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ARTICLE INFO ABSTRACT

Keywords: Cannabis has been used for hundreds of years, with its ability to dampen feelings of anxiety often reported as a
Anxiety primary reason for use. Only recently has the specific role cannabinoids play in anxiety been thoroughly
CBIR investigated. Here we discuss the body of evidence describing how endocannabinoids and exogenous cannabi-
AEA noids are capable of regulating the generation and termination of anxiety states. Disruption of the endogenous
Cannabinoids cannabinoid (eCB) system following genetic manipulation, pharmacological intervention or stress exposure
Stress reliably leads to the generation of an anxiety state. On the other hand, upregulation of eCB signaling is capable of

alleviating anxiety-like behaviors in multiple paradigms. When considering exogenous cannabinoid adminis-
tration, cannabinoid receptor 1 (CB1) agonists have a biphasic, dose-dependent effect on anxiety such that low
doses are anxiolytic while high doses are anxiogenic, a phenomenon that is evident in both rodent models and
humans. Translational studies investigating a loss of function mutation in the gene for fatty acid amide hydrolase,
the enzyme responsible for metabolizing AEA, have also shown that AEA signaling regulates anxiety in humans.
Taken together, evidence reviewed here has outlined a convincing argument for cannabinoids being powerful
regulators of both the manifestation and amelioration of anxiety symptoms, and highlights the therapeutic po-

tential of targeting the eCB system for the development of novel classes of anxiolytics.

1. Fear and anxiety

Fear and anxiety are adaptive biological processes that prepare an
individual for potential harm through behavioural, physiological,
autonomic, and hormonal responses. This is beneficial in the short-term;
vigilance enhances rapid identification of any potential threat, and
arousal facilitates a rapid response to a potential threat. However, pro-
longed, unnecessary, or exaggerated fear and anxiety responses
contribute to substantial negative health outcomes. Anxiety disorders
exhibit lifetime prevalence in 28.8% of Americans (Kessler et al., 2005);
however, therapeutic treatments have demonstrated limited success in
many individuals (Calhoon and Tye, 2015; Griebel and Holmes, 2013).
Thus, understanding the neurobiology and key neuromodulators of
these disorders is essential to develop novel therapeutics.

Despite largely overlapping circuitry of fear and anxiety (Tovote
et al., 2015) they differ significantly in several key features. Fear is a
rapid and transient response to a distinct, known, acute sensory stim-
ulus; in contrast, anxiety is a prolonged, generalized response in antic-
ipation of an ambiguous or unknown threat, often one which is less
immediate (Davis et al., 2010). As such, fear typically induces an

organized behavioural reaction while anxiety is often characterized by a
state of heightened vigilance and generalized physiological arousal
lacking organized behaviour (Lang et al., 2000). Further, clinical mea-
sures suggest only a moderate relationship between fear and anxiety;
specifically, fear is characterized by harm avoidance behaviours only
while the potential threat is present, while anxiety is characterized by
sustained hypervigilance and arousal even as the threat dissipates
(Sylvers et al., 2011). Thus, anxiety is characterized by a more general,
sustained response than fear.

1.1. Measures of anxiety

Anxiety consists of both a subjective experience (e.g. “worry”) and a
physiological experience (e.g. increased heart rate; (Calhoon and Tye,
2015)). In humans, the subjective experience is the primary measure and
is conducted through self-report scales. For example, the State-trait
anxiety inventory (STAIL (Julian, 2011)) is a 40-item self-report
questionnaire that captures both current feelings (state anxiety) and
frequency of feelings (trait anxiety). More simply, the Visual Analogue
Scale for Anxiety (VAS-A) is a singular measure of self-reported anxiety
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“in this moment”. It consists of a 10 cm line between the statements “not
at all anxious” and “very anxious”; the subject indicates their perceived
level of anxiety by placing a mark on the line, and anxiety is scored by
measuring the distance from the “not at all anxious” end (Hornblow and
Kidson, 1976). The Hospital Anxiety and Depression Scale (HADS-A)
attempts to separate symptoms of anxiety and depression and is
measured through a four-point scale across 14 self-report questions
(Zigmond and Snaith, 1983). Finally, the Hamilton Rating Scale for
Anxiety (HAM-A) was developed specifically for anxiety disorders, and
encompasses multiple subjective and physiological components of anx-
iety through a self-report scale of emotional (e.g. worry, irritability),
somatic (e.g. feelings of weakness), cardiovascular (e.g. chest pain), and
gastrointestinal symptoms (e.g. vomiting) (Hamilton, 1959).

In rodents, the physiological experience of anxiety is directly
measurable, including components such as increased thermogenesis
(Kataoka et al., 2020; Liebsch et al., 1998; Xie et al., 2019), increased
blood pressure and heart rate (Scopinho et al., 2013), and release of
stress hormones such as corticosterone (Herman et al., 2003; Pellow
etal., 1986). In contrast, the subjective experience of anxiety is arguably
impossible to measure in rodents. Thus, researchers have attempted to
measure this indirectly through observation of approach-avoidance
behaviour (Lezak et al., 2017). Animals encountering a novel environ-
ment are confronted with an internal conflict to explore (i.e. approach)
vs reduce their risk of predation or other harm (i.e. avoid; Montgomery,
1955)). Anxiety is perceived to be high when avoidance behaviour is
particularly evident. As a result, several widely-used laboratory tests
have been invented to measure anxiety-like behaviour by placing ani-
mals in environments that are open, brightly lit, and isolated from
familiar conspecifics (Choleris et al., 2001; Lezak et al., 2017). In the
open field test (OFT), animals are placed alone into a large, open,
brightly-lit arena with high walled edges, and anxiety is inferred by the
combined measures of time spent motionless, number of fecal pellets,
and time spent travelling along the outside edges of the arena (“thig-
motaxis”; (Barnett, 1976; Grossen and Kelley, 1972). The elevated plus
maze (EPM) is comprised of two open arms and two closed arms
elevated from the ground, with increased avoidance of entering or
spending time in the open arms operationalized as a read-out of
anxiety-like behaviour (Pellow et al., 1985). Similarly, the light-dark
(LD) test allows the animal to travel between two compartments, one
that is large, more open, brightly lit, and therefore aversive, and the
other which is smaller, closed, and dark; in this case, anxiety-like
behaviour is inferred by both a reduction in transitions between com-
partments (Crawley, 1985) as well as increased time spent in the dark
compartment (Chaouloff et al., 1997). In the novelty-suppression of
feeding test (NSFT), animals are food restricted and then subsequently
placed in an open field with food secured in the center of the novel
environment; anxiety is inferred by latency of the animal to cross into
the center to approach the food (D. R. Britton and Britton, 1981). The
social interaction test (SIT) is slightly more complex but is founded on
the same approach-avoidance conflict. A pair of unfamiliar animals are
placed into a novel environment and allowed to socially interact; anxiety
is inferred by a decreased time spent interacting (File and Hyde, 1978).
Finally, increased grooming and overall changes in an animal’s
behavioural repertoire have also been recognized as indicators of
anxiety (Bindra and Spinner, 1958; Fiizesi et al., 2016); however, the
standardization and operationalization of these particular observations
are much less well established than the previous tests outlined above.

Importantly, validated and established anxiolytic drugs in humans
have been reliably found to reduce anxiety-like behaviour in all of these
tests [OFT: (Choleris et al., 2001); EPM: (Pellow and File, 1986); LD:
(Chaouloff et al., 1997); NSFT: (D. R. Britton and Britton, 1981; Shep-
hard and Broadhurst, 1982); SIT: (File and Pellow, 1985); grooming:
(Kalueff and Tuohimaa, 2005; Nin et al., 2012)]. Further, exposure to
stressful or aversive stimuli has also been found to amplify anxiety-like
behaviour in each of these tests [OFT: (Di et al., 2016; McCall et al.,
2015; Xiao et al., 2020); EPM: (Luo et al., 2020; Pawlak et al., 2003); LD:
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(Kinsey et al., 2007); NSFT: (Gamaro et al., 2003; Roth et al., 2012); SIT:
(Bagot et al., 2015); grooming: (Gispen and Isaacson, 1981; Mu et al.,
2020)].

However, it must be noted that several factors influence whether
anxiety-like behaviour is observed in a given test. Firstly, stressor mo-
dality may influence behaviour in certain tests but not others. For
example, chronic social defeat stress routinely leads to increased
anxiety-like behaviour measured in the social interaction test (Bagot
etal., 2015) but is less frequently observed in the EPM (Hayashida et al.,
2010). In contrast, anxiety-like behaviour in the EPM (Doremus-Fitz-
water et al., 2009) or OFT (Di et al., 2016) is more commonly observed
and measured following restraint stress. Secondly, time of testing may
also influence animals’ behavior; work from Huynh et al. (2011), sug-
gests that anxiety-like behaviour following chronic restraint stress is
more evident when tested in the dark phase than the light phase.
Thirdly, there is also evidence of sex-differences in tests of anxiety-like
behavior (Donner and Lowry, 2013). For instance, female rodents
display higher basal locomotor and rearing activity in the OFT and EPM
than males (Brotto et al., 2000; Domonkos et al, 2017; Fernandes et al,
1999; Van Swearingen et al, 2013), irrespective of estrous cycle (Scholl
et al, 2019). Importantly, males and females also differ in expression of
distinct stress-induced changes in behavioral repertoire such as
grooming and tail-rattling (Borkar et al, 2020), as well as exhibiting
overall differences in behavioral strategies during various tasks (Shan-
sky et al., 2018). Thus, it is important to consider that both the magni-
tude of response and type of behaviour observed may differ between
sexes in each test. Therefore, and importantly, normative behaviors
validated in male rodents may not necessarily be generalizable to fe-
males (Shansky, 2018). Lastly, different strains of mice exhibit differing
levels of basal and stress-induced anxiety-like behaviour, a phenotype
that is reflected by differences in amygdala excitability (Mozhui et al.,
2010). Thus, modality of the stressor, timing of the test, and sex and
strain of the animal all strongly influence whether anxiety-like behav-
iour is observed in a given test.

1.2. Neurobiology of anxiety

Anxiety-like states can be precipitated by many factors. This includes
genetic predisposition (Gottschalk and Domschke, 2017; Mozhui et al,
2010), previous history such as early-life stress (Bai et al., 2012; Klengel
et al, 2013; Lahdepuro et al, 2019; Lee et al, 2007), exposure to physi-
ological (Bernstein et al, 2019; Vecchiarelli et al, 2021) or psychological
stressors (Bagot et al, 2015; Di et al, 2016; Thiemann et al, 2020), and
withdrawal from chronic alcohol or drug exposure (Becker, 2008;
Kliethermes et al., 2006; Schulteis et al, 1998).

Given the wide range of autonomic, hormonal, physiological, and
behavioural effects of anxiety, it is unsurprising that the generation of
anxiety involves coordinated activation of multiple brain regions. This is
well-reviewed elsewhere (Dias et al., 2013; Grupe and Nitschke, 2013;
Martin et al., 2009; Ressler, 2020; Tovote et al., 2015) and will only be
briefly reviewed here.

The basolateral amygdala (BLA) is an especially influential struc-
ture in initiating anxiety-like responses. It receives sensory input from
all modalities as well as higher-order cognitive information encoding
memory and motivational drive (Sah et al., 2003). As such, it has a
fundamental role of assigning valence (“attractiveness” or “aversive-
ness™) to stimuli and driving a subsequent behavioural and physiological
response through activation of downstream targets (Janak and Tye,
2015; LeDoux, 2007). Indeed, the BLA influences stress-induced release
of glucocorticoids (Bhatnagar et al., 2004) as well as anxiety-like
behaviour in rodents (Arendt et al., 2014; Di et al., 2016; Grissom
et al., 2008; Jochman et al., 2005). Notably, activation of the amygdala
is strongly correlated with anxiety in response to a loud, aversive
stimulus in humans (Carlson et al., 2011), is highly responsive to images
related to specific phobias (Dilger et al., 2003), and is hyperactive to
social cues (particularly angry faces) in individuals with generalized
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anxiety disorder (GAD) and social anxiety disorder (SAD; (Martin et al.,
2009). Thus, activation of the amygdala is heavily implicated in the
generation of anxiety.

The medial prefrontal cortex (mPFC) has an important regulatory
role of behaviour. In general, the dorsal subregion (prelimbic cortex; PL)
promotes anxiety-like states and the ventral subregion (infralimbic
cortex; IL) inhibits anxiety-like states.

Indeed, pharmacological excitation of the prelimbic cortex pro-
motes anxiety-like behaviour (Saitoh et al, 2014), and lesions reduce
anxiety-like behaviour (Lacroix et al, 1998; Maaswinkel et al, 1996).
Generation of anxiety-like states is likely initiated by inputs from other
brain regions, as optogenetic stimulation of discrete inputs from the BLA
or ventral hippocampus to the prelimbic cortex is anxiogenic (Burgos--
Robles et al., 2017; A.C. Felix-Ortiz et al., 2016; Parfitt et al, 2017). In
turn, the prelimbic cortex sends strong direct projections to several
downstream brain capable of promoting anxiety-like behavior, such as
the amygdala (Liu et al., 2020) and paraventricular thalamus (Kirouac,
2021).

In contrast, the infralimbic cortex promotes resilience to stress-
induced anxiety by encoding perception of behavioural control (Chris-
tianson et al., 2009) and safety (Milad et al., 2007; Sangha et al., 2014).
More specifically, stimulation of the infralimbic cortex reduces
anxiety-like behaviour in the EPM (Shimizu et al, 2018). This regulation
occurs through top-down control of limbic circuits involved in the
generation of emotional states, such as the amygdala (Motzkin et al.,
2015). In humans, adults with diagnosed anxiety disorders exhibit
reduced vimPFC activation coincident with reporting greater fear to a
threat cue (J. C. Britton et al., 2013). Additionally, patients treated for
anxiety also exhibit resting-state functional uncoupling of the vmPFC
and amygdala (Hamm et al., 2014; M. J. Kim et al., 2011). Collectively,
this suggests that the infralimbic cortex plays a critical role in suppres-
sion of anxiety-like states through top-down regulation of brain regions
such as the amygdala.

In rodents, the ventral hippocampus (VH) is required for anxiety-
like behaviour in novel contexts (Bannerman et al., 2003; Kjelstrup
et al., 2002) as well as generation of social anxiety (Deacon et al., 2002;
Ada C. Felix-Ortiz and Tye, 2014; McHugh et al., 2004). Interestingly,
anxiogenic environments enhance synchrony between the VH and the
mPFC, perhaps acting in conjunction to signal behavioural inhibition
(Adhikari et al., 2010).

The central amygdala (CeA) and bed nucleus of the stria termi-
nalis (BNST) are critical relay structures between the VH, mPFC, and
BLA, and hypothalamic and brainstem structures regulating neuroen-
docrine, autonomic, and behavioural output (Goode and Maren, 2017).
The CeA and BNST have a substantial role in learned fear, but also
contribute to the generation of unlearned behavioural (Y. Lee et al.,
2008; Lungwitz et al., 2012; Mazzone et al., 2018) and autonomic re-
sponses to stressors (S.-Y. Kim et al., 2013). Importantly, the BNST is a
critical inhibitory relay for the VH and mPFC to exert influence on the
HPA axis (Radley et al., 2009; Radley and Sawchenko, 2011). However,
both of these structures exhibit substantial heterogeneity of function and
circuit dynamics are extremely complex; indeed, manipulation of
discrete microcircuits within the same brain structure can produce
opposite influences on anxiety-like behaviour (Fadok et al., 2018; S.-Y.
Kim et al., 2013).

The insular cortex (INS) has recently been implicated as having an
important role in anxiety, possibly to predict future aversive physical
states (Gogolla, 2017; Paulus and Stein, 2006). Indeed, the INS is highly
connected with many of the above structures involved in anxiety,
especially the amygdala (Gogolla, 2017; Ju et al., 2020). INS activity is
very high in rodents when in closed arms of the EPM (Gehrlach et al.,
2019), and is predictive of self-reports of anxiety in humans anticipating
(but not yet experiencing) an aversive stimulus (Carlson et al., 2011).
Likewise, pharmacological inactivation of the rostral INS reduces
anxiety-like behaviour (Méndez-Ruette et al., 2019). Collectively, this
suggests that the INS may be involved in anticipatory anxiety, although
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work in this field is still growing.

The paraventricular nucleus of the hypothalamus (PVN) has
been established as the primary site of integration of hypothalamic-
pituitary-adrenal (HPA) axis activation and subsequent endocrine
response to threatening stimuli (Martin et al., 2009). Indeed, exposure to
a stimulus previously paired with a shock reliably induces glucocorti-
coid release in both rodents (Campeau et al., 1997) and humans, and
higher cortisol response is associated with greater subjective anxiety
(Grillon et al., 2006). There is also strong evidence in humans that al-
terations in cortisol release occur in anxiety disorders (Hilbert et al.,
2014; Zorn et al., 2017). For example, individuals diagnosed with
various anxiety disorders exhibit elevated waking salivary cortisol levels
(Vreeburg et al., 2010), and individuals with general anxiety disorder
reliably demonstrate elevated cortisol (Tafet and Nemeroff, 2020). In
contrast to anxiety disorders, individuals with trauma-related disorders
(i.e. post-traumatic stress disorder; PTSD) demonstrate low basal levels
of cortisol (Meewisse et al., 2007). Therefore, although anxiety disorders
are characterized by alterations in the HPA axis, the specific impact of
PTSD on HPA axis function may be unique from other disorders. Apart
from regulation of the HPA axis, the PVN — and in particular the CRH+
neurons — has recently been implicated in complex anxiety-like behav-
ioural changes including social transmission of stress (Sterley et al.,
2018), initiation of escape behaviour (Daviu et al., 2020), and
stress-induced grooming behaviours (Fiizesi et al., 2016; Kruk et al.,
1998). Thus, the contribution of the PVN is more complex than simply
initiation of the neuroendocrine response to stress and may be involved
in the social transmission of stress as well as guiding appropriate coping
behaviours to specific environmental contexts.

2. Endocannabinoid primer

As discussed above, there is a strong relationship between fear and
anxiety, although these are distinct processes. Given that there are
several excellent reviews which elegantly summarize the state of
knowledge regarding the role of endocannabinoids (eCB) in emotional
fear memory (Gunduz-Cinar, 2021; Lutz, 2007; Marsicano and Lafene-
tre, 2009; Zer-Aviv et al., 2016; Morena and Campolongo, 2014; Sbarski
and Akirav, 2020), this review will explicitly focus on the influence of
eCB signaling on the regulation of anxiety.

The present and growing interest in the eCB system for the treatment
of neuropsychiatric disorders finds its roots in the enduring attention
cannabis has received for millennia over its psychoactive, euphoric, and
remedial properties (Mechoulam and Parker, 2013). The main psycho-
active component of cannabis, A9-tetrahydrocannabinol (THC), was
isolated and structurally described in 1964 (Gaoni and Mechoulam,
1964). Cannabidiol (CBD), another active plant cannabinoid compound
with non-intoxicating but biologically relevant effects, was structurally
described in 1963 after having been isolated decades earlier (Mechou-
lam and Shvo, 1963). Synthetic cannabinoid (CP-55,940) binding in the
rat brain provided evidence for a membrane-bound cannabinoid re-
ceptor (Devane et al., 1988). Cannabinoid receptor type 1 (CB1R; Mat-
suda et al., 1990; Devane et al., 1992) and type 2 (CB2R; Munro et al.,
1993) were ultimately found to be the principal receptors mediating the
actions of cannabinoids. Subsequent to the discovery of the receptors, it
was identified that there are two primary endogenous ligands
N-arachidonyl ethanolamine (Anandamide (AEA); Devane et al., 1992)
and 2-arachidonoyl glycerol (2-AG; Mechoulam et al., 1995; Sugiura
et al., 1995). 2-AG is present in rat brain at a level that is approximately
1000x greater than AEA (Stella et al., 1997), however, the vast majority
of this 2-AG has been identified as “bulk” membrane incorporated 2-AG
which functions as a storage reservoir of arachidonic acid (Nomura
et al., 2011). Microdialysis studies have revealed that within the
extracellular space 2-AG concentrations are only 5-10x higher then AEA
(Wiskerke et al., 2012), suggesting that a considerable proportion of
detectable 2-AG in the brain is not synaptically available and that the
concentration of the signaling pools of AEA and 2-AG are likely not that
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different from one another. 2-AG is a CB1/2R full agonist, while AEA is a
CB1/2R partial agonist (Pertwee et al., 2010). AEA (and 2-AG though
less potently; Petrosino et al., 2016), also acts as an agonist of the
postsynaptic transient receptor potential vanilloid 1 (TRPV1) channel
(Zygmunt et al., 1999; Smart et al., 2000).

There are several routes of 2-AG biosynthesis, but the dominant
synthetic pathway involves the hydrolysis of inositol phospholipids by
phospholipase C into diacylglycerol which is then hydrolyzed into 2-AG
by diacylglycerol lipase (DAGL; Sugiura et al., 1995; Bisogno et al.,
2003; Murataeva et al., 2014). Anandamide can be biosynthesized
through N-acyl phosphatidylethanolamine phospholipase D
(NAPE-PLD) dependent (Cadas et al., 1997) and independent processes
(Tsuboi et al., 2018). Activation of CB1R and CB2R results in the inhi-
bition of adenylyl cyclase activity, while CB1R induction also activates
inward rectifying K+ channels and inhibits Ca2+ channels via func-
tional coupling to Gi/o proteins (Howlett et al., 2002). Neurons produce
eCBs “on-demand” when depolarized and with Ca2+ influx (Di Marzo
et al., 1994; Stella et al., 1997; Freund et al., 2003), which then retro-
gradely activate presynaptic cannabinoid receptors to suppress neuro-
transmitter release (Ohno-Shosaku et al., 2001; Kreitzer and Regehr,
2001; Wilson and Nicoll, 2001). Canonically, presynaptic CB1R are
activated by eCBs from depolarized postsynaptic neurons and mediate
depolarization-induced suppression of inhibition (inhibition of presyn-
aptic GABA release; DSI) or excitation (inhibition of presynaptic gluta-
mate release; DSE) (Katona and Freund, 2012; but see Busquets-Garcia
et al., 2018 for a more in-depth discussion of non-canonical actions of
eCB signaling). After synthesis, release, and reuptake, AEA is degraded
by the enzyme fatty acid amide hydrolase (FAAH; Cravatt et al., 2001)
whereas 2-AG is inactivated by the enzyme monoacylglyceride lipase
(MAGL; Dinh et al., 2002). FAAH and MAGL are largely localized in the
postsynaptic somatodendritic and presynaptic axonal compartments of
cells, respectively (Gulyas et al., 2004). The discovery of these hydro-
lyzing enzymes revealed the possibility of indirectly modulating the eCB
system for therapeutic benefit. Indeed, an early insight into the potential
of indirect eCB manipulation to modulate anxiety was through the
development of the selective, irreversible FAAH inhibitor URB597
(Kathuria et al., 2003).

An abundant distribution of CBIR and its gene has been detected
throughout the animal brain (Herkenham et al., 1990; Matsuda et al.,
1993; Tsou et al., 1998), including microglia, though it is also detectable
throughout peripheral tissues (Howlett et al., 2002); CB2R is primarily
found in immune cells and tissue (Howlett et al., 2002) although there is
also evidence for CB2R localization in discrete neuronal populations of
the central nervous system (Van Sickle et al., 2005; Zhang et al., 2017).
Human brain, though more structurally elaborate than rodent, features a
similarly heterogeneous and widespread CB1R distribution (Glass et al.,
1997; Laere et al, 2008; Normandin et al., 2015; Laurikainen et al.,
2019). CBI1R are found on glutamatergic, GABAergic, serotonergic,
noradrenergic, and cholinergic neurons, dispersed among these cell
types in a region-specific manner (Marsicano and Lutz, 1999; Hu and
Mackie, 2015). It has also been shown that CB1R show relative differ-
ences in their levels of G-protein activation per receptor throughout the
brain (Breivogel et al., 1997).

The natural, plant-derived cannabinoids (phytocannabinoids)
exhibit pharmacodynamic and behavioural effects that are expressed
through interaction with the endogenous cannabinoid system. The stage
was set for understanding not only their properties and exploiting their
therapeutic potential, but also that of the entire eCB modulatory com-
plex and beyond, with the isolation of THC more than half a century ago.
THC and CBD have profound and diverse interactions with the eCB
system. THC is well established as a partial agonist at CB1R and CB2R.
The intoxicating effects of THC are also well known to be mediated
through activation of CB1R, and specifically, it appears that CB1R on
glutamatergic neurons drives many of the psychoactive effects of THC
(Monory et al., 2007). Though CBD shows little affinity as a ligand to the
CB1/2R orthosteric site (Pertwee, 2008), it has been shown to act as an
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allosteric antagonist to CB1/2R agonists (Thomas et al., 2007). The role
of CBD was later suggested to more specifically be that of a negative
allosteric modulator (Laprairie et al., 2015), capable of diminishing the
action of other ligands to the CB1R orthosteric receptor site. At CB2R,
however, CBD is also capable of acting as a partial agonist on the
orthosteric receptor site (Tham et al., 2019). CBD can indirectly enhance
AEA signaling as well, although the mechanism for this effect has been
suggested to be mediated by CBD inhibiting AEA uptake (Bisogno et al.,
2001), inhibiting FAAH-mediated AEA hydrolysis (Leweke et al., 2012),
displacing AEA from intracellular fatty acid binding proteins (Elmes
et al, 2015) or stimulating NAPE-PLD mediated AEA biosynthesis
(Leishman et al., 2018). CBD is further capable of binding to TRPV1, as
well as allosterically potentiating agonism of the serotonin 1A (5-HT1A)
receptor, another GPCR (Rock et al., 2012).

With respect to neural circuits regulating anxiety, the CB1R is
expressed in many of the previously described brain regions involved in
anxiety, including moderate or high expression in the VH, BNST, mPFC,
BLA, CeA, and INS (Herkenham et al., 1991; Tsou et al., 1998; Puente
etal., 2010; Massi et al., 2008). Notably, CB1R efficacy and distribution
in key limbic regions enables substantial and specific influence on
distinct neural circuits. For instance, despite relatively sparse CBI1R
expression in the hypothalamus, receptors exhibit very high efficacy in
the activation of G-proteins in this brain region (Breivogal et al., 1997).
These properties have even been uncovered within the same brain re-
gion. Contrary to the massive decrease in hippocampal CB1R protein
levels and agonist binding observed following GABAergic CB1R-KO,
glutamatergic CB1R-KO shows minimal impact on hippocampal CB1R
content and binding capacity; surprisingly, however, neuron-type spe-
cific CB1R-KO reduced G protein activation in an opposite fashion,
suggesting much greater CB1R signalling efficiency (or G protein
coupling) in hippocampal glutamatergic versus GABAergic neurons
(Steindel et al., 2013). Likewise, high CB1R expression on a small,
distinct subpopulation of GABAergic interneurons in the BLA (Katona
et al., 2001; McDonald and Mascagni, 2001) allows considerable CB1R
influence on this specific population, and therefore can substantially
influence BLA microcircuitry. Further, there is notable overlap between
CB1R and neurons which express dopamine receptors in the forebrain
(Hermann et al., 2002) and localization of CB1R on noradrenergic
neurons in the frontal cortex (Oropeza et al., 2007). Conditional
CB1R-KO on neurons co-localizing dopamine D1 receptors (D1Rs) has
been shown to result in anxiety-like behaviours in the novelty-induced
grooming test and during less aversive SIT conditions, but not in the
EPM or LDT (Terzian et al., 2011). There is recent evidence also sug-
gesting that dopaminergic neurons themselves may possess CB2R, which
may play a role in classical anxiety measures, as conditional KO of the
CB2R on dopamine neurons was anxiolytic in the EPM and LDT (Liu
et al.,, 2017). Thus, the expression profile of CB1R at key circuits
involved in the generation and maintenance of anxiety suggests it may
have substantial influence on emotional regulation by acting as a crucial
regulator of circuit dynamics (Vogel et al., 2016).

The ubiquitous yet highly heterogenous expression pattern of the
eCB system reflect, parallel, and punctuate its complexity in relation to
affecting behaviour. The eCB system is a profound regulator of synaptic
transmission and neural circuits, and there is evidence that the eCB
system exerts both tonic (ongoing, persistent regulation in the absence
of overt neuronal excitation) and phasic signaling (excitation-triggered
eCB mobilization that produces short lived and robust impacts on syn-
aptic transmission). While there is evidence to suggest that, depending
on brain circuit and cell type, both 2-AG and AEA can contribute to both
tonic and phasic forms of eCB signaling, there is increasing evidence that
the ligands may primarily subserve distinct roles. Specifically, several
lines of evidence suggest that in many circumstances, AEA may act as the
primary “tonic” signaling molecule that regulates synaptic dynamics
during basal conditions, while 2-AG may primarily act as the “phasic”
signaling counterpart that activates during sustained depolarization (i.
e., in response to salient events) and is involved in synaptic plasticity
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(Ahn et al., 2008; Gorzalka et al., 2008; Hill and Tasker, 2012; Katona
and Freund, 2012). In this review, we will explore the function of the
eCB system, and its manipulation, as it relates to the expression of
anxiety-like behaviours in humans and animals. Of note, the sex of
subjects in each experiment referred to can be seen in the Tables, but
unless otherwise mentioned all studies referred to were performed
exclusively in male subjects.

3. Tonic regulation of anxiety

The eCB system is traditionally seen as a phasic neuromodulatory
system, reacting to stimuli to restore homeostasis. However, studies
disrupting CBI1R signaling in a low stress environment have revealed a
role for tonic eCB regulation of anxiety. Mice with a global knockout of
the CBI1R reliably showed increased anxiety-like behaviors in multiple
paradigms. For example, KO mice exhibit reduced open arm time and
entries in the elevated plus maze (Haller et al., 2002, 2004a, 2004b;
Ruehle et al., 2013); reduced time and entries into lit compartment of a
light dark box (Martin et al., 2002; Bura et al., 2010; Maccarrone et al.,
2002; Ruehle et al., 2013); and decreased probe burying in the shock
probe test (Degroot and Nomikos, 2004). Interestingly, this is a sexually
dimorphic effect as female mice with genetic disruption of the CB1IR
gene do not exhibit the anxiogenic phenotype seen in male mice (Bowers
and Ressler, 2016).

Pharmacological blockade of tonic cannabinoid signaling using the
CB1R antagonists/inverse agonists AM251, AM281 or Rimonabant also
increases baseline anxiety. Indeed, acute, systemic administration of a
CB1R antagonist has been shown to increase anxiety-like behavior in the
elevated plus maze in both male and female mice (Bowers and Ressler,
2016; Patel and Hillard, 2006; Rodgers et al., 2005; Navarro et al., 1997)
and the novelty induced hypophagia paradigm (Gamble-george et al.,
2013). These anxiogenic effects appear to be CB1R dependent seeing as
AM251 administration decreased % open arm time compared to vehicle
in Male WT but not CB1R KO mice (Haller et al., 2004b). Conversely,
some studies have reported SR141716 (Rimonabant)-induced re-
ductions in baseline anxiety (Haller et al., 2002, 2004; Rodgers et al.,
2003; Griebel et al., 2005). However, the anxiolytic effects of Rimona-
bant do not appear to be present in CBIR KO mice, suggesting an
off-target mechanism (Haller et al., 2004b). While requiring more work
to fully explore the relationship, there is some evidence that CB2R ac-
tivity could have anxiolytic properties similar to that of CB1R. Acute
peripheral application of the CB2 antagonist AM630 dose-dependently
decreases time spent in the light compartment of a light-dark box
(Garcia-Gutierrez et al., 2012), indicative of increased anxiety-like be-
haviors. In line with this, CB2KO mice exhibit more baseline anxiety-like
behaviours in the light-dark box and EPM (Ortega-Alvaro et al., 2011).
Interestingly, elevations in 2-AG signaling also appear to reduce anxiety
via activation of CB2R, supporting these findings that activation of this
receptor is also anxiolytic (Busquets-Garcia et al., 2011). Data from
studies investigating the impact of disrupting CB1R signaling on
anxiety-like behavior can be seen in Table 1.

Neuroanatomical circuits responsible for the role of tonic CB1R
activation in anxiety are nuclei and cell specific. Administrations of
AM251 directly into the basolateral nucleus of the amygdala decreased
% open arm time and entries in baseline conditions (Dono and Currie,
2012). However, administrations of a CB1R antagonist directly into the
central nucleus of the amygdala before an EPM test had no effect on
baseline anxiety-like behaviors in both male and female Wistar rats
(Zarrindast et al., 2008; Blasio et al., 2013). In the hippocampus, local
AM251 administration into the CAl increases % open arm time and
open arm entries in the elevated plus maze, suggesting disruption of eCB
signaling in the hippocampus may actually be anxiolytic (Roohbakhsh
et al., 2007). In the BNST, local administration of AM251 increases while
the CB2R antagonist JTE907 decreases % open arm time, indicating
respective anxiolytic and anxiogenic roles of CB1Rs and CB2Rs in this
region (Gomes-de-Souza et al., 2021). This contrast may be due to the
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cellular localization of where CB1 and CB2 receptors are found in the
BNST, although more work is required in this area.

Investigation of cell specificity has provided evidence for CB1R
specifically on glutamatergic neurons as being responsible for gating
anxiety at a baseline level. Indeed, genetic deletion of glutamatergic
CB1R in the amygdala, hippocampus and neocortex decreased investi-
gation of a novel object in both low and high light conditions (Jacob
et al., 2009). Moreover, brain-wide recovery of CB1R in glutamatergic
neurons of a CB1IR KO mouse normalized CB1R KO-induced increases in
anxiety-like behavior as seen by reductions of time in the open arms and
light compartment of respective EPM and LD paradigms (Ruehle et al.,
2013). Reductions of anxiety like behaviors following Glutamatergic
CB1R rescue coincided with an enhancement of DSE in the hippocampus
and amygdala (Ruehle et al., 2013).

On the other hand, GABAergic CB1Rs appear to promote anxiety.
Deletion of forebrain GABAergic CB1R decreased, while Glutamatergic
CB1R deletion increased, anxiety-like behaviors in the Novelty sup-
pressed feeding, novel object investigation and resident intruder para-
digms (Lafenetre et al., 2009; Haring et al., 2011). Collectively, CB1R
residing on glutamatergic neurons exhibit anxiolytic properties while
GABAergic CB1R exhibits anxiogenic properties. This distinction has
also been found to explain the biphasic effects by cannabinoid agonists
on anxiety (Rey et al., 2012), whereby the anxiolytic effects of low dose
cannabinoid were lost in glutamatergic specific CB1 KO mice while the
anxiogenic effects of high dose cannabinoid were lost in GABAergic
specific CB1 KO mice. Action at either GABAergic or Glutamatergic
terminals due to preferential binding or dose could determine whether a
specific CB1R agonist dose will produce anxiogenic or anxiolytic effects.
Taken together, these data suggest that tonic eCB signaling, particularly
at glutamatergic synapses in the BLA, likely acts to constrain anxiety in
non-threatening environments, and disruption of this signal results in
the generation of a state of anxiety.

Disruption of CB1Rs is a gross approach to investigating the role of
tonic eCB signaling in anxiety, however, and does not provide insight
into which eCB molecule may be mediating these tonic actions. Recent
technological advancements have allowed for genetic or pharmacolog-
ical disruption of ligand specific signaling. Due to available tools, studies
have focused on the disruption DAGL activity, the main biosynthetic
enzyme for 2-AG. Both male and female DAGLalpha KO animals, which
have profound reductions in baseline 2-AG levels, exhibit increased
anxiety-like behavior in the L/D box, novelty induced hypophagia, OFT
and EZM when compared to their WT counterparts (Shonesy et al., 2014;
Jenniches et al., 2016). These effects were specific to a loss of 2-AG
signaling given that administration of a MAGL inhibitor (JZL184)
reversed the anxiety like behavior in KO animals (Shonesy et al., 2014).
However, both studies reported decreased movement in DAGL KO ani-
mals, which should be considered when interpreting differences in
anxiety-like behaviors. That being said, acute pharmacological disrup-
tion of DAGL activity using DO34 significantly reduced distance and
time spent in the light compartment of a LD box while having no effects
on overall locomotion (Bedse et al., 2017), suggesting that suppressing
2-AG signaling can enhance anxiety in the absence of alterations in
motor function. The development of tools to deplete AEA in the brain
have been lacking until the recent development of the NAPE-PLD in-
hibitor LEI401. To date, no studies on anxiety-like behavior have been
performed following AEA depletion, but LEI401 has been found to both
impair fear extinction and induce activation of the HPA axis (Mock et al.,
2020) similar to CB1R antagonism, so it certainly seems reasonable to
predict that depletion of AEA would also produce an increase in anxiety.
In line with this theory, global deletion of the FAAH gene unveils a tonic
AEA signal, reducing anxiety like behaviour in the open field test and
increasing 5-HT in the frontal cortex (Cassano et al., 2010). Interest-
ingly, the FAAH inhibitor URB597 is capable of increasing 5-HT neuron
firing in the dorsal raphe nucleus and noradrenergic neuron activity in
the locus coeruleus, suggesting an interaction between cannabinoid
signaling and catecholaminergic activity in the regulation of baseline
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Table 1
Influence of genetic or pharmacological disruption of CB1R signaling on anxiety in rodent models.
Paper Animal (Sex/strain) Treatment (dose) Route of Administration/ Test Results
Region of Genetic
Expression
Griebel et al. SD/Wistar (Male) (1,3,10) SR Oral EPM 10 mg/kg 1 open arm time
(2005) Mice 0.3,1, 3,10 SR LP. Defense test battery 1 mg, 10 mg, CB1R —/—
And KO Global | upright postures and bites
Mice 10 mg/kg SR Oral for 2 weeks EPM SR 1 open arm time after chronic
Chronic Mild Stress
(7weeks)
Haller et al. (2002) CD1 Mice (Male) CB1R KO KO EPM | open arm time and entries
CD1 Mice (male) 1, 3 mg/kg SR LP. EPM 1 open arm time and entries
Rutkowska et al. Balb/c mice (male) 1, 2, 4 mg/kg LP. OFT No effect on center time
(2006) AM281 | rearing (1, 4 mg/kg) and crossings
between outside and inside (1, 2, 4 mg/kg)
L/D No effect on time in light compartment
ltransitions from light to dark at 4 mg
Gamble-George et Juvenile male ICR 1, 3,10 SR LP. NIH 1 latency to eat in novel environment (3, 10
al, 2013 mice mg/kg)
No effect on latency in home cage
| eating palatable food in novel
environment and homecage (1, 3, 10 mg/
kg)
1 grooming and scratching in both novel
environment and homecage (3, 10 mg/kg)
Navarro et al. Male Wistar Rats SR 3 mg/kg LP. EPM | time and entries in open arms
(1997)
Patel & Hillard ICR male mice AM and SR (1, 3, 10 LP. EPM SR:
(2006) mg/kg; | % open arm time (3, 10 mg/kg)
same doses) | Total open arm time (10 mg/kg)
AM251:
| % open arm time (3, 10 mg/kg)
| Total open arm time time (3, 10 mg/kg)
| Open arm entries (10 mg/kg)
Martin et al. (2002) ~ Male CD1 mouse CBIR KO L/D
background RIT | time in lit compartment
CUS 1 aggressive behavior in resident intruder
test
Rodgers et al. Male swiss webster AM2511.5,3mg/kg  LP. | % open arm time in naive animals
(2005) mice No effect on % open arm time in
experienced animals
EPM | center time in experienced animals but not
naive animals
Experienced Vs. Non- 1 Closed arm time in experienced animals
experience (high stress vs.
low stress)
Degroot & Nomikos ~ Male Mice SR 1, 3, 10 mg/kg LP. Shock probe burying test | burying of the probe (KO, 3 and 10 mg/kg)
(2004) C57 Black KO Global Shock probe burying test | burying of the probe
Haller et al. Male CD1 CB1R KO Global EPM | % time in open arms
(2004b) background SR 1, 3 mg/kg LP. EPM 1 % time in open arms in both WT and CB1R
KO mice (3 mg/kg)
AM251 1, 3 mg/kg I.P. EPM 1 % time spent in open arms.
No effect in CB1R KO animals
Haller et al. Male CD1 CBI1R KO Global EPM 1 % open arm time and total open arm
(2004a) background entries in the high light condition
(high light (200 luxandlow  No effect in the low light conditions
light 0.5 lux)
Maccarrone et al. CD1 mouse CB1R KO Global OFT No effect in OFT
(2002) background Young L/D
(1 month)
Old (4 months) Young KO animals showed 1 latency to exit
dark box, when compared to young WT.
Bura et al. (2010) Male C57 Black CB1R KO Global L/D | time and entries into light compartment
Mouse background
8-10 weeks
Rodgers et al. SR 0.1,0.3,1, 10 L.P. Naive:
(2003) mg/kg EPM No effect of SR on open arm time or entries
Male Swiss Webster Naive Experienced testers:
mice
10-12 weeks Experienced (2nd trial of 1 % open arm time and number of entries (1
EPM) mg/kg)
Fride et al., 2005 C57 black 6 CB1R KO Global Vocalizations and | vocalization after auditory stress
Males and females locomotion after Auditory | vocalization and movement after swim
or swim stress
Shonesy et al. C57Bl/6J DAGLalpha KO Global OFT | rearing in males

(2014)

Male and female

| rearing and center time in females

(continued on next page)
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Table 1 (continued)
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Paper Animal (Sex/strain) Treatment (dose) Route of Administration/ Test Results
Region of Genetic
Expression
L/D | movement and time in light compartment
in males and females
| overall movement in females
NIH | food intake in males
Jenniches et al. C57Bl/6J mice DAGL alpha KO Global OFT | center time in minute 10-20
(2016) background (30 min)
Mixed sex L/D | rearings in both light and dark
compartments
1 # of transitions in LD
O maze 1 distance in open arms
No effect on time
Jacob et al. (2009) Adult male C57 CBIR KO Global Glutamate EPM No effect in time or entries
background Glutamatergic CBIR  expressing cells 1 stretch posture in global CB1R
KO L/D No effect in Glutamate KO
Global KO | time and entries into light
compartment
OFT
Low light (0 lux) Global KO | thigmotaxis in low and high
light
High light (700 lux) Glutamate KO 1 thigmotaxis in high light
NOI
Low light (30 lux) Global KO | investigation in high light only
High light (500 lux) Glutamate KO | investigation in high and
low light
Terzian et al. Male Mice Conditional CB1R CB1R KO on dopamine NG, OFT, EPM, L/D, SIT KO 1 grooming time/episodes (NG)
(2011) KO receptor D1-expressing KO | interaction time/number (at low
neurons aversiveness/light; SIT)
Liu et al. (2017) Male Mice Conditional CB2R CB2R KO on dopamine EPM, L/D KO 1 open arm time (EPM)
KO neurons KO 1 lit area time (L/D)
Ruehle et al. (2013) Adult male mice EPM KO | open arm time
C57Bl/6J Conditional CB1IR Global Partial rescue of open arm time with Glu-
background KO CBI1R recovery
CBIR recovery Recovery in telencephalon L/D KO | time in light compartment
glutamatergic neurons KO 1 latency to enter light compartment
Partial rescue of time and full rescue of
latency when recovering GluCB1R
Zarrindast et al. Adult Male wistar AM251 (2.5,25,100 Intra-Central Amygdala EPM No effect on % open arm time or entries
(2008) ng)
Dono and Currie, Adult Male SD AM251 (0.25, 2.5, Intra Basolateral Amygdala EPM | % open arm time and entries (2.5 and 25
2012 25 pmol) pmol)
Blasio et al. (2013) Female wistar rats Rimonabant (0.5 pg)  Intra Central Amygdala EPM 1 % open arm time during palatable food
withdrawal
No effect on chow diet
Roohbakhsh et al. Male Wistar AM251 (1, 10, 50 Intra Dorsal CA1 EPM 1 % open arm time (10, 50 ng) and open arm
(2007) ng) entries (10 ng)
WIN | % open arm time (2.5, 5 pg)
Roohbakhsh et al, Male Wistar AM251 (1, 10, 50 Intra Ventral Hippocampus No Effects of AM251
2007 ng) URB597 | % open arm time and entries (0.1,
URB597 (0.01, 0.1, 1 pg)
1pg)
Jiang et al. (2005) HU210 (25 or 100 Intra dentate gyrus NSF
Hg/ke)

AM281 (3 mg/kg)

Chronic
administration

Chronic HU (10 days) one month before
testing reduced latency to eat in a novel
environment but not home cage

No effect of AM281

Table 1. Sprague Dawley (SD), Elevated Plus Maze (EPM), Open Field Test (OFT), Intraperitoneal (IP), Novelty Induced Hypophagia (NIH), Morris Water Maze (MWM),
Light Dark Box (L/D), Forced Swim Test (FST), Knockout (KO), Chronic Unpredictable Stress (CUS), Resident Intruder Test (RIT), Novel Object Investigation (NOI),
Novelty Supressed Feeding (NSF), Novelty-induced Grooming (NG), Social Interaction Test (SIT), Cannabinoid Receptor 1 (CB1), Diacyl glycerol lipase (DAGL),

Knockout (KO), SR141716A (SR).

anxiety (Gobbi et al., 2006). These data would suggest that eCB sig-
nalling maintains a tonic regulation of anxiety at a baseline level and if
this eCB tone is disrupted, it results in the generation of a state of anxiety
in the absence of any overt threat. This work has helped with identifying
how eCB signaling fluctuates in a high stress environment to naturally
bring about anxiety like behaviors.

4. Dynamic and phasic eCB regulation of anxiety

Acute exposure to a variety of psychological stressors generally
elicits a rapid reduction of AEA signaling in brain regions responsible for
regulating anxiety. Indeed, mice that have undergone acute social defeat
or restraint for 30 min showed an immediate drop in hippocampal and
amygdalar AEA, respectively (Rademacher et al., 2008; Gray et al.,
2015) Fig. 1. This drop in amygdala AEA is believed to be a result of
stress induced CRH signaling at CRHR1 receptors, which then rapidly
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Fig. 1. A. Neuroanatomy of eCB regulation of
anxiety. Statements describe evidence for the
local and global function of each eCB via
pharmacological manipulation in the context
of anxiety. Upward and downward arrows
denote a respective increase or decrease in
anxiety-like behaviors. B. Stress induced
alteration of eCB signaling that are known to
contribute to anxiety. Arrows beside regions
indicate local (beside brain regions) and global
(most posterior area of brain) stress induced
changes in eCB levels. Upward and downward

Global
AEA | Anxietyl237,91012,13,15,16,18
2-AG, Anxiety1,3,12,14,21

arrows denote a respective increase or
decrease in eCB levels following stress expo-
sure. Prefrontal Cortex (PFC), Bed Nucleus of
the Stria Terminalis (BNST), Dorsal Hippo-

BNST
cB1 | Anxietys ‘ Amygdala ’

AEAJ Anxiety®

trigger an increase in FAAH activity (Gray et al., 2015). CRH induced
disruptions of tonic AEA signaling are believed to contribute to the rapid
development of anxiety resulting after stress exposure. Consistent with
this, local BLA infusions of a FAAH inhibitor (URB597) ameliorates
stress-like behaviors in the EPM following CRH administration (Gray
et al., 2015) and FAAH inhibition can ameliorate both anxiety and el-
evations in glutamate release in the CeA in a rat line exhibiting elevated
constitutive CRHR1 signaling (Natividad et al., 2017). A number of
studies also report FAAH inhibition reducing anxiety-like behaviors
following stress exposure (Bedse et al., 2018; Bluett et al., 2014; Haller
et al., 2009; Duan et al., 2017; Griebel et al., 2018). For example, FAAH
inhibitor PF-3845 increased light-compartment entries and time while
decreasing latency after a foot shock stress (Bluett et al., 2014).
Although systemic FAAH inhibitors show efficacy in alleviating baseline
anxiety (Moreira et al., 2007; Scherma et al., 2008; Marco et al., 2015;
Patel and Hillard, 2006; Busquets-Garcia et al., 2011) these effects are
amplified under conditions of stress or threat, presumably due to their
ability to reverse the elevations in FAAH activity. For instance, admin-
istration of URB597 increased open arm entries and time under condi-
tions of high environmental aversiveness while having no effect in

campus (dHippo), Ventral Hippocampus
(VHippo), Anandamide (AEA), 2-Arachadonyl
Glycerol (2-AG), Endocannabinoid (eCBI.
Bedse et al. (2018); 2. Bluett et al. (2014); 3.
Busquets-Garcia et al. (2011); 4. Campos et al.,
2010; 5. Gray et al. (2015) 6. Gomes-do-souza
et al., 2021; 7. Griebel et al. (2018); 8. Haki-
mizadeh et al. (2012); 9. Haller et al. (2009);
10. Kathuria et al. (2003); 11. Lisboa et al.
(2015); 12. Lomazzo et al. (2015); 13. Marco
et al. (2015); 14. Marcus et al. (2020); 15.
Moreira et al. (2008); 16. Patel and Hillard
(2006); 17. Guggenhuber et al. (2016); 18.
Rossi et al. (2010); 19. Rubino et al. (2008);
20. Scherma et al. (2008); 21. Sciolino, Zou &
Hoffmann.

conditions of reduced aversiveness, an effect blocked by AM251 (Haller
et al., 2009). Accordingly, elevation of FAAH activity and the resulting
disruption of AEA tone within the BLA following stress contribute to the
development of anxiety-like behaviors. These stress-induced increases in
anxiety can be alleviated by counteracting the elevation of FAAH ac-
tivity with FAAH inhibitors. Consistent with the model put forth in the
previous section regarding tonic eCB regulation of anxiety being local-
ized to the regulation of glutamatergic transmission in the BLA, inhibi-
tion of FAAH has been found to prevent stress-induced increases in
glutamatergic synaptic transmission in the BLA (Yasmin et al., 2020).
In opposition to apparent reductions in AEA signaling, acute stress
exposure enhances 2-AG signaling in the mPFC, hippocampus and hy-
pothalamus and amygdala (Hill et al., 2011; Wang et al., 2012; Evanson
etal., 2010; Bedse et al., 2017) Fig. 1. However, elevation of 2-AG levels
tends to be delayed, emerging at least 30 min after stress. Indeed, mPFC
2-AG levels are elevated 30 min following a 30 min restraint (Hill et al.,
2011), but remain unaltered immediately after a 15-min swim or 30-min
social defeat stress (Dubreucq et al., 2012; Rademacher et al., 2008). The
time course for phasic elevation of 2-AG signaling aligns with
stress-induced CORT feedback on central circuits and may be in part
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responsible for dampening anxiety like behaviors following stress (Bedse
et al., 2017). Specifically, enhancing restraint-induced elevations of
2-AG in the amygdala via global MAGL inhibition reduced anxiety-like
behaviors in a CB1R dependent manner (Bedse et al., 2017). Aligned
with this, pharmacological blockade of CB1Rs dramatically enhances
anxiety levels in the novelty induced hypophagia task (Gamble-george
et al., 2013), while genetic CB1R KO potentiates stress induced anxiety
in the EPM (Hill et al., 2011). Moreover, despite MAGL inhibition
reportedly reducing baseline anxiety (Busquets-Garcia et al., 2011), itis
more commonly known to alleviate anxiety in high stress conditions.
Both acute and chronic JZL184 increased % open arm time and open
arm entries in a bright and aversive EPM while acute administration had
no effect in low light conditions (Sciolino et al., 2011). Moreover, acute
JZL184 increased % time and distance in the light compartment of a L/D
box only if mice had previously undergone a 30-min restraint while
having no effect in unstressed animals (Bedse et al., 2018).

Despite extensive knowledge of 2-AG’s role in blunting anxiety
development following stress, only few recent studies have begun
investigating the circuit level mechanisms of 2-AG in this context. A
recent report provided evidence for 2-AG acting at CB1Rs on BLA-
prelimbic prefrontal cortex (pIPFC) circuits to mediate stress-induced
anxiety (Marcus et al., 2020). Indeed, both specific deletion of CB1Rs
on BLA-pIPFC glutamatergic neurons or prelimbic DAGLalpha deletion
increased this circuit’s synaptic strength and anxiety like behaviors in
the EZM following footshock stress. Based on evidence showing
disruption of CBI1R signaling (Roohbakhsh et al., 2007) and over-
expression of MAGL in glutamatergic hippocampal neurons (Guggen-
huber et al.,, 2016) led to increases in baseline anxiety, local
upregulation of 2-AG levels may be regulating anxiety through hippo-
campal CBIR following stress. Evidently, blocking or augmenting the
phasic 2-AG elevations in response to a stressor or aversive environment
is capable of potentiating or ameliorating any resulting anxiety-like
behaviors, respectively. This would suggest that delayed elevations in
2-AG signaling may play a role in a negative feedback mechanism
responsible for curbing anxiety and terminating this behavioral state
following the cessation of threat exposure.

Collectively, these data indicate that fluctuations in the eCB system
are principle to the anxiety response following stress exposure. Notably,
the rapid disruption of AEA and delayed enhancement of 2-AG signaling
at the CB1R respectively initiate and buffer the development of anxiety
in response to acute stress. With respect to neural circuits, the current
state of research indicates that the BLA is a primary site for the anti-
anxiety effects of AEA signaling, while discrete frontocortical circuits
and the hippocampus seem to be important hubs for the actions of 2-AG
on anxiety. Individual studies on the impacts of inhibition of FAAH or
MAGL on anxiety-like behavior can be seen in Table 2.

5. ECBs and chronic stress

ECB signaling plays an important role in behavioral and brain
morphological changes following chronic stress exposure. Indeed,
chronic restraint stress increases dendritic length, branch points and
spine numbers in BLA pyramidal and stellate neurons, sensitizing these
stress-responsive circuits (Hill et al., 2013; Vyas et al., 2002; Rosenkranz
et al., 2010). Interestingly, spine density changes on BLA dendrites after
chronic immobilization positively correlate with both increased
anxiety-like behaviors in the EPM (Govindarajan et al., 2006) and the
increased frequency of glutamatergic synaptic events (Rosenkranz et al.,
2010). These morphological and behavioral changes are thought to be
mediated by increased FAAH activity in the amygdala, mPFC, and dorsal
hippocampus also seen following chronic stress (Hill et al., 2013; Reich
et al., 2009; Rademacher et al., 2008), as pharmacological inhibition or
genetic deletion of FAAH activity mitigate anxiety-like behaviors and
brain morphology changes brought about by chronic stress exposure
(Rossi et al., 2010; Hill et al, 2013; Lomazzo et al., 2015; Duan et al.,
2017). As tonic AEA signaling gates glutamatergic synaptic transmission
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in the BLA (Yasmin et al., 2020), it is likely that the loss of AEA signaling
through sustained increases in FAAH activity following repeated stress
(Hill et al., 2013; Gray et al., 2016) contribute to chronic stress-induced
increases in glutamatergic transmission in the BLA (Rosenkranz et al.,
2010), which in turn are believed to mediate stress-induced morpho-
logical changes in the BLA (Yasmin et al., 2018). Consistent with these
findings, it has also recently been shown that sustained peripheral
inflammation, a physiological stressor, can also promote anxiety
through impairments in AEA signaling (Vecchiarelli et al., 2021).

While fluctuations in AEA signaling modulate stress sensitization, 2-
AG appears to be more involved in stress adaptation processes. Daily
restraint, from 5 to 10 days, elevates 2-AG levels in the amygdala, mPFC,
forebrain and hypothalamus (Rademacher et al., 2008; Patel et al.,
2004, 2005). This elevation in 2-AG, particularly within the BLA, has
been linked to adaptive processes under chronic stress, including both
habituation of the HPA axis and promoting resilience against the
development of anxiety (Hill et al., 2010; Bluett et al., 2017). Specif-
ically, blockade of CB1Rs in the BLA can reverse habituation of the HPA
axis and dramatically amplify behavioral indices of anxiety following
repeated stress exposure, while inhibition of 2-AG metabolism by MAGL
promotes resilience to repeated stress (Hill et al., 2010; Bluett et al.,
2017). Consistent with this, augmenting 2-AG signaling alleviates anx-
iety development after chronic stress exposure (Zhong et al., 2014).
Alternatively, chronic exposure to alcohol appears to decrease circu-
lating 2-AG, with an exacerbated reduction during a period of absti-
nence. However, alcohol abstinent animals exhibit trait anxiety-like
behaviours in the EPM, which was mostly attenuated by MAGL in-
hibitors JZL184 and MJN110, further supporting the anxiolytic role of
2-AG (Serrano et al., 2018). Together these data suggest that the sus-
tained loss of AEA signaling following chronic stress promotes sensiti-
zation of amygdala neurons and the generation of a persistent state of
anxiety, while the elevations in 2-AG signaling act to promote adaptive
responses to repeated stress and promote resilience against the devel-
opment of anxiety, possibly via the regulation of excitatory inputs to the
BLA (Bluett et al., 2017).

6. Exogenous cannabinoids and anxiety

Much of the therapeutic potential of the cannabis plant has been
explored through the administration of isolated natural or synthetic
exogenous cannabinoid compounds in animals. These methods have also
permitted deeper insight into the overall function of the eCB system in
the modulation of anxiety-like phenotype. THC demonstrates a biphasic,
dose-dependent, and state-dependent effect on anxiety measures in an-
imals. Specifically, acute administration at high doses is anxiogenic
(Onaivi et al., 1990; Valjent et al., 2002; Patel and Hillard, 2006;
Schramm-Sapyta et al., 2007; Rock et al., 2017; Todd and Arnold, 2016)
while low doses are anxiolytic (Valjent et al., 2002; Berrendero and
Maldonado, 2002; Rubino et al., 2007; Braida et al., 2007). Chronic
administration of even low doses of THC can be anxiogenic in some
models (Long et al., 2010; O’Brien et al., 2013). Acute, high dose THC
administration promotes anxiogenic behaviours in both sexes, though to
a greater extent in females than males (Manwell et al., 2019). These
divergent effects may be the result of sex-differences in THC meta-
bolism. For example, females produce more 11-hydroxy-THC
(11-OH-THC) than males do following THC administration, including
greater accumulation of 11-OH-THC in the brain (Ruiz et al., 2021;
Browne and Weissman, 1981; Tseng and Craft, 2001; Wiley and Burston,
2014). 11-OH-THC is an efficacious agonist at CB1 receptors (Gro-
tenhermen, 2003; Lemberger et al., 1972), perhaps more so then THC
itself, and so the greater production of 11-OH-THC in females may ac-
count for some of the sex differences in sensitivity to THC.

Acute THC may differentially modulate rodent anxiety-like behav-
iours depending on animal strain, age during drug administration, and
even behavioural test used (Kasten et al., 2017). Interestingly, admin-
istration of high THC doses shortly (1h) following stress exposure
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Table 2
Influence of Genetic or Pharmacological Disruption of eCB Metabolism on Anxiety in Rodent Models.
Paper Animal (Sex/ Drug (dose) Route of Stress Test Results
strain) Administration/
Region of Genetic
Expression
Bedse et al. Male ICR Mice LP. Footshock L/D No effect in unstressed animals
(2018) Restraint PF and JZL alone 1 time and
distance in light compartment after
either stressor
Novelty NIH JZL | latency (15 mg/kg) and
amount drank (10, 15 mg/kg)
No effect of PF
Male C57 FAAH inhibitor (PF-3845; 0.1, 1, Footshock EZM JZL1 open arm entries and |
10 mg/kg) immobile time in open arm in
stressed mice (10 mg/kg)
MAGL inhibitor (JZL 184; 5, 8, 10, OFT JZL195 | distance moved in center
40 mg/kg) while 1 total distance (40 mg/kg)
JZL195 | fecal boli (10, 40 mg/kg)
JZL184 | fecal boli (5, 40 mg/kg)
Male and Dual FAAH/MAGL inhibitor (JZL Restraint MWM No inhibitors affected MWM
Female ICR 195; 5, 10, 40 mg/kg) Footshock
(female only
used for FS)
Male C57 for
EZM
Marcus et al. JZ1184 LP. EZM JZL reversed stress induced
(2020) anxiety in EZM
DO34 DO34 exacerbated stress induced
anxiety in EZM
Imperatore et al. Adult male C57  MAGL KO Global Marble burying 1 digging time
(2015) background | latency to dig
1 Immobility time
L/D | Time in light comparment
| latency to enter dark
compartment
Kinsey et al. Adult C57 male PF-3845 (1, 3, 10 mg/kg) LP. Marble Burying
(2011) mice JZL184 (4, 16, 40 mg/kg) PF (10 mg/kg) and JZL (16, 40
mg/kg) | marbles buried
THC (.03, .1, 1, 3, 10, 30 mg/kg) THC | burying (0.3, 10, 30 mg/kg)
Guggenhuber Adult male C57  MAGL OE Hippocampal OFT | time in center
et al. (2016) background neurons EPM | time in and entries to open arms
L/D No effect
Moreira et al. Adult Male C57 LP. EPM KO 1 open arm time and entries
(2008) Black (CB1R dependent)
background FAAH KO URB 1 % time and entries into open
arms (CB1R dependent)
URB597 1 mg/kg (3 mg/kg) L/D KO 1 % time spent in lit
compartment
No effect of URB
Scherma et al. Adult Male SD URB597 (0.1, 0.3 mg/kg) LP. Three URB 1 time in light compartment
(2008) rats AEA (1 mg/kg) consecutive (0.1, 0.3 mg/kg) AEA 1 time in
days of L/D light compartment (0.3 mg/kg)
AFEA | time in light compartment
(3 mg/kg) AEA (0.3, 3 mg/kg) +
URB (0.3 mg/kg) | time in light
compartment
Haller et al. Adult male SD LP. Low light EPM No effects of URB under
(2009) rats continuous low light.
AM251 (1 mg/kg) High light URB 1 time in open arms in bright
maze
URB597 (0.1, 0.3 mg/kg) Light changes URB 1 open arm entries and time in
throughout test changing lighting conditions (0.3
mg/kg; CBIR dependent)
Morena et al. Adult Male SD BLA specific FAAH overexpression Intra Basolateral EPM | Open arm entries
(2019) Rats Amygdala 1 latency to enter open arm
L/D 1 time and entries into light
compartment
| latency to enter light
compartment
OFT No effect of FAAH OE or URB
Bluett et al. Male ICR mice PF-3845 10 mg/kg LP. Footshock L/D 1 entries into light compartment
(2014) 4-7 weeks stress free

10

1 time and entries into light
compartment after stress

| latency to enter light
compartment after stress

(continued on next page)
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Paper Animal (Sex/ Drug (dose) Route of Stress Test Results
strain) Administration/
Region of Genetic
Expression
NIH | latency to eat after stress (CB1R
dependent)
No effect on total consumed
Marco et al. Male CD1 mice ST4070 Oral EPM 1 time in open arms (30 mg/kg)
(2015) Male Wistar (FAAH inhibitor; 10, 30 mg/kg) L/D 1 time in light compartment (30
Rats mg/kg)
Lomazzo et al. Male C57 (6 LP. CUS (6 weeks) EPM JZL and combo | time and entries
(2015) weeks) in open arms in animals without
stress

URB597 (1 mg/kg/day) FST No drug effects in stressed animals

JZL184 (8 mg/kg/day) L/D URB and JZL alone 1 time in lit
compartment after stress

URB + JZL URB, JZL and combo 1 entries into
lit compartment after stress

Delivered chronically 1.5h before FST JZL and combo 1 immobility time

stress (starting 5 weeks after the and | time to immobility in

start of CUS) unstressed group
No effects in stressed group

Kathuria et al. Wistar rats (sex L.P. EZM 1 time in open arms (URB597 0.1
(2003) unknown) mg/kg; URB597 1, 5, 10 mg/kg)

URB 597 (0.05, 0.1 mg/kg) (CB1R dependent)

URB 532 (.1, 1, 5, 10 mg/kg) Isolation | vocalizations (URB597 0.1 mg/
induced kg; URB597 1, 5, 10 mg/kg)
ultrasonic (CB1R dependent)
emissions test

Patel & Hillard Adult male ICR CP55940 (0.001,0.01,0.03, 0.1,0.3 I.P. EPM CP 1 % open arm time (0.01, 0.03,
(2006) mice mg/kg) 0.3 mg/kg) and total arm entries
(0.3 mg/kg)

WIN 55212 (0.3, 1, 3, 10 mg/kg) WIN 1 % open arm time, total open
arm time and % open arm entries
(1, 3 mg/kg)

THC (0.25, 1, 2.5, 10 mg/kg) THC | % (1, 2.5, 10 mg/kg) and
total (2.5, 10 mg/kg) open arm
time as well as %open arm entries
(2.5, 10 mg/kg)

URB597 (0.03, 0.1,0.3 mg/kg) URB 1 % open arm time (0.1, 0.3
mg/kg), total open arm time (0.1
mg/kg) and %open arm entries
(0.1 mg/kg)

AM404 (0.3,1,3,10) AMA404 1 % (1, 3 mg/kg) and total
(3 mg/kg) open arm time

Zhong et al. Adult male JZL184 LP. CUS (5 weeks) NIH Chronic JZL | latency to feed in
(2014) C57Bl/6J Mice (8 mg/kg every 2 days for 4 weeks) CUS group (CB1R dependent)
Rimonabant (2 mg/kg)
Sciolino et al. Adult Male SD LP. EPM Acute JZL 1 % open arm time and
(2011) open arm entries under high
environmental aversive conditions
(CB1R dependent)
JZL 184 (1, 4, 8 mg/kg) High aversive No effect under low aversive
(890/480 lux conditions
open/closed
arms)
Chronic (1/day for 6 days) Low aversive Chronic JZL 1 open arm time and
(15/0 lux open/ entries in high aversiveness
closed arms)
Busquets-Garcia Adult Male URB597 (1 mg/kg) JZL184 (8 mg/ LP. EZM URB and JZL (acute and chronic) 1
et al. (2011) Swiss albino kg) Chronic = 6 days JWH133 open area time
mice C57 mice (1,3,10; CB2 agonist) Rim (CB1IR (URB effects CB1R mediated; JZL
antagonist) SR144528, AM630 effects CB2 mediated)

(CB2 antagonists) CB1 KO CB2 KO EPM URB and JZL (acute and chronic) 1
open arm time
(URB effects CB1R mediated; JZL
effects CB2 mediated)

JWH 1 open arm time (all doses)
Duan et al. (2017) PF3845 LP. Swim Stress EPM
Acute (4, 8 mg/kg) Chronic CORT OFT Chronic PF 1 time in open arm

Male CD1 and
C57 mice for
behavior

Chronic: (4 mg/kg/day for 4 days)

URB597

AM281

(3 weeks)

11

Ephys in BLA
pyramidal cells
NIH

OFT

(Astroglial CB1R mediated)

Acute PF 1 open arm time and
entries (8 mg/kg)

Chronic PF | latency to eat

Acute PF | latency to eat (8 mg/kg)

(continued on next page)
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Paper

Animal (Sex/
strain)

Drug (dose)

Route of
Administration/
Region of Genetic
Expression

Stress

Test

Results

Hill et al, 2011

Gray et al. (2015)

Campos et al.,
2010

Lisboa et al.
(2015)

Rubino et al.
(2008)

Male SD rats for
ephys

Adult male

C57/Bl6
Male SD rats

Adult Male
Wistar Rats

Adult Male
Wistar Rats

Adult male SD

FAAH KO

URB597 10 ng

CRH 1 pug

AM404 (5, 50 pmol)

AM251 (100 pmol)
URB597 0.01 pmol AM404 50 pmol

AM251 100 pmol

BLA

Ventral
Hippocampus

Dorsal
Hippocampus

Prelimbic medial
PFC

Prefrontal Cortex
(PEC)

CMS
(21 days)
Restraint

Restraint

EPM

EPM

EPM

EPM

EPM

Chronic PF 1 center time and
entries

(Astroglial CB1R mediated)
No effects of CUS in FAAH KO

CRH | open arm time (sec and %)
and CORT (blocked by intra-BLA
URB)

AM404 | % open arm time and
entries in non-stress conditions
(50 pmol)

AM404 t % open arm entries (5,
50 pmol) and time (5 pmol)
following restraint

All CB1 dependent

AM404 and URB t % time and
entries into open arms (CB1R
mediated)

URB 1 % OA entries (CBIR
mediated)

mAEA 1 % OA time and entries and
head dips (0.1 pg; CB1R mediated)

mAEA (0.1, 1, 10 pg)
AM251 (1 pg)
Capsazepine (TRPV1 antagonist;
1,5,10 pg)
URB597 (0.01, 0.1, 1 pg)
FAAH OE

Hakimizadeh Male Wistar

et al. (2012) Rats

URB597(0.01,0.1,1 pg)
Capsaicin (0.003, 0.03, 0.3 pg)

AMG9810 (0.003, 0.03, 0.3 pg)

Griebel et al.
(2018)

Long Evans and LP.
SD rats SSR411298 (1, 3, 10 mg/kg)

FAAH inhibitor

Rossi et al. (2010) URB597 (3 mg/kg) LP.

AM251 (6 mg/kg)

mAEA | % open arm time and
entries (10 pg; TRPV1 mediated)
mAEA 1 stretch attend postures
(10 pg; CB1R mediated)
Capsazapine | % open arm time (5
ug) and entries (5, 10 pg)

URB 1 % open arm time and
entries, head dips and stretch
attend postures (0.01 pg)

URB | closed arm returns (0.01 pg)

FAAH OE | % open arm time and
entries
FAAH OE | head dips and FAAH
OE 1 closed arm returns
EPM URB 1 % open arm time (0.1, 1 pg)
URB 1 % open arm entries (0.1 pg)
(CB1R and TRPV1 mediated)
Capsaicin | open arm time
(0.0003,0.03 pg) and entries
(0.003 pg)
AMG 1 % open arm time (0.03, 0.3
1g)
1 % open arm time in stressed rats
1 novel object investigation in
stressed rats (all doses)
| distress calls (3, 10 mg/kg)
URB 1 center time and entries
following stress
EPM URB 1 time in OA following stress
(CB1R dependent)

Social defeat EPM
stress

Social defeat OFT
stress

Table 2. Fatty Acid Amide Hydrolase (FAAH), Anandamide (AEA), Monoacylglycerol (MAGL) Elevated Plus Maze (EPM), Open Field Test (OFT), Intraperitoneal (IP),
Novelty Induced Hypophagia (NIH), Elevated Zero Maze (EZM), Morris Water Maze (MWM), Light Dark Box (L/D), Forced Swim Test (FST), Overexpression (OE),

Knockout (KO).

promotes anxiolytic effects (alongside blunting of the HPA-response) in
the short-term period of several hours, but no longer has an effect 24 h
later (Mayer et al., 2014). Thus, the timing of administration following
stress-exposure may strongly influence the impact of THC on
anxiety-like behavior. Interestingly, the nature of the stressor can also
differentially affect THC dose responses. One study explored this in
terms of relatively low-dose, acute THC injection one day after extended
stress (completion of a 10-day chronic unpredictable stress (CUS)
paradigm) or stress-free conditions (Fokos and Panagis, 2010).
Non-stressed animals exhibit anxiolytic responses in the EPM to both
doses, whereas stressed animals show an anxiogenic response to the
lower dose and an anxiolytic response to the higher dose (Fokos and
Panagis, 2010).

12

The synthetic direct agonists of the eCB system exhibit similar dose-
dependent properties to THC in their anxiety-modulating effects. The
direct cannabinoid agonists CP-55940 and WIN-55212-2 are anxiolytic
at low doses but begin to alter locomotion and anxiety-related behav-
iours at higher doses (Patel and Hillard, 2006). WIN-55212-2 exhibits its
low-dose-dependent anxiolytic effects via CB1R (Haller et al., 2004b).
These agonists also show state- or context-dependent effects, imitating
THC (as described previously). Another cannabinoid agonist, HU-210,
administered systemically at a low dose enhances anxiolytic behav-
iours in a novel environment, but is anxiogenic in familiar conditions in
the defensive withdrawal test (De Fonseca et al., 1996). In the black
tufted-eared marmoset, a nonhuman primate, WIN-55212-2 displays
anxiolytic properties to a novel OFT environment (Cagni and Barros,
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2013). Further, reduced anxiety- and depression-like behaviours were
detected after a low dose of WIN-55212-2 following a footshock in a
model of stressor-shock and situational reminders (Burstein et al.,
2018). In a model of CUS, stressed animals experienced anxiogenic ef-
fects while non-stressed animals exhibited anxiolytic responses to an
acute low dose of HU-210 (Hill and Gorzalka, 2004). These outcomes
reflect the previously mentioned study using THC, where a low dose was
anxiogenic in CUS animals while being anxiolytic in unstressed animals
(Fokos and Panagis, 2010), indicating that the stress history of an animal
can influence whether cannabinoids produce anxiolytic or anxiogenic
effects.

The mechanism of exogenous cannabinoids is better understood
when evaluated in the context of anxiety-related neurocircuitry. THC
microinjection into the PFC and vHPC show dose-dependent anxiolytic
behaviours in the EPM, while BLA microinjection is anxiogenic high-
lighting the region-specific effects of THC in the brain (Rubino et al.,
2008). Acute systemic administration of THC ameliorates the
cFOS-detected activation of PFC and AMY neurons in response to the
EPM (Rubino et al., 2007). Conversely, high THC doses increase cFOS
expression in the nucleus accumbens shell, CeA, BLA, laterodorsal BNST,
cingular and piriform cortex, and the PVN (Valjent et al., 2002). Inter-
estingly, Intra-mPFC (PL) CBD+THC ameliorated escape responses
observed with THC alone in an elevated T-maze task (Szkudlarek et al.,
2021). The anxiety-mediating properties of acute THC have been sug-
gested to be under the regulation of CB1R (Berrendero and Maldonado,
2002; Rubino et al., 2007, 2008; Szkudlarek et al., 2019) and indirectly,
activation of 5-HT receptors (Braida et al., 2007; Vinals et al., 2015). In
mice, a study using low and high doses of CP-55,940 suggests that
anxiolytic (low-dose) and anxiogenic (high-dose) biphasic responses to
cannabinoids may be under the regulation of glutamatergic-CB1R and
GABAergic-CB1R, respectively, independent of sex (Rey et al., 2012).
The data from individual studies on the effects of CB1R agonists on
anxiety-like behavior are summarized in Table 3.

CBD, as compared to THC, principally displays a bell-shaped, con-
centration-dependent anxiolytic response. CBD is anxiolytic at a range of
doses from 2.5 to 20 mg/kg (Guimaraes et al., 1990, 1994; Moreira et al.,
2006; Zieba et al., 2019), and has been shown to abolish anxiogenic-like
behaviour caused by a prior stressor (Rock et al., 2017). Chronic CBD in
male C57BL/6JArc mice is anxiolytic at a lower dose than is usually
effective acutely (Long et al., 2010). Doses at the upper and lower limits
of that range seem to be ineffective in some studies, however; for
example, acute or chronic CBD administration is ineffective on
anxiety-like behaviour in the LD task in rats (O’Brien et al., 2013), or
acute CBD in OFT (Todd and Arnold, 2016) or EPM in mice (Long et al.,
2010).

The anxiolytic effect of CBD may be primarily mediated through
agonism of the 5-HT1A receptor, compared to THC which has relatively
less affinity to this receptor (Russo et al., 2005) and, as mentioned
above, primarily directs anxiety-like behaviours in a circuit-specific
manner via CBIR. CBD administered directly into the dorsal peri-
aqueductal gray (dPAG) has been shown to be anxiolytic in the EPM
(Campos and Guimaraes, 2008) and elevated T-maze via action at the
5-HT1A receptor (De Paula Soares et al, 2010). Intra-BNST CBD
administration showed dose-dependent anxiolytic effects with no loco-
motor or nociceptive effects, which were abolished with prior admin-
istration of a 5-HT1A receptor antagonist (Gomes et al., 2011).
Intra-mPFC (PL) CBD produced anxiogenic behaviours in unstressed
animals but anxiolytic behaviours in animals stressed 24 h earlier, in a
5-HT1A- and dose-dependent manner (Fogaca et al., 2014). Chronic
CBD managed to eliminate anxiety resulting from neuropathic pain
which was mediated by 5-HT1A but not TRPV1 receptors (Gregorio
et al., 2019). Also, chronic CBD following predator exposure showed
5-HT1A receptor-dependent attenuated anxiety response in the EPM,
while a single acute injection had no attenuating effect (Campos et al.,
2012). Interestingly, though, chronic CBD administered following par-
adigms of daily stress is anxiolytic in EPM and novelty-supressed feeding
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tasks but seems to be mediated via cannabinoid receptors (Campos et al.,
2013; Fogaca et al., 2018) and not 5-HT1A (Fogaca et al., 2018). Given
that CBD can potentiate AEA signaling through various proposed
mechanisms but does not seem to influence 2-AG signaling, and that
chronic CBD treatment selectively down-regulates FAAH expression in
stressed animals (Fogaca et al., 2018), it is likely that this cannabinoid
receptor-dependent anxiolytic effect is a result of enhanced AEA tone
(Campos et al., 2013). Thus, CBD has multiple routes of anxiolytic action
depending on dose and context.

The vast majority of testing has so far been conducted following
systemic THC injection. THC inhalation, a far more translationally
representative route of THC administration, has been shown to produce
increased blood THC levels with increasing drug concentrations in both
male rats (Manwell et al., 2014) and mice (Wilson et al., 2002). This is
similar to THC injection i.p. (Manwell et al., 2014) or i.v. (Wilson et al.,
2002). This is true also between sexes, as plasma THC levels are com-
parable between sexes following THC inhalation and injection (i.p.) at
different doses and time-measurements (Javadi-Paydar et al., 2018).
Direct comparison between inhalation and other routes of administra-
tion is challenging due to the difficulty of quantifying absorbed THC
doses during inhalation. However, it seems as though several fold in-
creases in vaporized THC are required to elicit similar average blood
THC levels to i.p. injection (Manwell et al., 2014). This pattern does not
translate to 11-OH-THC, a psychoactive metabolite of THC, in that lower
levels of the molecule are detected following inhalation compared to
injection (Manwell et al., 2014), likely due to inhalation routes
bypassing first pass hepatic metabolism, where the majority of
11-OH-THC is produced. Unlike i.p. (Torrens et al., 2020) or i.v. THC
which results in greater brain to blood THC levels, inhaled THC pro-
duces comparable blood and brain THC levels in mice (Wilson et al.,
2002). In rats, the pharmacokinetic profiles of THC, CBD, and THC+CBD
in serum and brain seems to differ significantly between routes of
administration (subcutaneous, inhalation, oral; Hlozek et al., 2017);
inhalation shows large and transient THC levels in serum but smaller yet
still transient levels in brain, while oral administration shows higher
magnitude and longer lasting THC increases in brain. One recent study
established a linear relationship between cannabis compound mass
applied to their vaporization mechanism and male mouse blood THC
concentration (Farra et al., 2020); importantly, the authors found a
diverse brain map of modulated BOLD signals (with the amygdala being
predominantly negative) and detected an increase of anxiety-like be-
haviours in the OFT in response to an acute high dose of vaporized THC.
With respect to anxiety measures, this is consistent with previous reports
using acute systemic administration of THC. After an 8-week chronic
regimen of near-daily vaporized THC, treatment animals show no
change in anxiety-like behaviours in the OFT and EPM (Bruijnzeel et al.,
2016); this result, on the other hand, varies from the anxiogenic effects
seen following systemic THC administration.

7. Role of eCBs in human anxiety

Summarized data from all studies of endocannabinoid signaling or
cannabinoid administration on anxiety in humans is found in Table 4.
CB1Rs are expressed in high amounts within the human central nervous
system. Radiolabeling studies reveal high CB1R density in the amygdala,
hippocampus and cerebral cortex, brain regions intimately involved
with anxiety regulation (Herkenham et al., 1990; Westlake et al., 1994).
This role of eCB signaling in regulating human anxiety became evident
during the clinical trials of the CB1R antagonist, rimonabant, for the
treatment of obesity. In a meta-analysis of four randomized double-blind
placebo-controlled studies, administering chronic rimonabant (20
mg/day) significantly increased baseline anxiety levels on the Hospital
Anxiety and Depression Scale (Christensen et al., 2007). In fact, anxiety
was one of the main reasons’ participants in the rimonabant group
discontinued the studies and was one of the primary psychiatric side
effects that resulted in the FDA ultimately banning the release of it
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Influence of CB1R agonists on anxiety in rodent models.

Neuropharmacology 195 (2021) 108626

Paper

Animal (Sex/
strain)

Treatment (dose)

Route of admin (region)

Test

Results

Onaivi et al. (1990)

Valjent et al. (2002)

Patel & Hillard
(2006)

Schramm-Sapyta
et al. (2007)

Rock et al. (2017)

Male SD Rats
Male ICR Mice

Male CD-1 Mice

Male ICR Mice

Male CD Rats

Male SD Rats

THC

Acute:

0.3-10 mg/kg (rats)
1-20 mg/kg (mice)
Chronic:

5 mg/kg (rats)

20 mg/kg (mice)

CBD

Acute:

0.01-100 mg/kg (mice)
THC+CBD

Combined Acute (mice):
CBD 0.01 mg/kg +
THC 10-20 mg/kg

THC
Acute: 0.03-5 mg/kg

CP-55940

Acute: 0.001-0.3 mg/kg
WIN 55212-2

Acute: 0.3-10 mg/kg
THC

Acute: 0.25-10 mg/kg

THC

Acute:

0.5-2.5 mg/kg (injected and
tested during adolescence or
adulthood)

THC Acute/Chronic:

0.1-10 mg/kg

CBD

Acute:

5 mg/kg

THC+CBD Combined Acute:
CBD 5 mg/kg + 1 mg/kg THC

LP.

Acute:

30 min before test
Combined Acute:

CBD: 10 min before THC;
THC: 30 min before test
Chronic: daily for 14 days;
tested on treatment days
5, 10, 14, and during 2
days of withdrawal

LP.
30 min before test

LP.
30 min before test

LP.
30 min before test

LP.

Acute: 45 min before test
Chronic: once daily for 21
days (including first acute
day)

14

EPM

LDT; OFT

EPM

EPM; LDT

LDT;
Foot-shock + LDT (24 h later)

Acute (THC):

>1 mg/kg:

| open arm time & entries
(rats and mice)

Acute (CBD):

0.5-50 mg/kg:

1 open arm time
Combined:

1 open arm time (for both
doses vs THC alone)
Chronic (THC):

| open arm time (all days but
withdrawal) & total entries
(all days including day 1 of
withdrawal) (rats)

| open arm time & total
entries (on day 10 and 14)
(mice)

(LDT)

0.3 mg/kg:

1 % lighted area time and
movement

5 mg/kg:

| % lighted area time and
movement

(OFT)

0.3 mg/kg:

1 central area time & entries
& total movement
CP-55940:

0.01-0.03 mg/kg: 1 % open
arm time

0.3 mg/kg:

1 open arm time & total
entries; % open arm time &
entries

WIN 55212-2:

1-3 mg/kg:

1 open arm time; % open arm
time & entries

3 mg/kg:

1 total entries

10 mg/kg:

| total entries

THC:

1 mg/kg:

| % open arm time

2.5-10 mg/kg:

| open time; % open time &
entries

(EPM)

0.5 mg/kg:

Adult < Adolescent (total
entries & % open arm time)
2.5 mg/kg:

Adult & Adolescent (| %
open arm time)

Adult < Adolescent (total
entries)

(LDT)

Adults & Adolescents (1
Dose = | in time in lighted
area)

Adults (1 Dose = 1
emergence latency)

(LDT)

Acute & Chronic THC
1-10 mg/kg:

| lighted area time

Acute THC

10 mg/kg:

1 time to enter lighted area
(Foot-Shock + LDT)

(continued on next page)
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Paper Animal (Sex/ Treatment (dose) Route of admin (region) Test Results
strain)
Acute THC
1 mg/kg:
| lighted area time & 1 time
to enter lighted area (x~to
vehicle treated animals)
Acute CBD
5 mg/kg:
1 lighted area time & time to
enter lighted area
Combined Acute
No effect
Todd and Arnold Male C57BL/6 THC/CBD LP. OFT THC
(2016) Mice Acute: 30 min before test | distance moved & % center
10 mg/kg distance
CBD
no effect
Combined
| distance moved
no effect on % center
distance
Berrendero and Male CB1R Mice THC LP. LDT 1 lighted area time
Maldonado Acute: 0.3 mg/kg 30 min before test
(2002)
Rubino et al. (2007) Male SD Rats THC L.P. EPM 0.075-1.5 mg/kg:
Acute: 0.015-3 mg/kg 30 min before test 1 open arm time and entries
3 mg/kg:
| spontaneous locomotor
activity
no effect on open arm time &
entries
Braida et al. (2007) Male SD Rats THC I.P. EPM 0.075-0.75 mg/kg:
Acute: 0.015-0.75 mg/kg 30 min before test 1 % open arm times & entries
Manwell et al. Male & Female THC LP. EMT (variant of the LDT); EPM; (EMT)

(2019)

Mayer et al. (2014)

CD (SD) IGS Rats

Male SD Rats

Acute: 0.5 mg/kg-5 mg/kg

THC
Acute: 1-10 mg/kg

30 min before test

LP.
60 min after PSS exposure

15

SIT

PSS; EPM; ASR

5 mg/kg:

| time spent in the open field
& 1 latency to emerge from
the hide box (Males &
Females)

2-5 mg/kg:

| open field entries (Males &
Females)

2 mg/kg:

| movement speed
(Females)

5 mg/kg:

| movement speed (Males &
Females)

(EPM)

2-5 mg/kg:

| open arm entries & time in
open arms & time mobile
(Males & Females)

2 mg/kg:

| movement speed (Females)
5 mg/kg:

| movement speed (Males &
Females)

(SIT)

2-5 mg/kg:

| conspecific sniffing
(Females)

5 mg/kg:

| conspecific following
(Females)

0.5 mg/kg:

1 conspecific grooming
(Females)

0.5-2 mg/kg:

1 conspecific grooming
(Males)

0.5 mg/kg:

| rearing time (Males &
Females)

(EPM & ASR (60 min after
THC))

(continued on next page)
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Animal (Sex/
strain)

Treatment (dose)

Route of admin (region)

Test

Results

Fokos and Panagis
(2010)

Manwell et al.
(2014)

Bruijnzeel et al.
(2016)

Haller et al.
(2004b)

De Fonseca et al.
(1996)

Cagni and Barros
(2013)

Burstein et al.
(2018)

Male SD Rats

Male C57BL/6
Mice

Male Wistar Rats

Male CD1 Mice
(WT & CB1R-KO)

Male Wistar Rats

Male Black
Tufted-Ear
Marmosets

Male SD Rats

THC
Acute: 0.5-1 mg/kg

THC (10.3% THC; 0.05% CBD)
Acute: input mass = 450 mg;
resulting blood concentration =
136.2 + 5.04 ng/mL (“high™)
THC (5.7% THC, 0.02% CBD)
Chronic: cannabis cigarettes;
resulting blood concentration =
~224 ng/mL (composite of two
samples collected in weeks 2/4)
WIN 55212-2

Acute: 1-3 mg/kg

HU-210
Acute: 4-100 pg/kg

WIN 55212-2
Acute: 1 mg/kg

WIN 55212-2
Acute: 0.5 mg/kg

LP.
30 min before test

Vaporization/
Inhalation
Immediately before test
(restrained)
Vaporization/
Inhalation
Immediately before test
(unrestrained); 1 h/day, 5
days/week, 8 weeks
LP.

30 min before test

LP.
5 min before test

LP.
30 min before test

LP.
2 h after foot-shock

16

CUS (10 days); EPM (next day)

OFT

OFT, EPM

EPM

DWT (in habituated and
unhabituated context)

OFT

Footshock (& situational
reminders); OFT (23 days after
Footshock and WIN); ASR (31 days
after Footshocks and WIN:
separate experiment)

CUS (3 weeks): then EPM

5-10 mg/kg:

1 open arm time

1-5 mg/kg:

1 open arm entries

| “anxiety index” (EPM
composite score, lower
numbers = decreased
anxiety-like behaviour)

1-10 mg/kg:

| startle amplitude

(EPM & ASR (7 days after
THC))

No THC effect within stress
or no stress animal groups
(EPM & ASR (1, 6, 24 h after
5 mg/kg THC))

At 6 h, stressed THC | startle
amplitude vs stressed vehicle
By 24 h, no THC effect
within stress or no stress
animal groups

(Within Non-Stress
Condition)

0.5-1 mg/kg:

1 % open arm entries & time
(Within Stress Condition)
0.5 mg/kg:

| % open arm entries

1 mg/kg:

1 % open arm time

1 mg/kg

1 % open arm entries & time
(vs 0.5 mg/kg)

(Between Stress and Non-
Stress Condition)

0.5 mg/kg:

Non-Stress > Stress % open
arm entries & time

1 distance from inner zone

| inner zone time

No effects

(WT)

1-3 mg/kg:

1 % open arm time and
entries

(KO)

No effects

(Unhabituated)

4 pg/kg:

| emergence latency &
average time in center

1 movement & rearing
(Habituated)

4-100 pg/kg:

1 emergence latency &
average time in center

100 pg/kg:

| movement & rearing

| long calls, exploration & 1
glances, scans (all reflecting
an anxiolytic profile)

1 center time

| freezing & “anxiety index”
- periphery:total time
(shocked WIN vs shocked
controls)

| startle amplitude (shocked
WIN vs shocked controls)

(continued on next page)
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strain)

Treatment (dose)

Route of admin (region)

Test

Results

Hill and Gorzalka
(2004)

Kasten et al. (2017)

Guimaraes et al,
1990

Guimaraes et al,
1994

Moreira et al.
(2006)

Zieba et al. (2019)

Long et al. (2010)

Male Long-Evans
Rats

Male C57B1/6J
(B6) & DBA/2J
(D2) Mice

Male Wistar Rats
Male Wistar Rats
Male Wistar Rats
Male C57BL/6J

Mice (FMR1 gene

KO & WT)

Male C57BL/
6JArc Mice

HU-210
Acute: 10-50 pg/kg

THC

Acute: 10 mg/kg (injected and

tested acutely)

Chronic: 6 x 10 mg/kg injections
every 72 h, followed by 4-week

abstinence (injected during
adolescence or adulthood and

tested after 4-week abstinence)

CBD

Acute: 2.5-20 mg/kg
CBD

Acute: 5 mg/kg

CBD

Acute: 2.5-10 mg/kg

CBD
Acute: 5-20 mg/kg

CBD

Acute: 1-50 mg/kg
THC/CBD

Chronic:

x21 daily THC (0.3-10 mg/kg) or

CBD (1-50 mg/kg)

LP.
30 min before test

LP.
30 min before test

LP.
60 min before test
LP.
40 min before test
LP.
30 min before test

LP.
30 min before test

LP.

Acute: 25 min before test

17

EPM; OFT

EPM
EPM

VCT

EPM; OFT

Acute: EPM

Chronic: OFT (30-35 min after
injection: days 1, 15, 21); LD (30
min after injection: day 17); EPM
(45 min after injection: day 17);
SIT (35 min after injection: day 18)

10 mg/kg:

1 open arm time & entries
(non-stress)

| open arm time (stress)
50 pg/kg: | open arm time
(stress and non-stress)
Adolescent Acute:

B6:

(OFT)

| locomotion & % center
time

D2:

(EPM)

| open arm time

Adult Acute:

Bé6:

(EPM)

| open arm time

(OFT)

| locomotion

D2:

(OFT)

| locomotion

Adolescent Chronic:

D2:

(OFT)

| % center time

Adult Chronic:

B6:

(OFT)

1 % center time

2.5-10 mg/kg:

1 % open arm entries

5 mg/kg:

1 % open arm entries

10 mg/kg:

1 number of punished & total
licks

20 mg/kg:

1 open arm time & % open
arm distance moved (all
groups)

THC (Chronic)

10 mg/kg:

(OFT)

| total distance travelled (all
days)

| peripheral distance
travelled (day 1, 21)

| % central distance (all
days)

| exploratory activity (all
days)

| central area time (days 15,
21)

(LD)

| distance travelled & light
compartment time & %
distance

(EPM)

| arm entries

| exploratory activity (all
days)

(SIT)

| social interaction

1-3 mg/kg:

(OFT)

| total & peripheral distance
travelled (day 21)

1 mg/kg:

(OFT)

| exploratory activity (days
1,15)

3 mg/kg:

(EPM)

(continued on next page)
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strain)

Treatment (dose)

Route of admin (region)

Test

Results

O’Brien et al.
(2013)

Rubino et al. (2008)

Rubino et al. (2007)

Valjent et al. (2002)

Szkudlarek et al.
(2021)

Szkudlarek et al.
(2019)

Campos and
Guimaraes, 2008

Vinals et al. (2015)

Rey et al. (2012)

Male SD Rats

Male SD Rats

Male SD Rats

Male CD-1 Mice

Male SD Rats

Male SD Rats

Male Wistar Rats

Male C57BL/6J
Mice

Male C57BL/6N
Mice (Glu-CB1R-
WT/KO; GABA-
CB1R-WT/KO)

THC/CBD

Acute: 2.5 mg/kg
Chronic:

14x daily 2.5 mg/kg
THC

Acute: 2.5-25 ug

THC
Acute: 0.75 mg/kg

THC
Acute: 5 mg/kg

THC/CBD/THC+CBD
Acute: 100 ng/500 nL

THC/CBD/THC+CBD
Acute: 10-500 pg/500 nL

CBD
Acute: 15-60 nmol

THC
Acute: 0.3-3 mg/kg

CP-55940
Acute: 1-50 pg/kg

LP.
30 min before test

1.C.
(Intra-PFC/vH/BLA)
30 min before test

LP.

30 min before EPM, 35
min before cFOS

LP.

60 min before cFOS

1.C.
(Intra-mPFC; prelimbic)
5 min before test

1.C.
(Intra-mPFC; prelimbic)
5 min before test

1.C.
(Intra-dPAG)
10 min before test

LP.

0.3 mg/kg — 30 min before
test

3 mg/kg — 5 h before test
LP.

30 min before test

18

LD (Chronic: day 0-drug free, 7,
14, 15-drug free)

EPM

EPM (then cFOS)

cFOS

ETM; OFT

EPM; 3-CSAT

EPM; VCT

EPM

EPM; HBT

| arm entries,

(OFT)

| exploratory activity (all
days)

CBD (Chronic)

1 mg/kg:

(LD)

1 light compartment time &
% distance

10 mg/kg:

(LD)

| distance travelled

50 mg/kg:

(OFT)

1 central area time (day 15)
THC

| lighted compartment time
(all days except drug free
days)

PFC

10 pg t % open arm time &
entries

| closed arm returns

25 g

1 closed arm returns

vHPC

5 pg:

1 % open arm time & entries
| closed arm returns

BLA

1 pg:

| % open arm time & head
dips

PFC; AMY

| (cFOS vs vehicle)

nucleus accumbens shell,
CeA, BLA, laterodorsal
BNST, cingular and
piriform cortex, PVN

1 cFos

(ETM)

THC

| latency to escape
CBD/THC+CBD

1 latency to escape
(compared to THC alone)
THC100

(EPM)

| open arm time & entries
THC100+CBDsgo

(EPM)

1 open arm time & entries
(compared to THC100)

30 nmol:

(EPM)

1 % open arm time & entries
(VCT)

1 punished licks

0.3 mg/kg:

1 % open arm time

3 mg/kg:

| % open arm time

(vs vehicle within same
genotype unless noted)
GABA-CB1R-WT/KO

1 pg/kg:

1 % open arm entries

1 % internal movement
GABA-CB1R-WT

1 pg/kg:

1 head dipping frequency
50 pg/kg:

| head dipping frequency
1 stretch attend postures

(continued on next page)
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Results

Arévalo et al.
(2001)

De Paula Soares et
al, 2010

Gomes et al. (2011)

Gregorio et al.
(2019)

Campos et al.
(2012)

Campos et al.
(2013)

Male Wistar Rats

Male Wistar Rats

Male Wistar Rats

Male Wistar Rats
(Sham & SNI)

Male Wistar Rats

Male C57BL/6J
Mice

CP-55940
Acute: 0.075-0.125 mg/kg

CBD
Acute: 15-60 nmol

CBD
Acute: 15-60 nmol

CBD
Chronic: 7x daily 5 mg/kg

CBD
Acute: 5 mg/kg
Chronic: 7x daily 5 mg/kg

CBD
Chronic: 14x daily 30 mg/kg

LP.
30 min before test

1.C.
(Intra-dPAG)
10 min before test

L.C.
(Intra-BNST)
10 min before test

S.C.

LP.

Acute: 1 h after predator
stress, 7 days before test
Chronic: day 1, 1 h after
predator stress; day 7, 24
h before test

LP.

2 h after daily stressor
(EPM)

immediately after test
(day 14; and day before
test)

19

HBT; EPM

ETM

EPM; VCT

OFT; EPM; NSFT

Predator Exposure Box; EPM

CUS; EPM; NSFT

| % internal ambulation
GABA-CB1R-KO

50 pg/kg:

1 % open arm entries (vs
vehicle and WT)

1 % internal ambulation (vs
vehicle and WT)

1 head dipping frequency (vs
WT only)

| stretch attend posture (vs
WT only)

Glu-CB1R-WT

1 pg/kg:

1 % open arm entries

1 internal ambulation

50 pg/kg:

| % internal ambulation
Glu-CB1R-KO

1 pg/kg:

| % open arm entries (vs WT
only)

1 stretch attend posture (vs
WT only)

| head dipping frequency (vs
vehicle and WT)

| internal ambulation (vs
vehicle and WT)
Glu-CB1R-KO

50 pg/kg:

| % open arm entries

| head dipping frequency

| % internal ambulation
0.125-0.1 mg/kg:

| external/internal
ambulation

| rearing frequency

| head dipping frequency/
time

| grooming frequency/time
| % open arm entries/time
| closed arm entries

0.075 mg/kg:

| head dipping frequency/
time

| % open arm entries/time
60 nmol:

| inhibitory avoidance (2nd
trial)

30-60 nmol:

1 escape latency

60 nmol:

(EPM)

1 % open arm entries & time
30-60 nmol:

(VCT)

1 number of punished licks
SNI4CBD

(OFT)

1 center time & entries
(EPM)

1 open arm time

(NSFT)

| latency to feed

Chronic CBD

1 % open entries & time
(compared to vehicle)
Acute CBD

| % open entries (compared
to dummy stress)
CUS+CBD

(EPM)

1 % open area entries & time
(NSFT)

| feeding latency

(continued on next page)
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strain)
(NSFT)
24 h before test (test was
day 15)
Fogaca et al. (2014) Male Wistar Rats CBD 1.C. Restraint Stress (2 h: 24 h before (EPM)
Acute: 15-60 nmol (Intra-mPFC; prelimbic) EPM); and/or EPM 30 nmol:

10 min before test

Fogaca et al. (2018) Male C57BL/6

Mice

CBD
Chronic: 14x daily 30 mg/kg
(each day of CUS)

LP.

2 h after daily stressor
(EPM) 2 h after test (day
14; and day before test)
(NSFT) 22 h before test

| % open arm entries & time
(Restraint + EPM)

30 nmol:

1 % open arm entries & time
CUS+-CBD

(EPM)

1 % open arm entries & time
(NSFT)

| feeding latency

CUS (x14 days); EPM; NSFT

(test was day 15)

Table 3. Spared Nerve Injury (SNI), Elevated Plus Maze (EPM), Light-Dark Test (LDT), Open Field Test (OFT), Emergence Test (EMT), Social Interaction Test (SIT),
Predator Scent Stress (PSS), Acoustic Startle Response (ASR), Chronic Unpredictable Stress (CUS), Defensive Withdrawal Test (DWT), 3-chambered social approach test
(3-CSAT), Holeboard Test (HBT), Elevated T-Maze (ETM), Novelty-Supressed Feeding Test (NSFT), Intraperitoneal (I.P.), Intracranial (I.C.), Subcutaneous (S.C.), A9-
tetrahydrocannabinol (THC), Cannabidiol (CBD), WIN 55212-2 (WIN), Prefrontal Cortex (PFC), medial PFC (mPFC), Ventral Hippocampus (VH), Basolateral
Amygdala (BLA), dorsal Periaqueductal Gray (dPAG), Bed Nucleus of the Stria Terminals (BNST).

within the USA (Hill and Gorzalka, 2009).

The anxiogenic effects of rimonabant administration in humans
suggest that eCB signaling is tonically gatekeeping the development of
anxiety in humans, similar to what has been established in rodents.
Consistent with this, individuals who have naturally elevated eCB
signaling due to a common (~35% of populations with Caucasian
ancestry possess one allele) functional single nucleotide polymorphism
of the human FAAH gene (C385A; which increases proteolytic degra-
dation of the FAAH protein, enhancing AEA signaling; Sipe et al., 2002)
exhibit lower trait anxiety, reduced amygdala reactivity, enhanced
habituation to aversive stimuli, less negative emotionality (including
stress reactivity, aggression and alienation), enhanced prefrontal regu-
lation of the amygdala, blunted physiological responses to stress and
enhanced fear extinction memory (Gunduz-Cinar et al., 2013; Dincheva
et al., 2015; Hariri et al., 2009; Mayo et al., 2020a; Gee et al., 2016).
Similarly, circulating levels of AEA have been found to be inversely
related to anxiety in healthy humans (Dlugos et al., 2012) and depressed
populations (Hill et al., 2009). In corroboration with these data,
administration of the FAAH inhibitor (PF-04457845) has been found to
reduce anxiety associated with cannabis withdrawal (D’Souza et al.,
2019), blunt physiological, sympathetic and affective responses to stress
(Mayo et al., 2020b), blunt threat-induced amygdala reactivity (Paulus
et al., 2020) and enhance the extinction of fear learning (Mayo et al.,
2020Db). Collectively, these data demonstrate that AEA signaling restricts
anxiety in humans, similar to preclinical findings in rodents, while
disruption of eCB signaling enhances anxiety.

8. Phytocannabinoids in human anxiety

Ever since the 1800s, the calming properties of cannabis have been
taken advantage of in a therapeutic setting (Mikuriya et al., 1969). In
fact, a review of epidemiological studies revealed that a majority of
cannabis or cannabis extract users consume in order to reduce their
anxiety, with women being more likely than men to report this purpose
for use (Malone et al., 2009; Cuttler et al., 2016). Within the reviewed
literature, up to 61% of medical cannabis users reported using cannabis
in place of some or all other anti-anxiety pharmaceuticals (Malone et al.,
2009). These epidemiological data suggest that cannabis could possess
anxiolytic properties, but the experimental research shows a more
complicated story. The effects of cannabis and its isolated chemical
compounds on anxiety in humans depend on multiple variables,
including dose, previous exposure and chemical makeup.

Animal research has thoroughly elucidated the dose dependent
biphasic effect of THC on anxiety. This phenomenon is reflected in the

20

human population. Indeed, smoking cannabis strains with 3.6% THC
content are more likely to increase self-reported anxiety levels relative
to those with 1.8% THC content (Ilan et al., 2005). Moreover, oral
consumption of 7.5 mg of THC decreases subjective feelings of distress
following a stressful event (Childs et al., 2017) and amygdalar activation
while observing threatening faces (Phan et al., 2008). Meanwhile, oral
THC administration reliably increases baseline levels of anxiety at doses
10 mg or higher. Four out of Five healthy male medical students re-
ported waves of strong anxiety and near panic state peaking around 90
min post ingestion of 30 mg of THC (Karniol et al., 1974). Moreover,
healthy adults consuming 10 mg THC reported increased subjective
ratings of anxiety and elevated activation of the right amygdala in
response to fearful faces. This effect appeared to be related to CB1R
activation, with greater THC induced anxiety positively associated with
higher CB1R availability (Bhattacharyya et al., 2017).

Interestingly, chronic cannabis users are reported as having lower
central CB1R density, which return to normal after 4 weeks of absti-
nence (Hirvonen et al., 2012). Consistent with this functional loss of
CBIR, when given THC (2.5 mg or 5 mg) intravenously, frequent
cannabis users experience less feelings of anxiety and reduced increases
in circulating cortisol than occasional users (D’Souza et al., 2008).
Moreover, orally administered anxiogenic doses of THC produce less
tense, jittery and uncontrollable feelings in weekly users when
compared to occasional users (Peters et al., 1976). In the same vein,
women experience more enhanced anxiogenic symptoms following
acute cannabis consumption (Sholler et al., 2020). Sexual dimorphism in
CB1R expression may explain this sensitivity as women have a higher
density of CB1R availability than men (Normandin et al., 2015),
although the increased production of 11-OH-THC by women, as
described above, could also contribute to this increased sensitivity.

While somewhat equivocal, there is accumulating evidence that CBD
may also possess anxiolytic effects in humans under some conditions.
Indeed, oral administration of 600 mg CBD alone reduced both feelings
of anxiety and amygdalar activity (Bhattacharyya et al., 2010). When
combined, CBD has been reported to ameliorate the anxiety state
brought about by high doses of THC. For instance, CBD is given in
tandem with an anxiogenic dose of THC, participants report significantly
less anxiety and panic while enhancing more pleasurable effects (Karniol
et al., 1974). More specifically, oral THC (0.5 mg/kg) induced increases
in baseline anxiety on the STAI scale were significantly reduced when
administered alongside CBD (1 mg/kg; Zuardi et al.,, 1982). When
smoking cannabis, healthy men and women show a trend towards
decreased anxiety brought about by 3.8% THC strains if they also
contain 1% CBD (Ilan et al., 2005). As such, there is the possibility that
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Table 4
Human studies examining the influence of endocannabinoid signaling or cannabinoids on anxiety measures.
Paper Participants Groups/Drugs Route of Stress Task Anxiety measure Results
Administration/
Region of Genetic
Expression
Hariri et al. 82 healthy adult Caucasian FAAH Global Exposed to angry STAI | amygdalar reactivity to
(2009) volunteers polymorphism and fearful emotional faces
Recruited from Adult Health and FAAH C385A expressions | relationship between
Behavior project (39 A carriers amygdala reactivity and
and 43 Control) trait anxiety
Gunduz-Cinar Primarily white FAAH C385A Global Exposed to angry ~ Multidimensional 1 amygdalar habituation to
et al. (2013) Middle aged and fearful Personality stress
1037 participants (52% male) expressions Questionnaire | trait stress reactivity
Conzelmann 112 adults: 67c/c carriers and 45 ~ FAAH C385A Global Exposed to EMG 1 reactivity to unpleasant
et al. (2012) A carriers pleasant, neutral STAI pictures
and unpleasant | inhibition to pleasant
pictures pictures
No trait anxiety differences
Dincheva et al. 137 humans FAAH C385A Global STAI | levels of trait anxiety
(2015)
Mayo et al., 29 placebo DBPC Oral Fear Potentiated STAI | skin conductance
2020 16 PF PF-04457845 (4 Startle POMS | subjective feeling of stress
Healthy men and women over 18  mg/day) for 10 The Affective in response to stressor
days Image Task No effect on CORT
The Maastricht | corrugator activation in
Acute Stress Test response to negative stimuli
No effect on corrugator
activation to neutral or
positive stimuli
D’Souza et al. 58 Men (18-55) Cannabis DBPC Oral Cannabis VAS | scores on measures of
(2019) dependent PF (4 mg/day) for withdrawal (5-8 depression, irritability and
30 joints in past 30 days or 180 20-23 days days in hospital) anxiety during withdrawal
joints in past 6 months
Regular cannabis use for past 2
years
Schmidt et al. 149 SAD patients DBPC Oral LSAS Twice as many subjects
(2020) 65% Males JNJ-42165279 HAD showed improvement over
(25 mg)/day for 30% in symptom severity
12 Weeks (LSAS)
Christensen Meta-analysis of total 3033 Rimonabant (20 Oral HAD 1 anxiety compared to
et al. (2007) participants mg/day) placebo
Placebo
Martin-Santos 30 right-handed healthy male THC (10 mg) Oral VAMS THC 1 feelings of anxiety
et al. (2012) English-speaking volunteers CBD (600 mg) STAI-S CBD did not have an effect
Bhattacharyya 14 healthy right-handed English- ~ THC (10 mg) Oral Viewed fearful STAI-S 1 anxiety
et al. (2017) speaking males Placebo and neutral faces 1 activation of right
amygdala in reaction to
fearful faces
Bhattacharyya 15 healthy right-handed English- ~ THC (10 mg) Oral View Fearful VAMS THC 1 anxiety at 2 and 3h
et al. (2010) speaking men CBD (600 mg) faces STAI-S THC 1 activation of
15 or less lifetime cannabis Placebo amygdala in response to
exposures fearful faces.
THC 1 anxiety in response to
fearful faces (associated
with amygdalar activation)
CBD | amygdalar activation
CBD | feelings of anxiety
(associated with amygdalar
activation)
Fusar-Poli et al. 15 healthy right-handed men THC (10 mg) Oral Exposed to VAMS THC 1 baseline anxiety after
(2009) CBD (600 mg) neutral, mildly STAI-S 2h
Placebo fearful or Skin conductance CBD did not affect anxiety
intensely fearful (SCR) THC 1 # of SCR fluctuations
faces in response to mild and
intensely fearful faces
CBD | # of SCR fluctuations
in response to intensely
fearful faces
Karschner et al. 18-45 years old THC (5, 15 mg) Oral STAI-S 1 state anxiety with all doses
(2011) 15 people THC (5 mg) +CBD THC-induced anxiety onset
Have smoked at least once but (5 mg) faster without CBD
less than daily THC (16.2 mg) +
CBD (15 mg)
Placebo
Illan etal. (2005) 24 healthy men and women Low: 1.8%THC Smoked (inhale) VAS-A High THC strain 1 anxiety

21-45 year olds

High: 3.6%THC

21

(main effect).

(continued on next page)
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Paper Participants Groups/Drugs Route of Stress Task Anxiety measure Results
Administration/
Region of Genetic
Expression
Reported using cannabis at least Low: 0.4%CBD All low THC strains and
10 times in lifetime High: 1%CBD High THC + High CBD
Placebo strain did not affect anxiety
4 conditions with All strains 1 heart rate
mixture of high
and low THC/CBD
Colizzi et al. 36 healthy right-handed, english-  DBPC Oral VAMS 1 anxiety in both users and
(2018) speaking males THC (10 mg) STAI non-users overall
All but 3 were white Europeans
Non users:
Less than 5 uses
Cannabis users:
At least 15 times
Glass et al. 4 volunteers that had anxious Nabilone (1, 2, 4, Oral Two of the four volunteers
(1980) levels similar to that of an anxiety 5 mg) showed | anxiety (1, 2 mg)
outpatient based on self-reports Placebo 1 heart rate (main effect)
1 sedation as prominent
self-report
Fabre & 5 caucasian males (average age Open Label Oral Hamilton Anxiety | psychic and somatic
McLendon 29) without placebo Rating Scale anxiety
(1981) Suffer from psychoneurotic Nabilone:
anxiety Average of 2.8 mg
a day
Varied from 2 to 8
mg (28 days)
20 patients (19 Caucasian, 1 DBPC Oral Hamilton Anxiety 1 50% of anxiety symptoms
black). Mean 29 YO 1 mg nabilone pills Rating Scale | self-reported and
Five of control patients dropped three times a day Self-rating symptom physician rated anxiety
out because their anxiety wasn’t 28-day treatment scale symptoms
being treated 4-day washout
Zuardi et al. 6 men and 2 women (average age  THC (0.5 mg/kg) Oral STAI THC and THC+CBD 1
(1982) 27) CBD (1 mg/kg) anxiety
Average weight 67 kg Placebo Anxiety | in THC4CBD vs.
5 had smoked cannabis THC alone
previously CBD did not effect anxiety
Childs et al. 42 healthy men and women with 7.5, 12.5 mg THC Oral Trier Social Stress ~ VAS THC | feelings of distress
(2017) some history with cannabis use Placebo Test following stress (7.5 mg)
(5 min speech THC 1 feelings of distress
followed by 5 following stress (12.5 mg)
min arithmetic)
Phan et al. 15 male and female (50%) DBPC Oral Exposed to fMRI | right amygdala activation
(2008) average age 20.8 Marinol (THC; 7.5 fearful and angry in response to threatening
Some experience with Cannabis mg) faces faces
Karniol et al. 40 male med students and doctors ~ THC (30 mg) Oral (SDEQ) THC 1 BP, but
(1974) (21-34 years old) CBD (15, 30, 60 CBD | THC induced BP that
50-91 kg mg; alone or each (30, 60 mg)
22 were previous cannabis users with THC) THC 1 reported anxiety (4 of
Groups were balanced forageand  Placebo 5 participants)
weight CBD | anxiety
D’Souza et al. 22 healthy adults 5 or 2.5 mg THC Intravenous VAS-A 1 of anxiety at 10 min
(2004) Variety of cannabis use Placebo 1 CORT levels (both doses)
D’Souza et al. Current Frequent users (at least DBPC Intravenous VAS-A 1 anxiety in both groups
(2008) 10 exposures in last month; n = 2.5 or 5 mg THC (2.5 and 5 mg)
30)and healthy controls (22) less anxiety after THC in
users compared to non-
users
THC | feelings of calm and
relaxation in both groups
equally
| CORT after THC in users
compared to non-users
Bergamaschi 24 generalized social anxiety DBPC Oral Public speech VAS-A | anxiety and feelings of
et al. (2011) disorder (SAD) participants and CBD (600 mg) discomfort
12 healthy controls | cognitive impairment
during speech.
Crippa et al. 10 right handed men with SAD DBPC Oral Brain scan was VAMS CBD | feelings of anxiety
(2011) University students (average age CBD (400 mg) considered Altered blood flow in the
24.2) stressor left parahippocampal gyrus,
hippocampus and right
posterior cingulate gyrus
Peters et al. 10 frequent (twice or more a THC (0.2, 0.4, 0.6 Oral (SDEQ) 1 tense, jittery feelings and
(1976) week for 3-4 years)and 10 mg/kg) lack of control (anxiety) in
occasional cannabis users (no Placebo both occasional and

22

(continued on next page)
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Paper Participants Groups/Drugs

Route of

Stress Task Anxiety measure Results

Administration/
Region of Genetic

Expression

more than twice a month for 3-4
years)(half males, half females in
each group)

21-34 YO

frequent users

Occasional users
experienced more of these
anxiety feelings

Double Blind Placebo Controlled (DBPC), Visual Analogue Scale for Anxiety (VAS-A), State Trait Anxiety Inventory (STAI), Hospital Anxiety and Depression Scale
(HAD), Fatty Acid Amide Hydrolase (FAAH), Liebowitz Social Anxiety Scale (LSAS), Profile of Mood States Scale (POMS), Visual Analog Mood Scale (VAMS), Sub-
jective Drug Effects Questionnaire (SDEQ), A9-tetrahydrocannabinol (THC), Cannabidiol (CBD).

CBD may act to counteract the anxiogenic effects of higher dose THC.
Consistent with this, there are reports of CBD acting as an allosteric
negative modulator at CB1R (Lapraire et al., 2015), however, several
recent attempts to experimentally demonstrate CBD counteracting the
effects of THC have failed (Arkell et al., 2019; reviewed in Freeman
et al., 2019).

It is also worth noting that there is a proportion of people who
experience more anxiogenic and panic responses to cannabis con-
sumption, especially of strains with higher THC content, relative to
others. This population may self-select out of cannabis use and therefore
self-report studies focused on users, likely explaining why studies
probing cannabis users reliably suggest anti-anxiety properties while
studies selecting from broader population samples are more likely to
identify subjects who exhibit anxiety responses. Notwithstanding, a
large portion of clinical studies investigating cannabis and THC report
anxiogenic effects when administered to healthy men and women.

9. Cannabinoids in anxiety disorders

A number of studies have noted people suffering with anxiety dis-
orders, (Buckner et al, 2006, 2012, 2014; Van Dam et al., 2012). These
epidemiological data would suggest that cannabinoids could have some
therapeutic benefit for anxiety disorders.

Chronic administration of nabilone, a synthetic analog of THC, in an
open label design was able to reduce scores on the Hamilton anxiety
rating scale in patients suffering from “psychoneurotic” anxiety (Fabre
and McLendon, 1981). To control for placebo effects in this study, re-
searchers performed a double-blind placebo-controlled design where
they reported significant reductions in self-reported and physician rated
anxiety symptoms after 28 daily nabilone administrations and a
four-day washout period (Fabre and McLendon, 1981). An earlier study
investigating volunteers suffering with anxiety levels similar to that of
an anxiety outpatient reported reduced anxiety in two of the four pa-
tients treated with low oral doses of nabilone (Glass et al., 1980).

More recently, researchers have been applying more targeted phar-
macological therapies for the treatment of anxiety disorders. In a
double-blind placebo-controlled study, daily administrations of the
FAAH inhibitor JNJ-42165279 over 12 weeks improved SAD symptom
severity in subjects, with the effects being amplified in those exhibiting
the greatest degree of FAAH inhibition and elevation in AEA (Schmidt
et al., 2020). This finding is particularly interesting in light of pre-
liminary data indicating that central FAAH expression may be elevated
in SAD (Ahmed et al., 2019), and is consistent with the preclinical work
discussed previously regarding the role of AEA signaling in the regula-
tion of anxiety and how impaired AEA signaling may enhance multiple
behavioral facets of anxiety. This very exciting work, coupled to the
experimental findings of reduced anxiety from stress exposure (Mayo
et al., 2020b) or during cannabis withdrawal (D’Souza et al., 2019), and
blunted threat-induced amygdala activation (Paulus et al., 2020),
following FAAH inhibition in humans, provides encouraging signals that
pharmacological targeting of the eCB system may be a viable therapeutic
approach for the treatment of anxiety disorders.
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10. Problematic cannabis use: cannabis use dependence and
association with anxiety

Despite above evidence that therapeutics targeting the eCB system
may be effective in relieving symptoms of anxiety, there is also
considerable evidence that links excessive cannabis use with anxiety.
Excess use may develop into cannabis dependence or cannabis use dis-
order (CUD), characterized by problematic use that includes escalation
with a loss of control over use, repeated failures to reduce intake or quit,
and continued use despite negative consequence (American Psychiatric
Association, 2013). Indeed, 20-30% of cannabis users develop CUD;
similarly, 13% of users develop dependence, a rate that substantially
increases (to 33%) in individuals who began use early and frequently
(Hasin et al., 2015; Leung et al., 2020). However, CUD is strongly
influenced by various genetic and environmental factors, including co-
morbidity with other mental illness (particularly schizophrenia or anx-
iety) and incidence of traumatic childhood experiences (Ferland and
Hurd, 2020). Complicating things further, frequency of high-potency
(~15% THC), but not low-potency cannabis, is associated with a
greater risk of developing negative outcomes such as CUD (Freeman and
Winstock, 2015; Hines et al.,, 2020). Thus, multiple factors may
contribute to whether frequent cannabis use develops into cannabis
dependence or cannabis use disorder.

Cannabis use disorder is highly associated with anxiety disorders in
humans (Kedzior and Laeber, 2014; Leadbeater et al., 2019). Indeed,
social anxiety disorder is associated with over sixfold likelihood of later
developing cannabis use disorder (Buckner et al., 2008). In fact, SAD
symptoms were correlated with symptoms of problematic cannabis use
in women but not in men (Buckner et al, 2006). However, given that one
of the main reasons individuals self-report cannabis use is to relieve
anxiety (Schofield et al., 2006; Turna et al., 2020), it is unclear if
frequent cannabis use is causative of anxiety disorders or if individuals
with anxiety disorders choose to use cannabis in order to relieve
symptoms. This is important to consider, as initial use may be effective
in relieving anxiety symptoms but over time may develop into prob-
lematic use if use is not controlled. Finally, multiple studies suggest that
the association in adults between either cannabis use or CUD and anx-
iety is minimal (Twomey, 2017) or non-existent (Blanco et al., 2016;
Gage et al., 2015) when controlling for other variables such as socio-
economic status, education, recent trauma, urban living, and family
history of psychiatric illness. Thus, multiple factors also contribute to
the association between cannabis use disorder and anxiety.

11. Conclusion

Anxiety is a wide-ranging, adaptive biological process involving
coordinated activation of many brain regions. However, pathological
anxiety (i.e. anxiety disorders) can occur in humans with inappropriate
or excessive activation of these circuits. The eCB system is well-situated
to modulate these circuits, with high expression in many key brain
structures involved in the regulation of emotional behavior. Indeed, eCB
signaling is intimately intertwined with the experience of anxiety as this
system regulates both onset and offset of anxiety following exposure to a
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stressor. However, different components of the system exhibit unique
roles. AEA acts predominantly as the tonic gatekeeper of anxiety onset,
only to be disrupted immediately following a stressful experience, pro-
moting the development of anxiety. On the other hand, a delayed
enhancement of 2-AG signaling acts to dampen anxiety following stress
exposure. Similar fluctuations in eCB signaling appears in conditions of
chronic stress, but with longer lasting influence. Functionally, stress-
induced impairments in AEA signaling leads to sensitization of anxiety
neural networks while enhanced 2-AG signaling strengthens adaptive
processes.

Acute and chronic administration of exogenous cannabinoids reveals
a more complex relationship between cannabinoids and anxiety that
appears to be relatively conserved between rodents and humans. In
particular, CB1R agonists reliably affect anxiety in a biphasic, dose-
dependent manner such that low doses exhibit anxiolytic properties
while high doses appear to be anxiogenic. Moreover, epidemiological
studies sampling from cannabis users emphasize anxiety-reducing ef-
fects of cannabis use while experimental studies in a broader sample of
humans and rodents depict predominantly anxiogenic properties of
cannabis, outlining a range of reactions within a larger population to the
consumption of the psychoactive compounds in cannabis. This phe-
nomenon may be due to individual differences in baseline cannabinoid
activity as well as cell-specific expression of CB1R; however, more
research is needed to understand these bimodal effects and why different
sub-populations have dramatically different experiences following
cannabis use.

Notably, repeated cannabinoid use has been shown to exhibit risks in
humans. In particular, chronic use is associated with anxiety disorders,
especially when use begins in adolescence. However, multiple variables
may contribute to these associations, and individuals experiencing
anxiety may be more likely to use cannabis in order to self-medicate for
anxiety symptoms. Thus, the relationship between anxiety and cannabis
use in humans is complex. There is some evidence that CBD may counter
the anxiogenic properties of high doses of THC in both rodent and
human studies. Preclinical evidence suggests that CBD may exert anxi-
olytic effects via amplification of 5-HT1A receptor activity and/or
augmentation of AEA signaling.

Anxiety can also be targeted through modulation of the degradative
enzymes in the eCB system. Notably, the conserved role of cannabinoids
in the regulation of anxiety becomes most apparent when considering
the low anxiety phenotype exhibited in humans and rodents alike who
have a genetic disruption of their FAAH gene, thus exhibiting enhanced
eCB signaling (Dincheva et al., 2015). Thus, more targeted pharmaco-
logical therapies such as FAAH inhibitors represent exciting potential in
cannabinoid-based therapies for psychiatric illness. Clinically, there is
evidence, albeit sparse, that isolated phytocannabinoids and upregula-
tion of eCB signaling via synthetic pharmacological tools may be able to
improve symptoms of anxiety disorders, particularly SAD, although a
similar case has been made for the role of eCB targeted therapies in PTSD
(Hill et al., 2018). This provides potential that cannabinoid-based
therapies may be effective across a broader range of anxiety disorders,
although significantly more research needs to be conducted in both
human and rodent studies in order to determine appropriate potency
and timing of cannabinoid treatments as well as understand the indi-
vidual contributions of sex differences, previous experience, and stressor
modality.
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