p � 0.06;
respectively; Fig. 4H), indicating that both groups were equally
able to retrieve the aversive experience and to show within session
extinction. Unpaired Student’s t test for the average percentage
freezing during the pre-CS period revealed no baseline freezing
difference to context B between the HSV-GFP and HSV-GFP-

FAAH groups (t(22) � 1.76, p � 0.09; Fig. 4H), thus indicating
that FAAH overexpression did not affect unconditioned fear re-
sponse. Repeated-measures ANOVA for freezing during extinc-
tion retrieval revealed a significant CS presentation effect (F(4,88) �
5.44, p � 0.0006; Fig. 4I), but no significant effects of treatment or
interaction between both factors (F(1,22) � 0.02, p � 0.89; F(4,88) �
0.40, p � 0.81, respectively; Fig. 4I), indicating that administra-
tion of the HSV-GFP-FAAH vector before fear conditioning did
not alter subsequent fear memory extinction retrieval.

In the second experiment, rats were tested in auditory fear con-
ditioning as indicated above and after the extinction had occurred in
both groups, rats were given unsignaled foot shocks in a different
context and tested for fear reinstatement (Fig. 4J). Additionally,
these rats were surgically implanted with cannulae aiming at the BLA
7–9 d before behavioral testing and the virus injections were deliv-
ered through the cannulae (Fig. 4J). These rats were implanted with
cannulae to also determine whether the cannulation surgery itself
affected the primary effect of the FAAH overexpression to reduce
fear retrieval before pursuing the pharmacological intervention
studies shown in the following paragraphs.

As shown in Figure 4K, repeated-measures ANOVA for per-
centage of freezing during conditioning showed a significant
CS–US presentation effect, but no treatment or CS–US presenta-
tion � treatment interaction effects (F(2,30) � 56.19, p � 0.0001;
F(1,15) � 1.41, p � 0.25; F(2,30) � 0.01, p � 0.99; respectively; Fig.
4K), indicating the absence of preexisting differences between
groups before the virus injections and that all rats correctly ac-
quired the task. Student’s t test also revealed no group differences
in baseline freezing levels to the conditioning context (t(15) �
1.00, p � 0.33; Fig. 4K, freezing during pre-CS). Repeated-
measures ANOVA for percentage of freezing during extinction
training revealed a significant CS presentation, treatment, and CS
presentation � treatment interaction effects (F(3,45) � 15.82, p �
0.0001; F(1,15) � 6.69, p � 0.02; F(3,45) � 3.36, p � 0.03; respec-
tively; Fig. 4L). Consistent with our previous results obtained
from animals without cannulation surgery (Fig. 4C), post hoc
analyses showed that rats injected with HSV-GFP-FAAH virus
presented significantly lower freezing levels during the first 10 CS
presentations on average (CS 1–5, p � 0.01; CS 6 –10, p � 0.05;
Fig. 4L). Unpaired Student’s t test for the average percentage
freezing during the pre-CS period revealed no baseline freezing
difference to context B between the HSV-GFP and HSV-GFP-
FAAH groups (t(15) � 0.88, p � 0.39; Fig. 4L), thus indicating that
FAAH overexpression did not affect unconditioned fear re-
sponse. Again, similar to what we found in the experiment with-
out cannulation surgery (Fig. 4D), repeated-measures ANOVA
for freezing during extinction retrieval 1 revealed a significant CS
presentation effect (F(4,60) � 5.20, p � 0.001; Fig. 4M), a signifi-
cant treatment effect (F(1,15) � 2.45, p � 0.14), and a significant
interaction between both factors (F(4,60) � 3.19, p � 0.02; Fig.
4M). Post hoc tests revealed that the HSV-GFP-FAAH group ex-
pressed lower freezing levels at the first CS presentation relative to
the HSV-GFP control group (p � 0.05; Fig. 4M), indicating that
the FAAH overexpression decreased fear expression. Both groups
of rats successfully extinguished the fear memory when tested for
extinction retrieval 2 and 3 the following 2 d, showing no signif-
icant differences between groups in their freezing levels during
both extinction retrieval 2 (t(15) � 0.36, p � 0.73; HSV-GFP:
16.03 � 4.31; HSV-GFP-FAAH: 13.00 � 7.59) and extinction
retrieval 3 (t(15) � 0.16; p � 0.87; Fig. 4N). After the extinction
had successfully occurred in both groups, rats were given unsig-
naled foot shocks in a different context (context C) and tested for
fear reinstatement in the extinction context (context B).

4

(Figure legend continued.) itself did not affect the effect of the FAAH overexpression at ex-
tinction training to reduce conditioned fear expression/fear memory retrieval during the extinc-
tion training and extinction retrieval 1. Additionally, intra-BLA FAAH overexpression did not
affect fear reinstatement, thus demonstrating no treatment effects on the ability to show freez-
ing behavior and that all experimental groups had correctly acquired the original tone-shock
memory association. K–N, Percentage freezing during cued fear conditioning (K), extinction
training (L), extinction retrieval 1 (M), and extinction retrieval 3 and fear reinstatement test (N)
(n � 8 –9 per group). Data are expressed as mean � SEM. *p � 0.05, **p � 0.01, ****p �
0.0001 versus the corresponding HSV-GFP group. ��p � 0.01, ���p � 0.001 versus
the corresponding extinction retrieval 3 group.
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Repeated-measures ANOVA for total freezing during CS presen-
tations at extinction retrieval 3 and test for reinstatement re-
vealed a significant time of test effect (F(1,15) � 40.97, p � 0.0001;
Fig. 4N), but no effects of treatment or interaction between both
factors (F(1,15) � 0.98, p � 0.34; F(1,15) � 1.62, p � 0.22, respec-
tively; Fig. 4N). Both groups of rats showed increased freezing
24 h after the unsignaled foot shocks (reinstatement) relative to
the last extinction retrieval session (extinction retrieval 3; p �
0.001, p � 0.01 for the HSV-GFP and the HSV-GFP-FAAH
group, respectively; Fig. 4N).

Collectively, these data indicate that both groups had retained
the original aversive CS–US association and that the effects of the
FAAH overexpression specifically reduced learned fear response
and fear memory retrieval during the extinction training and the
first extinction retrieval session without altering the animals’
ability to express freezing behavior. Furthermore, we found that
even following BLA cannulation surgery, administration of the
HSV-GFP-FAAH virus reduced learned fear expression relative
to the HSV-GFP group, indicating that this effect was stable and
replicable even with the introduction of a cannulation surgery.

The FAAH inhibitor URB597 reverts the impairing effects of
intra-BLA FAAH overexpression on learned fear expression
during both extinction training and the first extinction
retrieval session
To test for the specificity of FAAH overexpression effects on fear
memory dynamics, two groups of rats received cannulation sur-
gery and 7–9 d later underwent an auditory fear conditioning
paradigm, as described above. One day after conditioning, ani-
mals received either intra-BLA HSV-GFP or HSV-GFP-FAAH
injections and were left in their colony room undisturbed to
reach the maximal protein expression for 72 h. Three days after
HSV injection, the HSV-GFP and HSV-GFP-FAAH groups were
further divided in two subgroups and given intra-BLA injections
of the FAAH inhibitor URB597 (10 ng/side) or its vehicle 1 h
before extinction training. They were subsequently tested for ex-

tinction retrieval for 3 consecutive days and underwent a fear
reinstatement protocol (Fig. 5A).

As shown in Figure 5B, repeated-measures ANOVA for per-
centage of freezing during CS–US presentations at conditioning
revealed a significant CS–US presentation effect (F(2,72) � 123.5,
p � 0.0001; Fig. 5B), but no treatment or CS–US presentation �
treatment interaction effects (F(3,36) � 0.85, p � 0.47; F(6,72) �
0.40, p � 0.87, respectively; Fig. 5B). There was no difference
between the groups in pre-CS freezing during the fear condition-
ing session (HSV effect: F(1,36) � 0.007, p � 0.93; drug effect:
F(1,36) � 0.15, p � 0.70; HVS � drug interaction effect: F(1,36) �
0.06, p � 0.80; Fig. 5B), thus showing that all groups correctly
acquired the CS–US association and did not present uncondi-
tioned freezing to the context. Repeated-measures ANOVA for
freezing during CS presentations at extinction training did not
reveal a significant treatment effect (F(3,36) � 1.69, p � 0.19; Fig.
5C), but did show significant CS presentation and CS presenta-
tion � treatment interaction effects (F(3,108) � 23.39, p � 0.0001;
F(9,108) � 2.34, p � 0.02, respectively; Fig. 5C). Confirming our
previous results, post hoc analyses showed that the HSV-GFP-
FAAH group given vehicle injections (HSV-GFP-FAAH-Veh)
presented significantly lower freezing levels during CS 1–5 than
the HSV-GFP-Veh group (p � 0.01; Fig. 5C). Furthermore,
within the HSV-GFP-FAAH group, rats given vehicle showed
significantly less freezing at CS 1–5 than rats given URB597
(HSV-GFP-FAAH-URB; p � 0.05; Fig. 5C). There were no dif-
ferences in freezing levels during CS presentations among the
other treatment groups. Analyses of percentage freezing during
the pre-CS period showed no significant effects of HSV, drug, or
HSV � drug interaction (F(1,36) � 0.000007, p � 0.99; F(1,36) �
3.56, p � 0.07; F(1,36) � 0.97, p � 0.33, respectively; Fig. 5C).
These results show that intra-BLA FAAH inhibition with URB597
completely counteracted the effects of FAAH overexpression on
extinction training without affecting freezing behavior per se. Con-
sistent with what we found in the previous experiments, repeated-
measures ANOVA for freezing during extinction retrieval 1 revealed

Figure 5. The FAAH inhibitor URB597 reverted the impairing effects of intra-BLA FAAH overexpression on conditioned fear expression. A, Schematic representation of the experimental design.
Rats received bilateral cannulation surgery aiming at the BLA 7–9 d before the behavioral experiment. Rats were handled on day 1 and, on days 2 and 3, they were handled and habituated to the
experimental chambers. On day 4, animals were subjected to an auditory fear conditioning and, 24 h later (day 5), received bilateral intra-BLA injections of HSV-GFP or HSV-GFP-FAAH through their
cannulae. On day 8, rats received intra-BLA injections of the FAAH inhibitor URB597 (URB, 10 ng/side) or its vehicle (Veh) 1 h before the fear memory test/extinction training. They received three
consecutive extinction retrieval sessions (extinction retrieval 1, 2, and 3) on days 9 –10 –11. On day 12, rats were given unsignaled foot shocks and the following day tested for fear reinstatement
(day 13). B–E, The FAAH inhibitor URB597 reverted the impairing effects of intra-BLA FAAH overexpression on conditioned fear expression at extinction training and extinction retrieval 1, but did
not affect fear reinstatement. B–E, Percentage freezing during cued fear conditioning, extinction training (C), extinction retrieval 1 (D), and extinction retrieval 3 and fear reinstatement test (E). Data
are expressed as mean � SEM (n � 8 –11 per group). *p � 0.05, **p � 0.01 versus the corresponding HSV-GFP-Veh group. �p � 0.05 versus the corresponding HSV-GFP-FAAH-URB group.
●●p � 0.01 versus the corresponding extinction retrieval 3 groups.
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a significant CS presentation effect (F(4,144) � 3.88, p � 0.005; Fig.
5D), but no significant effects of treatment or interaction between
both factors (F(3,36) � 1.35, p � 0.27; F(12,144) � 0.56, p � 0.87,
respectively; Fig. 5D). Post hoc tests revealed that the HSV-GFP-
FAAH-Veh group expressed lower freezing levels at the first CS
presentation relative to the HSV-GFP-Veh control group (p �
0.05; Fig. 5D), indicating that the FAAH overexpression de-
creased learned fear expression. There were no significant differ-
ences between the HSV-GFP-Veh and the HSV-GFP-URB
groups or between the HSV-GFP-Veh and the HSV-GFP-FAAH-
URB groups, indicating that URB597 given to rats with FAAH
overexpressed in the BLA rendered their freezing levels compa-
rable to those shown by control (HSV-GFP-Veh) animals.

All four experimental groups successfully extinguished the
fear memory when tested for extinction retrieval 2 and 3. Specif-
ically, two-way ANOVA for total freezing during the 5 CS pre-
sentations at extinction retrieval 2 revealed no significant HSV
(F(1,36) � 0.28, p � 0.60), drug (F(1,36) � 1.12, p � 0.30), or
HSV � drug interaction effects (F(1,36) � 2.51, p � 0.12; percent-
age freezing for HSV-GFP-Veh: 14.55 � 6.20, HSV-GFP-URB:
11.27 � 4.54, HSV-GFP-FAAH-Veh: 8.00 � 2.39, HSV-GFP-
FAAH-URB: 24.40 � 8.71). Similarly, two-way ANOVA for total
freezing during the 5 CS presentations at extinction retrieval 3
revealed no significant HSV (F(1,36) � 0.01, p � 0.91), drug
(F(1,36) � 0.11, p � 0.74), or HSV � drug interaction effects
(F(1,36) � 0.03, p � 0.87; Fig. 5E).

After fear memory extinction had successfully occurred in all
groups, rats were fear reinstated and tested for conditioned fear
memory the day after. Repeated-measures ANOVA for total freez-
ing during CS presentations at extinction retrieval 3 and test for
reinstatement revealed a significant time of test effect (F(1,36) �
93.92, p � 0.0001; Fig. 5E), but no effects of treatment or inter-
action between both factors (F(3,36) � 0.25, p � 0.86; F(3,36) �
0.55, p � 0.65, respectively; Fig. 5E). All groups of rats showed
increased freezing to the CS presentations 24 h after the reinstate-
ment relative to their last extinction retrieval session (p � 0.01,

for the HSV-GFP-URB group; p � 0.0001, for the remaining
groups; Fig. 5E).

Collectively, the finding that the FAAH inhibitor URB597
completely abolished the effects of FAAH overexpression on con-
ditioned fear expression and fear memory retrieval further con-
firms that the specificity of the effects seen with HSV-GFP-FAAH
injection were explicitly due to overexpression of FAAH itself.

Intra-BLA GABAA antagonism reverts the detrimental effects
of FAAH overexpression on conditioned fear expression and
fear memory retrieval
The behavioral effects produced by FAAH overexpression were
relatively similar to what would be found by either blocking glu-
tamatergic neurotransmission or increasing GABAergic neu-
rotransmission. Because AEA signaling at CB1R in the BLA
reduces the release of GABA and glutamate (Azad et al., 2004;
Shin et al., 2010; Gunduz-Cinar et al., 2016), a loss of AEA sig-
naling would be expected to result in increased release of both or
either of these neurotransmitters. However, an increase in gluta-
matergic transmission would be expected to enhance behavioral
indices of fear (Lee et al., 2001), whereas an increase in GABA
release due to a loss of inhibitory AEA signaling at GABAergic
synapses would be consistent with the behavioral effects found
(Rea et al., 2011). Therefore, to examine the possible involvement
of GABAergic transmission in the effects of FAAH overexpres-
sion on conditioned fear memory retrieval and extinction, a sep-
arate cohort of animals was tested in the same behavioral
paradigm as the one used for the previous experiment except that
half of the rats were given intra-BLA injections of the GABAA

antagonist BIC (50 ng/side) 1 h before the extinction training
session (Fig. 6A).

As shown in Figure 6B, repeated-measures ANOVA for per-
centage of freezing during CS–US presentations at conditioning
revealed a significant CS–US presentation effect (F(2,102) � 149.1,
p � 0.0001; Fig. 6B), but no treatment or CS–US presentation �
treatment interaction effects (F(3,51) � 0.27, p � 0.85; F(6,102) �

Figure 6. The GABAA antagonist BIC blocked the impairing effects of intra-BLA FAAH overexpression on conditioned fear expression. A, Schematic representation of the experimental design. Rats
received bilateral cannulation surgery aiming at the BLA 7–9 d before the behavioral experiment. Rats were handled on day 1 and, on days 2 and 3, they were handled and habituated to the
experimental chambers. On day 4, animals were subjected to an auditory fear conditioning and, 24 h later (day 5), received bilateral intra-BLA injections of HSV-GFP or HSV-GFP-FAAH through their
cannulae. On day 8, rats received intra-BLA injections of the GABAA antagonist BIC (50 ng/side) or its vehicle (Veh) 1 h before the fear memory test/extinction training. They received three consecutive
extinction retrieval sessions (extinction retrieval 1, 2, and 3) on days 9 –11. On day 12, rats were given unsignaled foot shocks and the following day tested for fear reinstatement (day 13). B–E, The
GABAA antagonist BIC blocked the impairing effects of intra-BLA FAAH overexpression on conditioned fear expression at extinction training, but did not affect fear reinstatement. B–E, Percentage
freezing during cued fear conditioning (B), extinction training (C), extinction retrieval 1 (D), and extinction retrieval 3 and fear reinstatement test (E). Data are expressed as mean�SEM (n �11–18
per group). *p � 0.05, ****p � 0.0001, HSV-GFP-Veh versus HSV-GFP-FAAH-Veh. �p � 0.05, HSV-GFP-FAAH-Veh vs HSV-GFP-FAAH-BIC. ●●●p � 0.001 versus the corresponding extinction
retrieval 3 groups.
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0.32, p � 0.93, respectively; Fig. 6B). There was no difference
between the groups in pre-CS freezing during the fear-
conditioning session (HSV effect: F(1,51) � 0.09, p � 0.77; drug
effect: F(1,51) � 0.0001, p � 0.99; HVS � drug interaction effect:
F(1,51) � 0.08, p � 0.78; Fig. 6B), thus showing that all groups
correctly acquired the CS–US association and did not present
unconditioned freezing to the context. Repeated-measures
ANOVA for freezing during CS presentations at extinction train-
ing did not reveal a significant treatment effect (F(3,51) � 2.34, p �
0.08; Fig. 6C), but did show significant CS presentation and CS
presentation � treatment interaction effects (F(3,153) � 35.63,
p � 0.0001; F(9,153) � 3.28, p � 0.001, respectively; Fig. 6C).
Confirming our previous results, post hoc analyses showed that
the HSV-GFP-FAAH group given vehicle injections presented
significantly lower freezing levels during CS 1–5 than the HSV-
GFP-Veh group (p � 0.0001; Fig. 6C). Furthermore, within the
HSV-GFP-FAAH group rats given vehicle showed significantly
less freezing at CS 1–5 than rats given BIC (HSV-GFP-FAAH-
BIC); p � 0.05; Fig. 6C). There were no significant differences
between the HSV-GFP-FAAH-BIC group and the two HSV-
GFP-injected groups given either vehicle or BIC. Analyses of per-
centage freezing during the pre-CS period showed no significant
effects of HSV, drug, or HSV � drug interaction (F(1,51) � 1.11,
p � 0.30; F(1,51) � 0.02, p � 0.90; F(1,51) � 0.30, p � 0.59, respec-
tively; Fig. 6C). These results show that intra-BLA antagonism of
GABAA receptors completely blocked the effects of FAAH over-
expression on fear memory retrieval without affecting freezing
behavior itself. Repeated-measures ANOVA for freezing during ex-
tinction retrieval 1 revealed significant CS presentation (F(4,204) �
8.00, p � 0.0001; Fig. 6D) and treatment (F(3,51) � 3.13, p � 0.03;
Fig. 6D) effects, but no significant interaction between both fac-
tors (F(12,204) � 1.06, p � 0.39; Fig. 6D). Consistent with what we
found in the previous experiments, post hoc comparisons re-
vealed that the HSV-GFP-FAAH-Veh group expressed lower

freezing levels at the first two CS presentations (CS 1 and 2)
relative to the HSV-GFP-Veh control group (p � 0.05; Fig. 6D),
confirming again that the FAAH overexpression decreased fear
expression. There were no significant differences between the
HSV-GFP-Veh and the HSV-GFP-BIC groups or between the
HSV-GFP-Veh and the HSV-GFP-FAAH-BIC groups, indicating
that subthreshold doses of BIC given to rats, which did not affect
fear expression or extinction on its own, rendered freezing of
animals with FAAH overexpression in the BLA comparable to
those shown by control (HSV-GFP-Veh) animals.

All four experimental groups extinguished the fear memory,
as shown by their decreased freezing levels when tested for extinc-
tion retrieval 2 and 3. Specifically, two-way ANOVA for total
freezing during the 5 CS presentations at extinction retrieval 2
revealed no significant HSV (F(1,51) � 0.35, p � 0.56), drug
(F(1,51) � 0.11, p � 0.74), or HSV � drug interaction effects
(F(1,51) � 0.92, p � 0.34; percentage freezing for HSV-GFP-Veh:
16.92 � 5.79, HSV-GFP-BIC: 11.33 � 4.09, HSV-GFP-FAAH-
Veh: 10.18 � 2.31, HSV-GFP-FAAH-BIC: 12.92 � 3.48). Simi-
larly, two-way ANOVA for total freezing during the 5 CS
presentations at extinction retrieval 3 revealed no significant
HSV (F(1,51) � 0.06, p � 0.81), drug (F(1,51) � 0.007, p � 0.93), or
HSV � drug interaction effects (F(1,51) � 0.44, p � 0.51; Fig. 6E).
After fear memory extinction had successfully occurred in all
groups, rats were fear reinstated and tested for fear reinstatement
to the CS the day after. Repeated-measures ANOVA for total
freezing during CS presentations at extinction retrieval 3 and test for
reinstatement revealed a significant time of test effect (F(1,51) �
91.36, p � 0.0001; Fig. 6E), but no effects of treatment or inter-
action between both factors (F(3,51) � 0.50, p � 0.68; F(3,51) �
0.28, p � 0.84, respectively; Fig. 6E). All groups of rats showed
increased freezing to the CS presentations 24 h after fear rein-
statement relative to their last extinction retrieval session (p �
0.001, for the HSV-GFP-Veh and HSV-GFP-FAAH-BIC groups;

Figure 7. The NMDA receptor antagonist D-AP5 together with the AMPA/kainate receptor antagonist DNQX did not affect the impairing effects of intra-BLA FAAH overexpression on conditioned
fear expression. A, Schematic representation of the experimental design. Rats received bilateral cannulation surgery aiming at the BLA 7–9 d before the behavioral experiment. Rats were handled
on day 1 and, on days 2 and 3, they were handled and habituated to the experimental chambers. On day 4, animals were subjected to an auditory fear conditioning and, 24 h later (day 5), received
bilateral intra-BLA injections of HSV-GFP or HSV-GFP-FAAH through their cannulae. On day 8, rats received intra-BLA injections of the NMDA�AMPA/kainate receptor antagonists D-AP5�DNQX
(DAP5�DNQX, 5 �g � 1 �g/side) or their vehicle (Veh) 1 h before the fear memory test/extinction training. They received three consecutive extinction retrieval sessions (extinction retrieval 1, 2,
and 3) on days 9 –11. On day 12, rats were given unsignaled foot shocks and the following day tested for fear reinstatement (day 13). B–E, Injection of the NMDA�AMPA/kainate receptor
antagonists did not block the impairing effects of intra-BLA FAAH overexpression on conditioned fear expression, but did induce impairing effects on behavioral performance at extinction training
by itself. The same treatment did not affect fear reinstatement. B–E, Percentage freezing during cued fear conditioning (B), extinction training (C), extinction retrieval 1 (D), and extinction retrieval
3 and fear reinstatement test (E). Data are expressed as mean � SEM (n � 8 –10 per group). *p � 0.05, ****p � 0.0001 versus the corresponding HSV-GFP-FAAH-Veh group. ���p � 0.001
versus the corresponding HSV-GFP-DAP5�DNQX group. ^^^^p � 0.0001 versus the corresponding HSV-GFP-FAAH-DAP5�DNQX group. ●●p � 0.01 versus the corresponding extinction
retrieval 3 groups.
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p � 0.0001, for the remaining groups; Fig. 6E). Collectively, the
finding that the GABAA antagonism completely blocked the ef-
fects of FAAH overexpression on conditioned fear expression
and fear memory retrieval indicates that the effects of FAAH
overexpression and reduction in AEA signaling involve GABAe-
rgic transmission in the BLA.

Intra-BLA NMDA and AMPA/kainate receptor antagonism
does not revert the detrimental effects of FAAH
overexpression on conditioned fear expression and fear
memory retrieval
Because AEA signaling at CB1R in the BLA modulates the release
of GABA and glutamate (Azad et al., 2004; Shin et al., 2010;
Gunduz-Cinar et al., 2016), to rule out the possibility that AEA
depletion in the condition of FAAH overexpression might have
altered glutamate signaling and subsequently impaired learned
fear expression and retrieval, we performed an additional exper-
iment. Rats were tested in the same behavioral paradigm as the
one used for the previous experiment except that half of the rats
were given intra-BLA injections of the NMDA receptor antago-
nist D-AP5 (5 �g) together with the AMPA/kainate receptor an-
tagonist DNQX (1 �g) 1 h before the extinction training session
(DAP5�DNQX, 5 �g � 1 �g/side).

As shown in Figure 7B, repeated-measures ANOVA for per-
centage of freezing during CS–US presentations at conditioning
revealed a significant CS–US presentation effect (F(2,60) � 113.4,
p � 0.0001; Fig. 7B), but no treatment or CS–US presentation �
treatment interaction effects (F(3,30) � 2.11, p � 0.12; F(6,60) �
1.27, p � 0.29, respectively; Fig. 7B). There were no differences
between the groups in pre-CS freezing during the fear conditioning
session (HSV effect: F(1,30) � 0.02, p � 0.90; drug effect: F(1,30) �
1.60, p � 0.22; HSV � drug interaction effect: F(1,30) � 1.23, p �
0.28; Fig. 7B), thus showing that all groups correctly acquired the
CS–US association and did not present unconditioned freezing to
the context. Repeated-measures ANOVA for freezing during CS
presentations at extinction training revealed a significant treat-
ment effect (F(3,30) � 8.43, p � 0.0003; Fig. 7C), a significant CS
presentation effect (F(3,90) � 34.24, p � 0.0001), and a significant
interaction between factors (F(9,90) � 2.76, p � 0.007; Fig. 7C).
Confirming our previous results, post hoc analyses showed that
the HSV-GFP-FAAH group given vehicle injections presented
significantly lower freezing levels during CS 1–5 than the HSV-
GFP-Veh group (p � 0.0001; Fig. 7C). Furthermore, both
HSV-GFP and HSV-GFP-FAAH groups given D-AP5�DNQX
(HSV-GFP-DAP5�DNQX, HSV-GFP-FAAH-DAP5�DNQX)
showed significantly less freezing at CS 1–5 than control HSV-
GFP rats given vehicle (p � 0.001, p � 0.0001, respectively; Fig.
7C), indicating that glutamate antagonism did not revert the im-
pairing effects of FAAH overexpression and that the same treat-
ment also impaired behavioral performance of rats given the
control virus. Analyses of percentage freezing during the pre-CS
period showed no significant effects of HSV, drug, or HSV �
drug interaction (F(1,30) � 1.39, p � 0.25; F(1,30) � 0.30, p � 0.59;
F(1,30) � 0.12, p � 0.73, respectively; Fig. 7C). Repeated-measures
ANOVA for freezing during extinction retrieval 1 revealed a sig-
nificant CS presentation effect (F(4,120) � 5.86, p � 0.0002; Fig.
7D), but no treatment (F(3,30) � 2.65, p � 0.07; Fig. 7D) or CS
presentation � treatment effects (F(12,120) � 0.72, p � 0.73; Fig.
7D). Consistent with what we found in the previous experiments,
post hoc comparisons revealed that the HSV-GFP-FAAH-Veh
group expressed lower freezing levels at the first CS presentation
(CS 1) relative to the HSV-GFP-Veh control group (p � 0.05;
Fig. 7D), confirming again that the FAAH overexpression de-

creased fear expression. There were no significant differences
among all the other groups.

All four experimental groups extinguished fear memory, as
shown by their decreased freezing levels when tested for extinc-
tion retrieval 2 and 3. Specifically, two-way ANOVA for total
freezing during the 5 CS presentations at extinction retrieval 2
revealed a significant HSV (F(1,30) � 5.44, p � 0.03), but no drug
(F(1,30) � 0.85, p � 0.36) or HSV � drug interaction effects
(F(1,30) � 0.85, p � 0.36; percentage freezing for HSV-GFP-Veh:
23.00 � 5.24, HSV-GFP-DAP5�DNQX: 15.20 � 3.70, HSV-GFP-
FAAH-Veh: 9.25 � 3.05, HSV-GFP-FAAH-DAP5�DNQX:
9.25 � 4.66). Bonferroni post hoc test did not reveal any signifi-
cant difference among groups. Similarly, two-way ANOVA for
total freezing during the 5 CS presentations at extinction retrieval
3 revealed no significant HSV (F(1,30) � 3.09, p � 0.09), drug
(F(1,30) � 0.18, p � 0.67) or HSV � drug interaction effects
(F(1,30) � 0.07, p � 0.80; Fig. 7E). After fear memory extinction
had successfully occurred in all groups, rats were fear reinstated
and tested for fear reinstatement to the CS the day after.
Repeated-measures ANOVA for total freezing during CS presen-
tations at extinction retrieval 3 and test for reinstatement re-
vealed a significant time of test effect (F(1,30) � 74.40, p � 0.0001;
Fig. 7E), but no effects of treatment or interaction between both
factors (F(3,30) � 0.74, p � 0.54; F(3,30) � 0.79, p � 0.51, respec-
tively; Fig. 7E). All groups of rats showed increased freezing to the
CS presentations 24 h after fear reinstatement relative to their last
extinction retrieval session (p � 0.0001, for the HSV-GFP-Veh
group; p � 0.001, for the HSV-GFP-FAAH-Veh group; p � 0.01,
for the remaining groups; Fig. 7E). Collectively, the finding that
the administration of a mixture of antagonists to ionotropic glu-
tamate receptors (NMDA�AMPA/kainate) did not block the ef-
fects of FAAH overexpression on conditioned fear expression
and fear memory retrieval indicates that the effects of AEA deple-
tion do not involve an elevation in glutamatergic transmission in
the BLA.

Discussion
Previous studies have reported that increased BLA AEA signaling
attenuates stress responses, anxiety and fear expression (for re-
view, see Ramikie and Patel, 2012; Gunduz-Cinar et al., 2013a;
Morena et al., 2016b). We show here for the first time that
viral-mediated FAAH overexpression in BLA pyramidal neu-
rons decreases AEA levels and this reduction attenuates neu-
roendocrine stress response, decreases anxiety-like behavior, and
promotes suppression of conditioned fear, likely through in-
creased GABAergic transmission.

Consistent with previous studies (Cole et al., 2012; Yiu et al.,
2014), the HSV vector that we used predominately resulted in
transfection within BLA pyramidal neurons. Because FAAH is
normatively and primarily expressed in the majority of BLA py-
ramidal neurons (Gulyas et al., 2004), our approach allowed us to
examine the impact of FAAH overexpression within the appro-
priate cell population that is already FAAH-positive without re-
sulting in ectopic expression within neuronal subtypes that do
not natively express this enzyme. Furthermore, the GFP-FAAH
vector rapidly produced a significant increase in AEA hydrolysis
and reduced AEA content, but not 2-AG, relative to the GFP
alone vector. Previous work has shown that a lentiviral vector
used to overexpress FAAH robustly altered both FAAH activity
and AEA content by itself (Rubino et al., 2008). Importantly, our
control studies demonstrated that the HSV vector itself did not
affect FAAH activity or endocannabinoid content. Contrary to
the usage of adeno-associated viral vectors to overexpress FAAH
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(Zimmermann et al., 2018), the HSV vector that we used induced
a rapid and transient expression of FAAH, which allowed us to
examine the effects of AEA depletion in a restricted time window
on specific memory phases.

We and others have previously established that stress expo-
sure results in a FAAH-mediated decline in amygdala AEA sig-
naling, which is thought to contribute to activation of BLA
pyramidal neurons and promote activation of the HPA axis, devel-
opment of anxiety, and impairments in fear extinction (Patel et al.,
2005; Rademacher et al., 2008; Ganon-Elazar and Akirav, 2009; Hill
et al., 2009; Bedse et al., 2014; Gray et al., 2015). Based on these data,
we had predicted that intra-BLA FAAH overexpression and deple-
tion of AEA signaling would have recapitulated the neuroendocrine
and behavioral effects of stress. Unexpectedly, we found that FAAH
overexpression induced an overall decrease in stress-induced eleva-
tions in plasma corticosterone levels measured during a 90 min time
course after acute stress exposure. Consistently, reductions in BLA
AEA signaling also reliably reduced indices of anxiety across differ-
ent behavioral tasks (EPM and LD box). Importantly, our manipu-
lation did not alter locomotor activity because we found no
differences between treatment conditions in the number of closed
arm entries in the EPM 48 h after HSV injection and in the distance
traveled in the OF 72 h after HSV injection. Therefore, intra-BLA
FAAH overexpression produced a blunted stress response and an
anxiolytic phenotype.

AEA signaling, particularly within the BLA, has been shown to
suppress fear behavior and to promote fear extinction (Marsi-
cano et al., 2002; Chhatwal et al., 2005; Ganon-Elazar and Akirav,
2009; Gunduz-Cinar et al., 2013b; Llorente-Berzal et al., 2015).
Therefore, we next examined the impact of reducing BLA AEA
signaling on fear memory retrieval and extinction. Because fear
memories become independent of the BLA 1 week after condi-
tioning (Do-Monte et al., 2015), the use of HSV vectors that
produce rapid and maximal novel protein expression within
48 –72 h (Barrot et al., 2002) allowed us to perform fear condi-
tioning in a naive state and then examine how FAAH overexpres-
sion specifically affected fear memory retrieval and extinction.
Interestingly, contrary to our expectations, FAAH overexpres-
sion induced a dramatic and highly replicable reduction of con-
ditioned fear expression and memory. This robust effect was
maintained after cannulation surgery. Indeed, rats showed the
same reduction in freezing behavior when they were given HSV

either through surgical microinjection 24 h after conditioning or
through their cannulae implanted 10 –12 d before conditioning.
This effect was not due to a general impairment in the expression
of fear behavior because we showed that virus injection before
conditioning did not affect fear conditioning itself or the ability
to show conditional freezing during extinction training and re-
trieval. Gene expression following HSV injection dissipates
within 1 week after injection (Carlezon et al., 1997; Barrot et al.,
2002); therefore, it is likely that, for rats injected before fear con-
ditioning, the effects of the virus had faded during the extinction
training session (4 d after conditioning and 1 week after virus
injection), when rats were able to show freezing behavior. This
provides further evidence that our manipulation does not affect
the acquisition of fear, but rather, the selective expression of
learned fear and fear memory recall. Similarly, for the remaining
experiments examining the effects of FAAH overexpression on
conditioned fear expression/recall (i.e., virus injection 72 h be-
fore extinction training), it is likely that the effects of HSV had
dissipated following the last extinction retrieval session. More-
over, all treatment groups showed freezing behavior upon fear
reinstatement. The specificity of these effects to FAAH overex-
pression was also confirmed by the fact that intra-BLA injections
of the FAAH inhibitor URB597 1 h before extinction training
completely counteracted the conditioned fear-suppressing ef-
fects and impairment in memory retrieval induced by FAAH
overexpression. Therefore, these data clearly demonstrate that
intra-BLA FAAH overexpression results in a select yet robust
reduction of fear memory retrieval.

Within the BLA, FAAH expression seems to be restricted to
pyramidal neurons (Gulyas et al., 2004) and AEA has been shown
to regulate the inhibitory/excitatory balance in these neurons by
inhibiting the afferent release of GABA and glutamate (Azad et
al., 2004; Shin et al., 2010; Gunduz-Cinar et al., 2016) through
activation of CB1R expressed on GABAergic interneurons (Ka-
tona et al., 2001) and glutamatergic neurons impinging on BLA
pyramidal cells (Domenici et al., 2006; Kodirov et al., 2010; Shin
et al., 2010). Furthermore, CB1R activation, depending on
whether it is expressed on GABAergic interneurons versus gluta-
matergic cortical neurons, may exert anxiogenic or anxiolytic
effects and promote or reduce fear-related behaviors, respectively
(Kamprath et al., 2009; Lafenêtre et al., 2009; Metna-Laurent et
al., 2012; Rey et al., 2012; Llorente-Berzal et al., 2015). Therefore,

Figure 8. Putative model of AEA role in the modulation of excitatory/inhibitory inputs onto BLA pyramidal neurons under resting, stress, and FAAH overexpression conditions. Under resting basal
conditions, tonic AEA signaling regulates the inhibitory/excitatory balance in the BLA by activating CB1Rs on both GABAergic interneurons and glutamatergic neurons projecting to BLA pyramidal
neurons. Following exposure to stress, increased FAAH activity reduces AEA signaling at glutamatergic synapses, which then results in a facilitation of glutamate release and subsequent activation
of excitatory pyramidal projection neurons of the BLA to drive stress-related behavioral responses. HSV-mediated FAAH overexpression might result in a selective deficit of AEA signaling at CB1Rs at
GABAergic synapses, thus disinhibiting GABA release, which would in turn lead to increased inhibition of BLA pyramidal projection neurons and reduce behavioral indices of stress, anxiety, and fear.
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FAAH activity, by determining AEA concentration at active syn-
apses (Blankman and Cravatt, 2013), could modulate presynap-
tic glutamate (Domenici et al., 2006; Kodirov et al., 2010; Shin et
al., 2010) and GABA release (Azad et al., 2004; Gunduz-Cinar et
al., 2013b, 2016). Under resting conditions, tonic AEA signaling
at CB1R may balance GABAergic and glutamatergic transmission
in the BLA. Indeed, acute disruption of BLA CB1R signaling in-
creases synaptic GABA release (Varodayan et al., 2017). Because
the phenotype produced by FAAH overexpression paralleled
what has been reported following elevations in GABAergic sig-
naling in the BLA (Bueno et al., 2005; Akirav et al., 2006; Rea et
al., 2011) and is consistent with what would be expected from a
loss of CB1R signaling on GABAergic neurons (Kamprath et al.,
2009; Lafenêtre et al., 2009; Metna-Laurent et al., 2012; Rey et al.,
2012; Llorente-Berzal et al., 2015), we hypothesized that FAAH
overexpression induced a loss of AEA inhibitory signaling at
CB1R on GABAergic terminals and augmented GABA release.
Consistent with this prediction, local administration of a GABAA

receptor antagonist reversed the memory impairing effects of
FAAH overexpression. Moreover, NMDA and AMPA/kainate re-
ceptor antagonism into the BLA did not prevent the effects of
FAAH overexpression on learned fear expression, but did reduce
fear expression and retrieval in control rats by itself, consistently
with previous reports (Barros et al., 2000; Lee et al., 2001). These
results suggest that intra-BLA FAAH overexpression likely re-
sulted in a selective deficit in AEA signaling at CB1Rs at GABAe-
rgic synapses, thus disinhibiting GABA release and shifting the
excitatory/inhibitory balance onto BLA pyramidal neurons, favor-
ing inhibition of these neurons (Fig. 8). Similarly, intra-BLA admin-
istration of a CB1R antagonist has been shown to impair fear
memory reconsolidation through increased GABAergic transmis-
sion (Ratano et al., 2014), suggesting that our data are consistent
with a putative model of tonic endocannabinoid regulation of GABA
release as being a mediator of altered cognitive processes. Accord-
ingly, optogenetic and pharmacological studies have demonstrated
that inhibition of neural activity in BLA pyramidal neurons reduces
behavioral indices of stress, anxiety, and fear (Nagy et al., 1979;
Helmstetter, 1993; Harris and Westbrook, 1995; Sanders and Shek-
har, 1995; Tye et al., 2011).

Apparently contrary to our findings, previous work from
us, and others has suggested that stress-induced release of
corticotropin-releasing hormone (CRH) and activation of
CRH receptor-1 (CRHR1) reduces amygdala AEA signaling at
glutamatergic synapses, which then favors feedforward activa-
tion of amygdala neurons to generate anxiety (Gray et al.,
2015, 2016; Bedse et al., 2017; Natividad et al., 2017). It is likely
that CRHR1 and the pool of FAAH that these receptors acti-
vate to deplete AEA signaling are predominately localized
around excitatory as opposed to inhibitory synapses. Consis-
tent with this model, in the central amygdala, CRHR1 is found
predominately clustered around excitatory synapses (Treweek
et al., 2009). However, given the lack of understanding of the
molecular neuroanatomy of these proteins in the BLA, how
FAAH overexpression may preferentially affect GABAergic
over glutamatergic synapses remains to be determined. The
possibility exists that altered AEA tone at non-GABAergic or
non-glutamatergic terminals (such as noradrenergic, dopami-
nergic, and serotonergic inputs to the BLA) might be involved
in the detrimental effects of FAAH overexpression on fear
memory recall and expression.

Here, we show that AEA deficiency in BLA pyramidal neurons
leads to a general suppression of stress-related neuroendocrine
and emotional outcomes and reduction in conditioned fear ex-

pression and memory, unveiling an important role for optimal
AEA signaling within the BLA to orchestrate a proper behavioral
response to challenge. We suggest that this effect is mediated by a
loss of AEA signaling at CB1Rs on GABAergic neurons; however,
we cannot rule out the possibility that it could be due to a loss of
AEA signaling at other neuronal populations (noradrenergic, do-
paminergic, serotonergic) or other receptor targets such as tran-
sient receptor potential vanilloid-1 (TRPV1) or that it involves
changes in other FAAH substrates beyond AEA. These alternate
mechanisms, however, are less likely given that blockade of
TRPV1 before extinction training does not affect fear memory
expression (Llorente-Berzal et al., 2015) and there is no evidence
to date that any other substrates of FAAH modulate BLA GABAe-
rgic neurotransmission. Our data suggest that BLA AEA signaling
may influence stress responsivity, emotional behavior, and fear
memory processes in an inverted U-shaped fashion dependent on its
ability to modulate neurotransmission possibly via CB1Rs on differ-
ent neuronal populations. A recent study found that overexpression
of FAAH within pyramidal neurons in the hippocampus produced
an elevation in anxiety and glutamatergic transmission (Zimmer-
man et al., 2018), although FAAH overexpression was not restricted
to a specific time window. This suggests that AEA signaling very
dynamically regulates emotional behavior through both region- and
synapse-specific mechanisms. Understanding how AEA regulates
anxiety and fear memory may provide insight into psychiatric con-
ditions such as posttraumatic stress disorder and help to elucidate
the mechanisms by which FAAH-based pharmacological tools that
are currently being explored for the treatment of these disorders may
exert their therapeutic effects.
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Nagy J, Zámbó K, Decsi L (1979) Anti-anxiety action op diazepam after
intraamygdaloid application in the rat. Neuropharmacology 18:573–576.
CrossRef Medline

Natividad LA, Buczynski MW, Herman MA, Kirson D, Oleata CS, Irimia C,
Polis I, Ciccocioppo R, Roberto M, Parsons LH (2017) Constitutive in-
creases in amygdalar corticotropin-releasing factor and fatty acid amide
hydrolase drive an anxious phenotype. Biol Psychiatry 82:500 –510.
CrossRef Medline

Ogasawara D, Deng H, Viader A, Baggelaar MP, Breman A, den Dulk H, van
den Nieuwendijk AM, Soethoudt M, van der Wel T, Zhou J, Overkleeft
HS, Sanchez-Alavez M, Mori S, Nguyen W, Conti B, Liu X, Chen Y, Liu
QS, Cravatt BF, van der Stelt M (2016) Rapid and profound rewiring of
brain lipid signaling networks by acute diacylglycerol lipase inhibition.
Proc Natl Acad Sci U S A 113:26 –33. CrossRef Medline

Pamplona FA, Bitencourt RM, Takahashi RN (2008) Short- and long-term
effects of cannabinoids on the extinction of contextual fear memory in
rats. Neurobiol Learn Mem 90:290 –293. CrossRef Medline

Park S, Kramer EE, Mercaldo V, Rashid AJ, Insel N, Frankland PW, Josselyn
SA (2016) Neuronal allocation to a hippocampal engram. Neuropsy-
chopharmacology 41:2987–2993. CrossRef Medline

Patel S, Roelke CT, Rademacher DJ, Hillard CJ (2005) Inhibition of re-
straint stress-induced neural and behavioural activation by endogenous
cannabinoid signalling. Eur J Neurosci 21:1057–1069. CrossRef Medline

Paxinos G, Watson C (2004) The rat brain in stereotaxic coordinates, Ed 5.
New York: Academic.

Qi M, Morena M, Vecchiarelli HA, Hill MN, Schriemer DC (2015) A robust
capillary liquid chromatography/tandem mass spectrometry method for
quantitation of neuromodulatory endocannabinoids. Rapid Commun
Mass Spectrom 29:1889 –1897. CrossRef Medline

Rademacher DJ, Meier SE, Shi L, Ho WS, Jarrahian A, Hillard CJ (2008)

Effects of acute and repeated restraint stress on endocannabinoid content
in the amygdala, ventral striatum, and medial prefrontal cortex in mice.
Neuropharmacology 54:108 –116. CrossRef Medline

Ramikie TS, Patel S (2012) Endocannabinoid signaling in the amygdala:
anatomy, synaptic signaling, behavior, and adaptations to stress. Neuro-
science 204:38 –52. CrossRef Medline

Ratano P, Everitt BJ, Milton AL (2014) The CB1 receptor antagonist AM251
impairs reconsolidation of Pavlovian fear memory in the rat basolateral
amygdala. Neuropsychopharmacology 39:2529 –2537. CrossRef Medline

Rea K, Roche M, Finn DP (2011) Modulation of conditioned fear, fear-
conditioned analgesia, and brain regional C-fos expression following ad-
ministration of muscimol into the rat basolateral amygdala. J Pain 12:
712–721. CrossRef Medline

Rey AA, Purrio M, Viveros MP, Lutz B (2012) Biphasic effects of cannabi-
noids in anxiety responses: CB1 and GABA B receptors in the balance of
gabaergic and glutamatergic neurotransmission. Neuropsychopharma-
cology 37:2624 –2634. CrossRef Medline

Rodgers RJ, Cao BJ, Dalvi A, Holmes A (1997) Animal models of anxiety: an etho-
logical perspective. Braz J Med Biol Res 30:289–304. CrossRef Medline

Rodgers RJ, Haller J, Holmes A, Halasz J, Walton TJ, Brain PF (1999) Cor-
ticosterone response to the plus-maze: high correlation with risk assess-
ment in rats and mice. Physiol Behav 68:47–53. CrossRef Medline

Rubino T, Realini N, Castiglioni C, Guidali C, Viganó D, Marras E, Petrosino
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