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A B S T R A C T

Posttraumatic stress disorder (PTSD) is a persistent, trauma induced psychiatric condition characterized by
lifelong complex cognitive, emotional and behavioral phenotype. Although many individuals that experience
trauma are able to gradually diminish their emotional responding to trauma-related stimuli over time, known as
extinction learning, individuals suffering from PTSD are impaired in this capacity. An inability to decline this
initially normal and adaptive fear response, can be confronted with exposure-based therapies, often in combi-
nation with pharmacological treatments. Due to the complexity of PTSD, currently available pharmacother-
apeutics are inadequate in treating the deficient extinction observed in many PTSD patients. To develop novel
therapeutics, researchers have exploited the conserved nature of fear and stress-associated behavioral responses
and neurocircuits across species in an attempt to translate knowledge gained from preclinical studies into the
clinic. There is growing evidence on the endocannabinoid modulation of fear and stress due to their ‘on demand’
synthesis and degradation. Involvement of the endocannabinoids in fear extinction makes the endocannabinoid
system very attractive for finding effective therapeutics for trauma and stress related disorders. In this review, a
brief introduction on neuroanatomy and circuitry of fear extinction will be provided as a model to study PTSD.
Then, the endocannabinoid system will be discussed as an important component of extinction modulation. In this
regard, anandamide degrading enzyme, fatty acid amide hydrolase (FAAH) will be exemplified as a target
identified and validated strongly from preclinical to clinical translational studies of enhancing extinction.

1. Introduction

Posttraumatic stress disorder (PTSD) is a chronic disease char-
acterized by the abnormally persistent occurrence of fear memories and
anxiety after trauma exposure. Within the Diagnostic and Statistical
Manual of Mental Disorders, 5th Edition (DSM-V), PTSD is recognized
apart from anxiety disorders as a trauma- and stressor -related disorder,
where exposure to a traumatic event is a strict diagnostic criterion
(American Psychiatric Association, 2013). Although, fear and anxiety
are normal and adaptive responses to traumatic situations that involve
threat and/or danger (McEwen, 1998), these emotional responses
should gradually decline upon the reduction of threat and danger in a
given situation. Known as ‘extinction’ learning, this phenomenon allows
healthy individuals to return to a baseline level of emotional re-
sponding over time, even when re-exposed to stimuli that may trigger a
traumatic memory. However, in individuals suffering from PTSD, due
to certain underlying pathologies or exposure to threat/danger for an
extended period, these adaptive responses can get out of control and
not be extinguished properly (Quirk and Mueller, 2008). One major
pathological feature of PTSD is the abnormal activity within brain re-
gions critical to affective regulation which severely impairs the

processing of extinguished cues and contexts (Milad and Quirk, 2012).
Although treatments such as psychotherapy (cognitive, exposure, eye
movement desensitization and reprocessing), pharmacotherapy (with
selective serotonin reuptake inhibitors), and other complementary ap-
proaches exist, many individuals continue to suffer from debilitating,
extinction resistant traumatic memories. Therefore, understanding the
molecular and neural systems that contribute to fear extinction is vital
to developing novel therapeutic approaches to treat PTSD. Because
adaptative processes in trauma and stress related disorders, including
fear and extinction learning, are common among different species, these
processes can be studied in preclinical animal models and translated to
humans. Convergent benefits of neuroanatomical homology between
rodents and humans and integration of approaches (such as state of art
techniques in neuroscience and transgenic mouse models) makes rodent
to human translation easier. Using rodents provide access to brain tis-
sues in different stages of the experiments that can be processed for
molecular and anatomical findings that is not possible in human stu-
dies.

Fear and extinction learning are studied with classical Pavlovian
learning experiments (Pavlov and Anrep, 1927). In fear conditioning,
subjects are presented a previously neutral stimulus (also referred as

https://doi.org/10.1016/j.pnpbp.2020.110116
Received 11 June 2020; Received in revised form 7 September 2020; Accepted 20 September 2020

⁎ Corresponding author at: 5625 Fishers Lane Rm 2N09, Rockville, MD 20852-9411, USA.
E-mail address: ozge.gunduzcinar@nih.gov.

Progress in Neuropsychopharmacology & Biological Psychiatry 105 (2021) 110116

Available online 23 September 2020
0278-5846/ Published by Elsevier Inc.

T

http://www.sciencedirect.com/science/journal/02785846
https://www.elsevier.com/locate/pnp
https://doi.org/10.1016/j.pnpbp.2020.110116
https://doi.org/10.1016/j.pnpbp.2020.110116
mailto:ozge.gunduzcinar@nih.gov
https://doi.org/10.1016/j.pnpbp.2020.110116
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pnpbp.2020.110116&domain=pdf


‘conditioned stimulus, CS’) which is usually a tone, light, image or a
context that is often followed by a mild electric shock (also referred as
‘unconditioned stimulus, US’) so that an association between these
stimuli is formed. Subject learns that CS is fearful and expresses fear
response (also referred as ‘conditioned response, CR’). In rodents these
responses are measured by freezing (suppression of all movements ex-
cept those required for breathing). In humans skin conductance re-
sponse (where the perspiration induced electrical conductance or
moisture level of the skin is measured on the extremities), electro-
myographic (where the electrical activity of skeletal muscles is mea-
sured on eyelid or forehead) or heart rate responses are measured.
Apart from the psychophysiological measures human studies apply
neuroimaging measures for brain activity via functional magnetic re-
sonance imaging (fMRI) or positron emission tomography (PET) (for
more details please see (VanElzakker et al., 2014)).

In extinction learning sometime after the conditioning, subjects are
presented the same CS multiple times in a different context and in the
absence of shock. ‘Acquisition of extinction’ is referred to decrements of
fear responses within the extinction training which is followed by
‘consolidation phase’. The consolidation phase lasts few hours to have
molecular events for strengthening and stabilizing the long-term
memory of extinction and re-learning of the CS is no more fearful. This
is often tested in ‘retrieval phase’ that consists of presenting the same
CS that retrieves the extinction memory. In healthy subjects usually
retrieval results with lower levels of measured fear responses. In fact,
while a brief memory retrieval after fear conditioning enhances fear
memory by ‘reconsolidation’, a longer re-exposure extinguishes this
memory by weakening the retrieved fear memory (Kida, 2020). ‘Re-
newal’ of fear memories usually occurs when the CS is presented in a
context other than the extinction context.

One promising group of molecules, the endocannabinoids, have
been shown to play an important role in the adaptive response to stress,
fear and extinction (see recent reviews: (Bedse et al., 2020, Sbarski and
Akirav, 2020)). In this review, the neurocircuitry contributing to fear
extinction will be introduced and discussed as a model to study PTSD,
with a major focus on how the cannabinoid 1 receptor (CB1R) and the
endocannabinoid anandamide (AEA) modulates extinction learning.
Additionally, the therapeutic potential of enzymes involved in the

synthesis and degradation of AEA, such as fatty acid amide hydrolase
(FAAH) will be discussed (Fig. 1).

2. Neuroanatomy and neurocircuitry of fear extinction

Fear extinction is a form of inhibitory learning, whereby newly
formed associations compete with fearful ones to inhibit fear formation
and fear-related neural circuitry (Luchkina and Bolshakov, 2019).
Human functional magnetic resonance imaging studies have shown
that, during the retrieval of extinction memories, amygdala activity
decreases while ventromedial prefrontal cortex, anterior cingulate
cortex and hippocampus activity increases (Milad et al., 2007; Phelps
et al., 2004). However, individuals suffering from trauma and anxiety
related disorders display exaggerated amygdala activity and deficient
prefrontal cortex activity as compared to healthy participants (Rauch
et al., 2000; Shin et al., 2005).

To develop a detailed understanding of the molecular and circuit
alterations contributing to trauma-related psychiatric conditions such
as PTSD, animal models of fear and extinction learning have been
employed. In particular, intensive study has been undertaken to un-
derstand the extinction of conditioned fear, as disturbances in this
process are thought to be central to PTSD pathology. These studies have
identified a network of highly conserved brain regions, including the
prefrontal cortex, amygdala and hippocampus, as each being critical to
distinct aspects of fear and extinction learning (Fig. 2).

The amygdala is bidirectionally connected to the ventral, infra-
limbic (IL) subregion of the rodent cortex (ventromedial prefrontal
cortex ‘vmPFC’ in human). These connections are important for ex-
tinction learning: lesions, pharmacological or optogenetic inactivation
of the IL impair the recall of extinction learning (Do-Monte et al., 2015;
Fontanez-Nuin et al., 2011; Quirk et al., 2000; Santini et al., 2004;
Santini et al., 2001). During extinction training optogenetic activation
of the IL inputs into the amygdala (basolateral ‘BLA’ and basomedial
‘BMA’ subunits) selectively enhances extinction memory formation.
Conversely, optogenetic or chemogenetic inhibition of these inputs
impairs extinction learning (Adhikari et al., 2015; Bloodgood et al.,
2018; Bukalo et al., 2015). Prefrontal cortex inputs into the amygdala
are regulated by inhibitory interneurons. CB1Rs are expressed on local

Fig. 1. Fear extinction from mice to human.
Trauma exposure leading to fear can be alleviated with FAAH inhibitors given adjunct to extinction/cognitive behavioral therapy. Both preclinical studies in rodents
and clinical studies in healthy humans supports the therapeutic application of FAAH inhibitors.
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cholecystokinin (CCK) positive interneurons (INs) (also known as large
somata CCK-INs). The large somata CCK-INs inhibit distinct sub-
populations of principle neurons within the amygdala in cell type and
pathway specific manner. For example, inputs from IL were shown to be
modulated by the large somata CCK-INs (Vogel et al., 2016). Both fear
and extinction learning change the plasticity of inhibitory neurons
(Kasugai et al., 2019) thus modulate freezing behavior, for example
extinction increases the parvalbumin positive interneurons (PV-IN)
around the silent fear neurons while increasing the CB1Rs expressed on
CCK-INs around active fear neurons (Trouche et al., 2013).

In contrast, the dorsal prefrontal cortex, prelimbic cortex (PL) (si-
milar to dorsal anterior cingulate cortex ‘dACC’ in human) is important
for the expression of conditioned fear and stress (Marcus et al., 2020;
Padilla-Coreano et al., 2016; Sierra-Mercado et al., 2006; Sierra-
Mercado et al., 2011). Activity within the PL is increased during high
fear states, such as when extinction memory retrieval fails (Burgos-
Robles et al., 2009). Local PV-INs that form perisomatic control over
principle neurons contribute in regulating the freezing behavior as well,
for example inhibition of the PV-INs was shown to change the activity
of output neurons (such as PL➔BLA) thus increase the expression of fear
(Courtin et al., 2014). Optogenetic silencing of the basolateral amyg-
dala inputs into PL inhibits retrieval of fear memory and enhances ex-
tinction memory, conversely, silencing IL projections weakens extinc-
tion memory (Senn et al., 2014). In addition, a recently identified
unidirectional PL to IL excitatory connection was also reported to drive
fear extinction learning (Marek et al., 2018b). This was shown by op-
togenetic activation or inactivation of these excitatory projections in IL
leading to facilitation or impairment of extinction, respectively, indeed
very similar to direct stimulation of IL neurons. Collectively, suggesting
that PL afferents drive fear via direct connection with BLA while being
critical to extinction formation via intracortical communication with
the IL (Marek et al., 2018b).

Generally, the hippocampus is thought to be important for the
context dependence of fear and extinction learning. In particular, the
ventral hippocampus (vHC) projects to both subunits of the prefrontal
cortex and BLA to control the return of fearful memories in response to
a previously extinguished conditioned stimulus (Marek et al., 2018a;
Maren et al., 2013; Sotres-Bayon et al., 2012; Wang et al., 2016).

Changes in stress responsivity is also dependent on the connectivity
between vHC and BLA (Bluett et al., 2017). vHC projections to the IL
are under inhibitory control by the local PV INs to provide a feed-for-
ward inhibition for renewal of fear (Marek et al., 2018a). When vHC
connections to inhibitory interneurons within PL are inactivated, fear is
increased (Sotres-Bayon et al., 2012). In addition, vHC connections to
the PL have been implicated in safety signaling as they inhibit responses
to threats (Meyer et al., 2019).

Due to the complexity of connections within brain regions im-
portant for fear and extinction, manipulating behavior by selective
targeting can be challenging. Therefore, there is a need to identify
specific neuronal populations and sub-populations of neurons that are
characterized by distinct cell types with unique expression of genes and
proteins (see review for cell-type specific analysis of fear circuitry
(McCullough et al., 2016)). In last years, the endocannabinoid system
has emerged as a critical neuromodulator component of stress and fear
regulation. Endocannabinoids are lipid molecules that mediate the
balanced activity of the neuronal systems in brain regions highly im-
portant for fear and extinction. Unlike other neuromodulators that have
vesicular storage and release properties, endocannabinoids have much
rapid ‘on demand’ synthesis upon depolarization induced calcium in-
crease, signaling tonically, via AEA, and upon robust neuronal activa-
tion, signaling phasically, via 2-arachidonoylglycerol (2-AG) (Azad
et al., 2003; Hill et al., 2018; Katona et al., 2001; Marsicano et al., 2002;
Yoshida et al., 2011). Another distinct feature is, they could be syn-
thesized on the postsynaptic terminals and bind to CB1Rs mostly lo-
cated on the presynaptic terminals thus signaling retrogradely en-
docannabinoids serve as synaptic circuit breakers (Katona and Freund,
2008). CB1Rs are one of the major G-protein coupled receptors in the
brain (Fig. 3) (Herkenham et al., 1990), in addition to neurons, CB1Rs
are also expressed in glial cells (astrocytes (see BOX 1), oligoden-
drocytes, microglia) (Han et al., 2012; Ilyasov et al., 2018; Lisboa et al.,
2016; Molina-Holgado et al., 2002; Navarrete and Araque, 2008). In the
next sections, each component of the endocannabinoid system will be
reviewed focusing on how fear extinction is modulated. Then with a
translational perspective from preclinical rodent studies to humans,
targeting specific components of the endocannabinoid system will be
discussed for their therapeutic potentials as treatments for fear and

Fig. 2. Fear extinction circuitry.
Hypothetical model for the existence of
CB1Rs in the known fear and extinction
circuits. Connectivity from infralimbic (IL)
subregion of the prefrontal cortex to the
basolateral amygdala (BLA) is enhanced
(extinction promoting glutamatergic
neuron shown in green) with extinction
training. Activation of prelimbic (PL) sub-
region of the prefrontal cortex to IL con-
nection (extinction promoting glutama-
tergic neuron shown in green) increases
fear extinction. Connectivity from BLA to
the PL is enhanced (fear promoting gluta-
matergic neuron shown in red) with fear
learning under the control of local parval-
bumin interneurons (PV+ IN) (shown in
blue) in PL. Extinction training increases
perisomatic connections of the local BLA
interneurons (PV+ IN) to the fear neurons.
Extinction training increases perisomatic
connections of CCK+ interneurons (shown
in orange) to fear neurons thus CB1R
mediated inhibition of GABA release to re-
duce fear. The ventral subunit of hippo-
campus (vHC) connections to BLA increases
fear (fear promoting glutamatergic neuron

shown in red). vHC connections to PL (fear reducing glutamatergic neuron shown in black) decreases fear. vHC connections to IL (fear promoting glutamatergic
neuron shown in red) increases fear and innervations onto local PV+INs in IL control the feed forward inhibition thus the relapse of fear after extinction (renewal).
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anxiety disorders.

3. Fear extinction and the endocannabinoid system

3.1. Studying Cannabinoid receptor 1 for fear extinction

It has been almost two decades since the endocannabinoid system
was first implicated in extinction learning (Marsicano et al., 2002). The
involvement of CB1Rs in the retrieval of extinction memory was first
shown with pharmacological antagonism and genetic mouse models.
Global CB1R knockout (KO) mice demonstrated impaired extinction of
aversive and spatial memory retrieval (Marsicano et al., 2002, Varvel
et al., 2005).

Targeting the endocannabinoid system pharmacologically with in-
fusions of CB1R agonists directly into IL and CA1 subregion of hippo-
campus facilitated the reconsolidation and extinction of fear (Lin et al.,
2008; Lin et al., 2009; Santana et al., 2016). Intra-BLA infusion of CB1R
agonists enhanced consolidation of conditioned fear (Lin et al., 2006)

while intra-BLA infusions of CB1R antagonists attenuated short term
extinction of fear (Roche et al., 2007).

These initial studies highlighted the complexity of CB1R mediated
effects on fear behavior. One critical factor contributing to this com-
plexity is the differential expression of CB1Rs in distinct neuron types.
CB1Rs are mostly expressed on GABAergic INs that co-express the
neuropeptide CCK in the amygdala (Katona et al., 2001; McDonald and
Mascagni, 2001) and other brain regions (Bodor et al., 2005; Dudok
et al., 2015; Katona et al., 1999). CB1R are also expressed on non-CCK
GABAergic INs, as well as on glutamatergic, serotonergic, cholinergic
and noradrenergic neurons (see distribution summarized in (Hu and
Mackie, 2015)).

Although targeting CB1Rs genetically revealed information re-
garding the necessity of CB1Rs in extinction learning, they are in-
adequate for revealing the full complexity of the system. Fortunately,
advances in genetic and viral approaches have provided researchers
with the capability to target specific neuronal subpopulations that may
be relevant to fear extinction. For example, the re-expression of CB1R in

Fig. 3. Synaptic transmission with the endocannabinoid system.
Calcium influx via voltage gated calcium channels together with the depolarization induced glutamate release and binding to metabotropic glutamate receptor type 5
(mGluR5) increases endocannabinoid synthesis. Following retrograde diffusion from postsynaptic membrane and binding to presynaptic CB1Rs that are coupled to
Gi/o proteins that initiate signaling events: 1. inhibition of adenylyl cyclase activity and downregulation of cyclic AMP/protein kinase A signaling (Azad et al., 2004;
Howlett et al., 1986), 2. negative regulation of N- and P/Q-type voltage-gated calcium channels and 3. positive regulation of inwardly rectifying K+ channels thus,
inhibiting neurotransmitter release and consequently changing neuronal excitability (Azad et al., 2008; Childers and Deadwyler, 1996) and causing synaptic
plasticity (eg. suppression of glutamate release at the excitatory synapses causing a synaptic plasticity, also known as depolarization induced suppression of excitation
(DSE) or long-term depression (LTD), on the other hand suppression of GABA release at the inhibitory synapsis causing depolarization induced suppression of
inhibition (DSI)). Other signaling effects includes through the release of Gβγ subunits, phospholipase C-β-mediated increases in intracellular calcium influx, and
through the induction of mitogen-activated protein kinases (Rhee et al., 1998) as well as protein serine/threonine phosphatase 2B, CB1Rs change the phosphorylation
state of various effector molecules (Cannich et al., 2004; Heifets et al., 2008; Mato et al., 2008; Twitchell et al., 1997). With the possible involvement of fatty acid
binding proteins (FABPs) endocannabinoid AEA and 2-AG are transferred to their catabolic enzymes, fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase
(MAGL) enzyme, respectively. Conversely, activation of the astrocytic CB1Rs that are coupled to Gq11 proteins increases Ca2+ (Navarrete and Araque, 2008) and
inducing release of ‘gliatransmitters’ that eventually shift the balance towards excitation.
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dorsal telencephalic glutamatergic neurons of CB1R KO mice has been
shown to rescue hippocampus dependent functions (although they were
not sufficient in rescuing amygdala mediated functions such as fear
extinction) (Ruehle et al., 2013). Interestingly, when the CB1R was re-
expressed on forebrain GABAergic neurons, mice showed a slight im-
provement in fear extinction (Remmers et al., 2017).

In order to study the behavioral phenotypes of specific neuronal
populations CB1Rs are expressed conditional mutant mice were also
generated (Monory et al., 2006). Mice that lack the CB1R expression on
cortical glutamatergic neurons (or on forebrain principle neurons
(Marsicano et al., 2003)) displayed increased fear (Kamprath et al.,
2009; Llorente-Berzal et al., 2015; Metna-Laurent et al., 2012) while
mice lacking CB1R expression on cortical GABAergic neurons displayed
decreased fear (Llorente-Berzal et al., 2015, Metna-Laurent et al.,
2012). Indicating that these subpopulations of neurons have distinct
roles in modulating fear behavior. CB1R on glutamatergic terminals
facilitate fear rescue via phasic 2-AG signaling that restricts the gluta-
mate release, therefore controlling fear responses. CB1Rs on GABAergic
terminals controls fear expression via tonic AEA signaling that restores
the excitatory balance, therefore promoting fear extinction.

CB1R expression on GABAergic interneurons may be a critical
component of the molecular architecture allowing for extinction-related
tuning of the amygdala activity. In support of this, computational and
synaptic network simulation model analysis demonstrated that the
endocannabinoid mediated inhibition of GABAergic transmission
should strengthen extinction (Anastasio, 2013). Another model suggests
that extinction activates the excitatory connections to the BLA extinc-
tion neurons while consecutively accumulating endocannabinoids that
inhibit local CCK-INs, thus, ultimately dampening fear associated inputs
to the extinction neurons (Bennett et al., 2019). While these are models
that are useful, in vivo studies that would prove the validity are still
awaited.

In an attempt to selectively manipulate CB1R expressing CCK-INs
locally in the amygdala, we intercrossed a CCK-Cre line (to drive Cre
recombinase in CCK interneurons) with a Dlx5/6Flpe line (to drive Flp
recombinase expression in most GABAergic neurons) (Rovira-Esteban
et al., 2019). The resulting CCK-Cre;Dlx5/6Flpe transgenic mice ex-
pressed both Cre and Flp recombinases in CCK interneurons. We then
used an intersectional optogenetic strategy to target CCK-INs in the
amygdala by injecting Creon/Flpon INTronic Recombinase Sites En-
abling Combinatorial Targeting (INTRSECT) viruses to visualize and
control cells in a manner conditional on the presence of both Cre and
Flp recombinases (Fenno et al., 2014; Taniguchi et al., 2011). Surpris-
ingly, optogenetic activation of these amygdala CCK-INs that express
CB1Rs during extinction training facilitated extinction retrieval. Elec-
trophysiological and anatomical characterization further detailed the
heterogeneous population of interneurons besides the CCK/CB1R ex-
pressing basket cells, that were targeted with this approach. However,
our study revealed that a diverse group of CCK expressing interneurons
contribute to extinction learning in a more complex manner (Rovira-
Esteban et al., 2019).

While the IL-BLA pathway activation and synaptic strengthening in
BLA reduces fear behavior possibly with an endocannabinoid mediated
plasticity during extinction, BLA-PL pathway activation and synaptic
strengthening promotes anxiety and fear behavior. Recently, Marcus
et al. (2020) showed that stress exposure causes a decrease in 2-AG
levels and enhances the activity of the glutamatergic BLA inputs in PL.
Deletion of CB1Rs selectively on the BLA- > PL neurons enhanced
anxiety like behaviors following stress exposure, and this was based on
the altered 2-AG-CB1R signaling in this reciprocal circuit. It's intriguing
to ask whether the same BLA-PL circuit affects fear learning, and
whether the opposing reciprocal IL-BLA circuit changes strength to fine
tune fear extinction via AEA-CB1R dependent mechanism. Interest-
ingly, glutamatergic inputs from vHC to the BLA was shown to be
highly sensitive to phasic 2-AG mediated suppression and characterized
by a stress resilient phenotype in mice. Changes in this connectivity

results in susceptibility to stress (Bluett et al., 2017). It's possible that
CB1Rs located in the vHC to the BLA terminals are effective in reducing
fear. Whether CB1R deletion on this pathway promotes extinction
learning needs to be demonstrated.

Apart from the approaches mentioned above using inbred mouse
strains are useful in identifying the genetic and biochemical funda-
mentals of fear and anxiety behaviors. We use an inbred mouse strain
129S1/SvImJ that has profound extinction and safety learning deficits
across cued and contextual fear paradigms compared to normal extin-
guishing mouse strains (for example the common C57BL/6J) (Hefner
et al., 2008). The extinction deficits can be rescued by pharmacological
agents like FAAH inhibitors (see section 3.2a below) (Burghardt and
Bauer, 2013; Camp et al., 2012; Gunduz-Cinar et al., 2013b; Karpova
et al., 2011; Popova et al., 2014) and the prototypical selective ser-
otonin reuptake inhibitor fluoxetine. Fluoxetine has off label use in
PTSD and facilitates extinction when used chronically, contrary to the
acute effects that was shown to enhance acquisition and expression of
fear. Chronic fluoxetine enhances excitatory synaptic currents and long-
term potentiation in amygdala altering plasticity-related proteins and
perineuronal nets (Gogolla et al., 2009; Karpova et al., 2011). Our
preclinical studies extended these previous findings and provided a link
between the endocannabinoid signaling through CB1Rs and the ex-
tinction promoting effects of chronic fluoxetine. We demonstrated that
chronic, but not acute fluoxetine, increased AEA levels in amygdala
suppressing inhibitory transmission via tonic CB1R activation. This was
verified by an increase in the GABAergic synaptic potentials (un-
masking tonic inhibition) on amygdala slices treated with CB1R an-
tagonist rimonabant in chronic fluoxetine treated mice compared to
controls (Gunduz-Cinar et al., 2016).

Lastly, the existence of CB1Rs on astrocytes (Box 1) adds another
mechanism to the endocannabinoid-mediated regulation of synaptic
function in these complex networks.

Box1: Emerging new stars of fear extinction: Astrocytes
Our current understanding on fear learning and memory retrieval

are extended with the involvement of gliotransmitters (such as ATP, D-
serine, glutamate, dopamine and endocannabinoids) that are released
by astrocytes, the star shaped glial cells, in support of synaptic function,
a phenomenon known as ‘tripartite synapse’ (Araque et al., 1999; Kofuji
and Araque, 2020). When the gliotransmitter release from the baso-
lateral amygdala astrocytes is inhibited before the fear conditioning,
fear memory consolidation is significantly interrupted in rats. This
highlights the requirement of astrocytes in long term memory (Stehberg
et al., 2012). In fact, moving forward from the tripartite synapse phe-
nomenon Adamsky et al. (2018) showed that the activation of astro-
cytes in the CA1 subregion of the hippocampus sufficiently enhanced
the retrieval of memory without affecting basal neuronal activity. With
the availability of sophisticated tools, genetically engineered mouse
lines, and cutting-edge techniques in neuroscience, the role of glial cells
in circuit and cell specific communication will undoubtedly receive
more recognition. Similar to neuronal CB1Rs, astrocytes respond to the
endocannabinoids, which is thought to enhance gliotransmitter release
and modulate synaptic plasticity at distal locations (Navarrete et al.,
2014). Astrocytic CB1Rs regulate hippocampal long term depression
and potentiation (Han et al., 2012; Navarrete and Araque, 2008, 2010;
Smith et al., 2020) to control synaptic function (see for review (Oliveira
da Cruz et al., 2016)). In the medial subunit of the central amygdala
(CeM), astrocyte activation was shown to regulate excitatory synapses
from the BLA and inhibitory synapses from the lateral subunit of central
amygdala (CeL) via distinct mechanisms, thus in the same neuron af-
fecting the balance and eventually reduce the fear expression (Martin-
Fernandez et al., 2017).

3.2. Studying the endocannabinoid modulation

The ultimate goal of the preclinical studies highlighted above is to
provide insights that may be used to alleviate the persistent fear that
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characterizes trauma related disorders like PTSD. Although CB1Rs ap-
pear to be a tractable treatment target, directly targeting these re-
ceptors may not be favorable. First, CB1R are widely expressed in the
central and peripheral nervous systems, which may increase the like-
lihood of detrimental side effects. Second, CB1Rs are prone to de-
sensitize after repeated dosing, which may affect long-term treatment
efficacy. Instead, targeting the endocannabinoid modulating enzymes
(anabolic and catabolic) may be a better approach to fulfilling the
physiological need while avoiding these unwanted effects.

The endocannabinoid anandamide is synthesized mainly by the
membrane precursor N-arachidonoyl phosphatidylethanolamine with
one step cleavage by phospholipase D (NAPE-PLD) or with a two-step
cleavage by phospholipase C/phosphatase pathways (Di Marzo et al.,
1994; Liu et al., 2006; Okamoto et al., 2004; Simon and Cravatt, 2006).
NAPE-PLD is expressed presynaptically and contribute to anterograde
transmission, in amygdala expression of NAPE-PLD differs in intensity,
across subregions, with higher levels in the medial, as compared to the
basal and lateral amygdala (Egertova et al., 2008). Postsynaptic ex-
pression and contribution into retrograde transmission was also re-
ported (Puente et al., 2011). Biosynthesis of AEA can also be accom-
plished by αβ-hydrolase 4 (Abhd4), a presynaptically expressed enzyme
without apparent brain region specific expression (Simon and Cravatt,
2006). AEA is catabolized into ethanolamine and arachidonic acid by a
serine hydrolase enzyme named, fatty acid amide hydrolase (Cravatt
et al., 1996). Expression of FAAH on postsynaptic terminals is higher in
the lateral, basolateral and basomedial amygdala, compared to the
central amygdala (Gulyas et al., 2004).

The endocannabinoid 2-arachidonoylglycerol is synthesized mainly
by the enzyme diacylglycerol lipase (DAGL) in postsynaptic terminals
and degraded by the enzyme monoacylglycerol lipase (MAGL) in pre-
synaptic terminals. In addition to MAGL, two other enzymes αβ-hy-
drolase 12 and 6 (Abhd12 and Abhd6) have been reported to be in-
volved in degradation of 2-AG in brain (Blankman et al., 2007; Marrs
et al., 2010). Abhd12 is an integral membrane protein mostly expressed
in microglia. Abhd6 is expressed on postsynaptic neurons side by side
with the CB1s to regulate the amount of 2-AG synthesized, and ex-
pression also found in astrocytes. (Blankman et al., 2007; Savinainen
et al., 2012). Endocannabinoids can also be metabolized by oxygena-
tion which is mediated by cyclooxygenase-2 (COX-2), an enzyme re-
sponsible from prostaglandin synthesis from arachidonic acid (Kozak
et al., 2000; Ueda et al., 1995). COX-2 expression is high in the lateral
and basolateral amygdala (Breder et al., 1995).

Canonically, the synthesis of endocannabinoids is followed by ret-
rograde diffusion to the synaptic cleft and binding to presynaptic re-
ceptors (see Fig. 3) (Fowler, 2013), which are then transferred to their
catabolic enzymes by intracellular fatty-acid–binding proteins (FABPs)
(Kaczocha et al., 2009). Among the numerous FABPs, FABP5 is secreted
from neurons and astrocytes, and has been reported to have a role in the
extracellular transfer of the endocannabinoids (Haj-Dahmane et al.,
2018). KO mice for FABPs (FABP3, FABP5 and FABP7) displayed cog-
nitive and emotional problems (Owada et al., 2006; Yabuki et al., 2018;
Yu et al., 2014). Inhibitors of FABPs with ranging affinities towards
FABP3, FABP5 and FABP7 were shown to elevate anandamide with in
vivo antinociceptive effects (Kaczocha et al., 2014). Interestingly, two
important phytocannabinoids (Δ9-tetrahydrocannibinol (THC) and
cannabidiol (CBD)) were shown to competitively displace AEA binding
to FABPs, and augment AEA content without interacting with FAAH in
vitro (Elmes et al., 2015). It is important to understand in more details
how the differential expression of FABPs would contribute into patho-
physiology of trauma and stress related disorders.

This wealth of molecular data has provided multiple avenues to
bidirectionally target the endocannabinoid signaling, without directly
affecting the CB1Rs. Based on this literature, multiple preclinical stu-
dies have demonstrated that endocannabinoid metabolism/uptake in-
hibitors and agonists can modulate short-term fear memory extinction
(Chhatwal et al., 2005; Fidelman et al., 2018; Llorente-Berzal et al.,

2015; Morena et al., 2018; Pamplona et al., 2008). In particular, aug-
menting the endocannabinoid activity by targeting the enzymes re-
sponsible for their synthesis or degradation has emerged as a promising
therapeutic approach for trauma and anxiety related disorders.

a) Modulating AEA levels: FAAH as a potential target to enhance
fear extinction

The ability of FAAH inhibitors to decrease anxiety by increasing
AEA levels, was first shown by Kathuria et al. (Kathuria et al., 2003).
Further studies have demonstrated that stress exposure reduces tonic
AEA signaling through rapid activation of the FAAH enzyme (Hill et al.,
2013b; Patel et al., 2005; Rademacher et al., 2008) (also see reviews
(Gunduz-Cinar et al., 2013a, Lutz et al., 2015)). Knockout or pharma-
cological inhibition of FAAH in mice facilitates acquisition and ex-
tinction rates for spatial memory (Varvel et al., 2007). In line with this,
low frequency stimulation in vitro in mice amygdala releases AEA that
was shown to induce the long term depression of inhibitory GABAergic
transmission (LTDi), thus, increasing synaptic excitability (Azad et al.,
2004). Using our inbred, extinction deficit mouse we have shown that
systemic or intra BLA administration of the FAAH inhibitor AM3506
before extinction training significantly increases AEA levels in the
amygdala and facilitates the retrieval of extinction memory when tested
10 days later (Gunduz-Cinar et al., 2013b). Interestingly, FAAH in-
hibition with AM3506, which lasted upto 10 days, did not change fear
within the extinction (acquisition) session, suggesting that augmenting
AEA during extinction is necessary for consolidation of extinction
memory, which occurs following the initial extinction memory forma-
tion. On synaptic level, AM3506 enhanced long-term depression of
inhibition in the amygdala. Altogether, our data support previous
findings on enhancing AEA tone in the amygdala with FAAH inhibitors
that result in improved extinction learning, therefore suggesting a
therepautic potential for FAAH inhibitors.

While AEA augmentation through inhibition of the catabolic FAAH
enzyme improved extinction memory retrieval, studying the effects of
AEA depletion on memory has proven challenging for two primary
reasons. First, the absence of selective enzyme inhibitors to prevent
synthesis of N-acylethanolamines (NAEs) like anandamide, that are also
active in vivo, and second, other existing NAE substrates that may have
interrupted synthesis by the major anabolic enzyme NAPE-PLD inhibi-
tion. In support of the latter, lipidomic profiling of three different
NAPE-PLD knockout mouse strains showed that NAE expression
changes in a brain region and fatty acid chain dependent manner
(Leishman et al., 2016). In fact, both FAAH knock out mice (Cravatt
et al., 2001) and FAAH inhibitors (Fegley et al., 2005) not only change
the level of AEA, but also other NAEs (such as N-palmitoylethanolamide
‘PEA’, N-oleoyl ethanolamide ‘OEA’ and oleamide). Thus far multiple
targets for these NAEs (such as peroxisome-proliferator-activated re-
ceptor-alpha and gamma (PPAR-α, PPAR-γ), TRPV1, GPR55 etc) have
been described. Evidence exists that, like the endocannabinoids dis-
cussed here, some of these NAEs are involved in fear memory expres-
sion and extinction learning independent of CB1Rs (Kramar et al., 2017;
Laricchiuta et al., 2013; Marsch et al., 2007; Provensi et al., 2017).
Recent data from Mock et al. (2020) using the first centrally active
NAPE-PLD inhibitor suggested that decreasing AEA may be a primary
mechanism of affective changes following NAPE-PLD treatment. Sys-
temic inhibition of NAPE-PLD with LEI-401 reduced multiple NAEs,
including AEA, activated hypothalamus-pituitary axis, and impaired
fear extinction. Critically, these effects were reversed by FAAH in-
hibitors (Mock et al., 2020). More detailed pharmacological and be-
havioral characterization of LEI-401 and other next generation NAPE-
PLD inhibitors is still necessary to strengthen the hypothesis that the
modulation of endogenous AEA tone is an important primary me-
chanism by which these compounds regulate anxiety and fear extinc-
tion.

Recently, Morena et al. elaborated on the tight control of the
amygdala endocannabinoids by virally overexpressing the FAAH en-
zyme within BLA pyramidal neurons in rats. In line with the literature
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discussed here, these researchers hypothesized that FAAH over-
expression would potentiate fear related behaviors by decreasing AEA
levels, diminishing the ability of AEA to inhibit GABA release at pre-
synaptic terminals from GABAergic neurons. However, contrary to their
expectations, FAAH overexpression prior to fear conditioning did not
affect conditioning, extinction or retrieval and paradoxically resulted in
reduced anxiety-like behavior. When the same manipulation was con-
ducted after fear conditioning, fear acquisition was impaired, an effect
opposite to what has previously been seen using systemically ad-
ministered FAAH inhibitors (Morena et al., 2019). This study further
underscores the complexity of the endocannabinoid system and sug-
gests that FAAH overexpression in distinct neuronal subtypes may shift
critical aspect of neuronal function such as inhibitory/excitatory bal-
ance, differentially affecting fear and extinction learning. Future studies
will be important in understanding the compensatory mechanisms on
different neuronal, or glial populations and involvement of other FAAH
substrates.

b) Modulating 2-AG levels
Another example of the tight control of the endocannabinoid system

is seen in the regulation of the endocannabinoid 2-AG. Acute stress
exposure increased 2-AG levels as a compensatory mechanism to the
elevated corticosterone that promotes anxiety. On the other hand, acute
stress increases the level of FAAH enzyme therefore reducing AEA le-
vels causing a disruption on the tonic AEA signaling in the amygdala.
This has been shown to be prevented by augmenting the en-
docannabinoid 2-AG tone as a compensatory mechanism to reduce
stress, through pharmacologically preventing it's degradation by in-
hibiting monoacylglycerol lipase enzyme (Bedse et al., 2017; Marcus
et al., 2020). Chronic stress exposure decreases 2-AG levels, that can be
reversed by chronic inhibition of MAGL enzyme (Hill et al., 2009; Patel
et al., 2009; Sumislawski et al., 2011) (also see review (Bedse et al.,
2020). The anxiety associated with the decreased levels of 2-AG can
also be prevented by increasing AEA-CB1R signaling (Bedse et al.,
2017) indicating the bidirectional compensatory mechanism for main-
taining the tight balance.

Global knock out or pharmacological inhibition of DAGLα, the main
enzyme for synthesis of 2-AG, increases fear learning and expression in
addition to impairing extinction learning (Cavener et al., 2018;
Jenniches et al., 2016). However, pharmacological blockage of MAGL
increases fear expression and also impairs extinction learning (Hartley
et al., 2016; Llorente-Berzal et al., 2015). The finding that bidirectional
modulation of 2-AG levels via enzymatic modulation induces similar
behavioral phenotypes (impairments in fear expression and extinction),
may be due to differential effects of 2-AG acting on CB1Rs expressed on
GABAergic or glutamatergic neurons, as well as possibly astrocytes.
Altering the delicate balance of 2-AG within the amygdala may ulti-
mately increase fear and impair extinction learning. To uncover this
complex regulation of neural circuits by 2-AG in relation to CB1R sig-
naling, more specific techniques that apply multiple recombinase ex-
pressions to define neuronal sub-populations, as in the INTRSECT ap-
proaches discussed above, will be required for future studies.

3.3. The endocannabinoid system in humans

Biomarkers from cells, tissues, or fluids (plasma and cerebrospinal
fluid) can provide mechanistic evidence related to the etiology and
pathophysiology of disorders, such as PTSD, and thus critical to trans-
lational studies. But determination and measurement of such samples
must be standardized in an unbiased, accurate way that reliably con-
trols for the confounding factors (i.e. age, sex, diet, smoking, time of
sampling, and storage etc). Studies investigating the endocannabinoids
in pathological conditions were summarized broadly before (Hillard,
2018). Here, changes after trauma and associated genetic variations are
highlighted in relation to the translation of the existing preclinical and
clinical findings.

3.3.1. Genetic variations
The preclinical evidence outlined here for the involvement of the

endocannabinoid system in fear extinction parallels data from healthy
human subjects implicating genetic variations within the human en-
docannabinoid system in anxiety and fear. Heitland et al. (Heitland
et al., 2012) provided one of the first examples of the endocannabinoid
system's involvement in human fear extinction, whereby a poly-
morphism in the promoter region of the CB1R gene (rs2180619) re-
sulted in impaired fear extinction for homozygous AA allele carriers.
Another well characterized single nucleotide polymorphism (SNP) ex-
ists on the FAAH gene. This SNP (rs324420) causes a mutation on
proline at position 129, a highly conserved amino acid residue across
different species, that results in conversion to a threonine residue
(P129T). This mutation results in a functional, but easily degradable,
FAAH variant (C385A) (Sipe et al., 2002). Carriers of this FAAH variant
have lower FAAH binding (Boileau et al., 2015) and have elevated
plasma AEA and NAEs (Sipe et al., 2010). We showed that people
carrying this polymorphism had quicker habituation of amygdala re-
activity to threat (Gunduz-Cinar et al., 2013b). Moreover, our FAAH
SNP findings were reverse translated using a humanized mouse (knock-
in) model where fear extinction and prefrontal cortex-amygdala resting
state connectivity was found to be enhanced both in mice and humans
(Dincheva et al., 2015; Mayo et al., 2018). Homozygous carriers of this
FAAH variant were found to be protected from the stress induced
changes in plasma AEA levels in humans, as well as in the prefrontal
cortex and amygdala in humanized mice. In a different study homo-
zygous carriers of FAAH variant showed decreased anxiety in stress
challenge test and a faster decline of the hyperarousal as a PTSD
symptom in comorbid alcohol use disorder/PTSD patients (Spagnolo
et al., 2016). Altogether, these findings in humans strengthen the im-
portance of FAAH as a potential therapeutic target, for the inhibitory
control of fear extinction via increased AEA levels.

3.3.2. Translational studies
a) The endocannabinoid system in clinical populations
Besides genetic variances, identifying differences in the en-

docannabinoid system components in individuals with PTSD compared
to healthy people are critical. For example, using radiotracers, the
availability of CB1Rs were found to be significantly increased brain-
wide in PTSD patients compared to trauma exposed controls
(Neumeister et al., 2013). This upregulation of receptors was in ac-
cordance with low levels of AEA and cortisol found in PTSD patients, as
compared to healthy controls. In the same study, another FAAH sub-
strate N-oleoyl ethanolamide (OEA) levels were found to be decreased
in trauma exposed controls as well as the PTSD group in comparison to
the healthy controls (Neumeister et al., 2013). An opposite pattern of
OEA changes in PTSD patients has also been reported (Schaefer et al.,
2014). In another study, PTSD patients had no change in plasma NAEs,
but a negative association were reported between AEA levels and the
symptoms related with re-experiencing of the traumatic event (also
known as intrusive symptoms). Interestingly, 2-AG levels were de-
creased in the same PTSD population and a positive correlation be-
tween cortisol levels and avoidance, which is another important
symptom of PTSD denoting avoidance of stimuli associated with
trauma, was reported (Hill et al., 2013a).

b) Pharmacological intervention of the endocannabinoid system in
healthy populations

Initial studies to test the possibility of enhancing extinction learning
by modulating the endocannabinoid system adjunct to cognitive be-
havioral therapy in humans, provided promising results. Acute ad-
ministration of dronabinol, the synthetic analog of Δ9-tetra-
hydrocannibinol (THC) the active ingredient of Cannabis sativa or
indica, in healthy humans prior to extinction training increased ven-
tromedial prefrontal cortex and hippocampus activation and attenuated
the amygdala activity during the acute and long term recall of extinc-
tion memory (Hammoud et al., 2019; Rabinak et al., 2014; Rabinak
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et al., 2013). In individuals suffering from PTSD, THC administration
lowered the amygdala reactivity to threat and increased vmPFC acti-
vation during threat, while strengthening the functional connectivity
between the ventromedial prefrontal cortex and amygdala compared to
placebo controls (Rabinak et al., 2020). Recently, the therapeutic value
of FAAH inhibition was validated in a double-blind, placebo-controlled
study (Mayo et al., 2020) where healthy volunteers were randomized to
receive an orally bioavailable FAAH inhibitor (PF-04457845, 4 mg once
daily) or placebo for 10 days and were then assessed on a battery of
psychophysiological tests like fear learning, stress reactivity and stress
induced affect. FAAH inhibitor application for 10 days (whereas only
acute single dose application in preclinical studies (Gunduz-Cinar et al.,
2013b) produced nearly complete inhibition of the FAAH enzyme and
significantly elevated AEA and OEA, while leaving levels of PEA and 2-
AG unchanged. Similar to the preclinical studies FAAH inhibition had
no effect on acquisition of fear, within session fear extinction, or fear
renewal, but significantly enhanced the recall of extinction memory,
consistent with the hypothesis that prolonging AEA availability during
extinction consolidation is necessary for extinction facilitation. Stress
induced changes in the negative affective responses were decreased by
FAAH inhibition. Autonomic and subjective measures of stress re-
activity were also decreased, although no changes in endocrine function
were reported. Stress-induced depletion of AEA was not evident in the
group that received FAAH inhibitor treatment as compared to placebo
control, probably because increased AEA signaling would restore the
balance in the amygdala, and the amygdala connectivity with other
regions like the prefrontal cortex. Overall, these translational data
corroborate the findings from preclinical animal studies. However,
whether this compound has efficacy in a PTSD patient population re-
mains to be seen.

3.3.3. Clinical studies
Translational studies following promising preclinical work, led the

pharmaceutical industry to test various FAAH inhibitors in clinical
trials (Hu and Mackie, 2015; Mallet et al., 2016). Phase 1 clinical stu-
dies to determine the clinical safety, tolerability, pharmacokinetics and
pharmacodynamics of FAAH inhibitors in healthy volunteers were
conducted for PF-04457845 of Pfizer (NCT00836082), V158866 of
Vernalis (NCT01634529), and JNJ-42165279 of Johnson and Johnson
(NCT03564379, NCT01650597, NCT01964651). PF-04457845
(NCT01665573, NCT02216097) reached to Phase 2 clinical trials where
the efficacy and side effects were determined for fear and fear extinc-
tion, in people with PTSD. Even though FAAH inhibitors were tested in
clinical trials for conditions other than PTSD (such as pain, insomnia,
Tourette's Syndrome, anxiety, depression and alcohol dependence) they
were all terminated due to portfolio prioritizations by various compa-
nies. This could be partly because of the unfortunate fiasco with the
Phase 1 clinical trial conducted in France with the compound BIA
10–2474 of Bial Pharmaceuticals. The preclinical findings published
after this incident suggest that, the BIA 10–2474 compound is not as
selective as other clinically validated FAAH inhibitors (like PF-
04457845) and alters lipid networks in the brain dramatically due to
off-target effects (Bonifacio et al., 2020; van Esbroeck et al., 2017). It is
still unclear how the off-target interactions went unnoticed in the initial
toxicology studies (Hardisty et al., 2020). This tragic experience has led
researchers to be more cautious in clinical testing of compounds prone
to such off-target effects, and encouraged studies probing other aspects
of the endocannabinoid system with the goal of developing a viable
treatment for trauma related disorders such as PTSD.

3.4. Future perspective

At the time of writing, the world is grappling with new realities
following the outbreak of the SARS-CoV-2 pandemic. When the pan-
demic ends, we will likely face a new era characterized by anxiety and
anxiety-related disorders such as PTSD. It's imperative that novel

psychopharmaceuticals be developed to combat this looming neu-
ropsychiatric disease burden. Continued evaluation of FAAH inhibitors
may provide some solutions, while other selective and efficacious
modulators of the endocannabinoid system can be further optimized
both pharmacokinetically and pharmacodynamically to mimic the tight
physiological regulation of this system. Potential compounds include
the small molecule irreversible (URB597, PF-04457845, PF-3845, JNJ-
42165279) or reversible (SSR-411298, OL-135) FAAH inhibitors, as
well as allosteric modulators of FAAH and hybrid FAAH inhibitors
targeting multiple protein/receptor/enzymes (Dainese et al., 2020;
Tripathi, 2020). Fine-tuning these and related compounds to optimize
the next generation of endocannabinoid system modulators may re-
vitalize the clinical relevance of this system.
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