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Integrating endocannabinoid signaling in the regulation
of anxiety and depression
An-qi Yin1, Feng Wang1 and Xia Zhang1,2

Brain endogenous cannabinoid (eCB) signaling seems to harmonize appropriate behavioral responses, which are essential for the
organism’s long-term viability and homeostasis. Dysregulation of eCB signaling contributes to negative emotional states and
increased stress responses. An understanding of the underlying neural cell populations and neural circuit regulation will enable the
development of therapeutic strategies to mitigate behavioral maladaptation and provide insight into the influence of eCB on the
neural circuits involved in anxiety and depression. This review focuses on recent evidence that has added a new layer of complexity
to the idea of targeting the eCB system for therapeutic benefits in neuropsychiatric disease and on the future research direction of
neural circuit modulation.
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INTRODUCTION
Cannabis plants have been used medicinally and recreationally for
millennia by Chinese, Indian, and Arab pharmacologists [1]. The
most commonly reported reason for cannabis use by the majority
of users worldwide is its relaxing effect [2, 3], suggesting that
cannabinoid signaling could play a role in the control of anxiety
and depression. In recent years, a large body of data have
demonstrated that the endocannabinoid (endogenous cannabi-
noid, eCB) system is involved in the regulation of the behavioral
domains of anxiety and depression [4, 5].
The eCB system modulates synaptic transmission processes

[6, 7], thereby regulating behavioral outputs. Although the eCB
system is widely distributed in the central nervous system [8], its
activity is highly specific and localized. To understand this
specificity in anxiety and depression, one needs an integrated
view of the eCB-mediated control of relevant brain regions and
their interregional connections. Within distinct cerebral regions,
eCB signaling can differentially modulate the activity of multiple
cell types (neuronal subtypes [6], astrocytes [9, 10], and microglia
[11]) and in turn execute context-related alterations in synaptic
transmission. The present review examines the evidence for eCB
influence in anxiety- and stress-related dysfunctions, such as
depression, and the research on other neural circuits. We evaluate
whether the activity of the eCB system is altered in these
pathological processes. Potential therapeutic implications of the
reviewed literature are also discussed.

THE ENDOCANNABINOID SYSTEM
In brief, the eCB system classically consists of cannabinoid receptors
(cannabinoid 1 receptors, CB1R (encoded by CNR1) and cannabi-
noid 2 receptors, CB2R (encoded by CNR2)), endocannabinoids (i.e.,

anandamide (AEA, also known as N-arachidonoylethanolamine), 2-
arachidonoylglycerol (2-AG)), and enzymes that catalyze endocan-
nabinoid synthesis and degradation (Fig. 1). AEA is a high-affinity
and low-efficacy CB1R agonist that also activates postsynaptic
transient receptor potential cation channel subfamily V member 1
(TRPV1) to induce long-term depression. The level of 2-AG in the
brain is 200-fold that of AEA [12] and its affinity for CB1R is lower
than that of AEA, but it can excite CB2R in addition to CB1R [13].
Differing from classical neurotransmitters, eCB is not presynthesized
and stored in the vesicles of presynaptic membranes, but it
is synthesized from cellular membrane lipids following various
stimuli in the postsynaptic membrane “on-demand” [14]. This is
well documented for 2-AG, whose synthesis was shown to be
stimulated after an increased concentration of postsynaptic intra-
cellular Ca2+ or an increased activity of phospholipase Cβ. The on-
demand synthesis of AEA is not well characterized yet, it might be
synthesized in the presynaptic terminal [15] or synthesized
postsynaptically [16], and N-acyl phosphatidyl ethanolamine-
phospholipase D is one of the enzymes involved in AEA synthesis.
After synthesis, eCB is released into the synaptic cleft, where it
combines with CB1R to induce depolarization-induced suppression
of inhibition (DSI)or depolarization-induced suppression of excita-
tion (DSE) [17]. For example, isoflurane significantly increased eCB
signaling at glutamatergic synapses in both GABAergic and
glutamatergic DMH neurons and caused significantly increased
DSE in both LTS+ and LTS– neurons [18]. Synaptic eCB signaling is
terminated by the presynaptic reuptake and intracellular degrada-
tion of eCBs. Fatty acid-binding proteins deliver eCBs to their
catabolic enzymes or nuclear receptors [19], and FABP5 is essential
for retrograde eCB signaling and may serve as a synaptic carrier of
eCBs in central synapses [20]. After presynaptic reuptake, 2-AG and
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AEA, are hydrolyzed by monoacylglycerol lipase (MAGL) [21] and
fatty acid amide hydrolase (FAAH) [22], respectively.
CB1R, the most abundant G protein-coupled receptor, is the

most prominent eCB-binding site in the brain, the main role of
which is binding to the endocannabinoid or exogenous
cannabinoid and subsequent inhibition of the release of
multiple neurotransmitters in the presynaptic membrane [23].
The crystal structure of CB1R and the agonist-bound structure of
CB1R help us to understand the atomic framework of the
cannabinoid receptor function and will helpaid in the design
and optimization of cannabinoid system modulators for
therapeutic ends [24–26]. The synaptic distribution of CB1R is
consistent with its role as a retrograde regulator of synaptic
signaling. CB1R expression is high in the presynaptic axon
membranes and low in the postsynaptic dendrites and soma
[27]. This polarization is driven by the push–pull combination of
high MGL levels in the axons and high diacylglycerol lipase
expression in the dendrites and soma [28]. CB1R shows
particularly dense expression in regions with known involve-
ment in fear, anxiety, and stress, including the hippocampus,
prefrontal cortex (PFC), bed nucleus of the stria terminalis,
basolateral amygdala (BLA), central amygdala, and various
hypothalamic nuclei [6]. It has been demonstrated that CB1R is
highly expressed in GABAergic interneurons expressing chole-
cystokinin (CCK), where it is largely absent from other
interneuronal subtypes (for example, calretinin- and
parvalbumin-expressing GABAergic interneurons) [29, 30]. CB1R
is also present in the cholinergic, serotonergic, and noradrener-
gic systems [31, 32], suggesting that the eCB system is involved
in the inhibition of the release of these neurotransmitters. Much
lower levels of CB1R expression are present in glutamatergic
neurons in the cortex [8, 29]. However, cortical glutamatergic

CB1R has been revealed to have crucial functional roles [33–35],
including the regulation of excitatory synaptic transmission [6].
Moreover, CB1R is present at extremely low levels in astrocytes
[36]. Our previous studies demonstrated that astroglial CB1R
plays an important role in the memory formation of cannabis
addiction [37], the cannabis-induced impairment of spatial
memory [9], the rapid anti-anxiety effects of FAAH inhibition
[13] and the JZL195-induced in vivo long-term depression and
neuroprotective effect against the ischemic insult [38]. CB1R is
also present on the membranes of mouse neuronal mitochon-
dria (mtCB1R), where it directly controls cellular respiration and
energy production [39]. Moreover, acute cannabinoid-induced
memory impairment in mice requires the activation of hippo-
campal mtCB1R [40].
CB2R was thought to be primarily expressed in microglial cells,

especially activated microglial cells [41]. However, this theory
has been challenged by recent studies that have found CB2R
expressed in numerous brain areas [42, 43], including ventral
tegmental area dopaminergic neurons [44], which also express
CB1R [45]. Dopaminergic CB2R plays an important role in
modulating dopaminergic neuronal activity and dopamine-
related functions [44], inhibiting psychomotor behaviors, and
altering anxiety, depression, alcohol dependence [46], and
cacaine-induced locomotor-stimulating effects [47]. The recent
study proving that CB2R expression in CA2/3 pyramidal neurons
of the hippocampus and the novel type of CB2R-mediated
neuroplasticity in that region suggest a postsynaptic, cell-
intrinsic action for the CB2R that reduces excitability in a cell-
specific manner and provide the first evidence for functional
coupling between cannabinoid signaling and the sodium-
bicarbonate transporter [48, 49]. Several studies have shown
that CB2R function is also closely connected to schizophrenia in

Fig. 1 Architecture of eCB system components in neurons and astrocytes. Endocannabinoid (eCB) system shows a distinct anatomical
distribution in the central nervous system. On depolarization of the postsynaptic terminal, 2-arachidonoylglycerol (2-AG) is present at the
postsynaptic terminal and synthesized “on-demand” by diacylglycerol lipase-α (DAGLα). 2-AG travels to the presynaptic CB1R to inhibit
neurotransmitter release, especially when the postsynaptic terminal is strongly activated. The 2-AG-degrading enzyme monoacylglycerol
lipase (MAGL) is located at the presynaptic terminal or in astrocytes. The N-arachidonoylethanolamine (AEA)-degrading enzyme fatty acid
amide hydrolase (FAAH) is present at the postsynaptic terminal. The cannabinoid receptor type 1 (CB1R) is typically present at the presynaptic
terminal. Its stimulation by 2-AG or AEA leads to the inhibition of neurotransmitter release from the presynaptic terminal. CB1R is also present
in the astrocytes, and activation of the CB1R leads to an increase in intracellular Ca2+ concentration. AEA can also activate the postsynaptic
transient receptor potential cation channel subfamily V member 1 (TRPV1), leading to an increase in the postsynaptic current. CB2R is present
on microglial cells and is involved in immune reactions
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clinical patients and to schizophrenia-related behaviors in
rodent models [50, 51].

ROLE OF THE ENDOCANNABINOID SYSTEM IN ANXIETY
THERAPY
Anxiety disorders are a group of mental disorders characterized by
significant feelings of anxiety and fear. These feelings may cause
physical symptoms, such as a fast heart rate and shakiness [52].
Pathological anxiety is one of the most common types of mental
illness, globally ranked as 33rd in its prevalence and the 9th cause
of years lived with disability according to the Global Burden of
Diseases, Injuries, and Risk Factors Study 2016 [53]. Anxiolytic
drugs such as benzodiazepines produce rapid effects, but their
long-term use causes severe adverse effects, such as drowsiness,
dizziness, and decreased alertness and concentration [54]. Several
studies have shown that the eCB system participates in the
bidirectional regulation of anxiety circuits and behavior: (1)
Exogenous cannabinoids such as Δ9-THC and synthetic cannabi-
noids influence anxiety‐like behavior in a biphasic manner, with
low and high doses exerting anxiolytic and anxiogenic states,
respectively [55–57]. (2) CB1Rs on cortical glutamatergic and
GABAergic neurons exert opposing control on anxiety‐like
behaviors [58–60]. (3) Global CB1R knockout results in increased
anxiety-like behavior [61]. (4) Deletion of the 2-AG MAGL leads to a
significant increased anxiety-like behavior [62]. (5) Overexpression
of 2-AG hydrolyzyme in the hippocampal glutamatergic neurons
also leads to increased anxiety-like behavior [63], whereas
pharmacological inhibition of 2-AG hydrolyzyme produces an
anxiolytic effect [14]. (6) The genetic knockout or pharmacological
inhibition of the AEA hydrolytic enzyme FAAH produces anxiolytic
effects [8, 31, 32] without the side effects of marijuana (Table 1).
(7) The substrate-selective COX-2 inhibitors may inhibit the
oxygenation of 2-AG and AEA and produce anxiolytic effects in
preclinical models [64].
FAAH inhibitor PF3845 exerts rapid and long-lasting anxiolytic

effects in mice exposed acutely and chronically to the stress
hormone corticosterone [10]. This finding expands on the previous
findings that the FAAH inhibitor URB597 produces anxiolytic
effects 1 day after acute stress exposure [65] and that chronic
injection of PF3845 exerts anxiolytic effects in chronic and mild
stress-exposed animals [14]. Mice show anxiolytic behavioral
responses with increased functional connectivity between the
PFC and amygdala (BLA) [66, 67], suggesting a key role for
increased FAAH activity and decreased AEA signaling in the
development mechanisms of anxiety disorders. Many researchers
have recently hypothesized that stress upregulates FAAH activity

to decrease AEA signaling, which increases the excitability of BLA
pyramidal neurons due to the unavailability of AEA for the
suppression of glutamate release, leading to anxiety-like behavior
[6, 30]. However, Duan et al. [10] provided evidence that PF3845
induced anxiolytic effects and in vivo long-term depression of
synaptic strength at the PFC input into BLA neurons via astroglial
CB1R, which strongly supports an alternative mechanism under-
lying the anti-anxiety effects of FAAH inhibitors [10].
In summary, the eCB system generally exerts anxiolytic

functions. However, GABAergic CB1R signaling in anxiety modula-
tion seems to mediate anxiogenic effects under certain conditions.

ROLE OF THE ENDOCANNABINOID SYSTEM IN
THE TREATMENT OF DEPRESSION
Major depressive disorder, also known simply as depression, is a
mental disorder characterized by at least 2 weeks of low mood
that is present across most situations. It is often accompanied by
low self-esteem, loss of interest in normally enjoyable activities,
low energy, and pain without a clear cause. Major depressive
disorder can negatively affect a person’s personal, work, or school
life, as well as sleeping and eating habits, and general health [68].
The probability of suffering from depression at some point during
one's lifespan is up to 15% for men and 30% for women [69]. The
current antidepressant serotonin/noradrenalin reuptake inhibitors
have a low remission rate and a delayed onset time of several
weeks [70]. It is therefore of great importance to identify new fast-
acting antidepressants.
Several findings have shown that the eCB system may be a

potential antidepressant candidate [71–75]. Specifically, eCB may
help reverse the acute and chronic stress response; it may produce
antidepressant physiological changes, including neurogenesis and
synaptic plasticity; people with depression have relatively lower
eCB levels; and clinical trials in Europe and the United States have
shown that one of the side effects of obesity treatment by
the selective CB1R antagonist rimonabant is depression. Recent
studies have shown that AEA can treat depression induced by
acute stress [73, 76]. In addition, although daily injections of MAGL
inhibitor JZL184 (8 mg/kg) before stress can prevent the devel-
opment of depressive behavior [77, 78], JZL184 has no
antidepressant effect on chronic stress [77]. In other words,
different doses of MAGL inhibitor may produce antidepressant or
depressant effects on acute and chronic stress, respectively.
One study found that after the administration of MAGL inhibitor

JZL184 2 h before forced swimming, there was a “U-shaped”
relationship between the dose and the behavioral indicators of
JZL184. That is, a low dose of JZL184 (5mg/kg) could significantly

Table 1. Summary of CB1R in anxiety-like behavior

Mechanism Effect on anxiety Author

Low-dose exogenous cannabinoids act on cortical glutamatergic CB1R Anxiolytic Rey et al. 2012 [47]

High-dose exogenous cannabinoids act on forebrain GABAergic CB1R Anxiogenic Rey et al. 2012 [47]

AEA acts on astroglial CB1R Anxiolytic Duan et al. 2016 [12]

Global CB1R-KO Produced anxiety-like behavior Jacob et al. 2009 [31]

Cortical Glut-CB1R-KO Did not result in anxiety-like behavior Jacob et al. 2009 [31]
Rey et al. 2012 [47]

Forebrain GABA-CB1R-KO Increased exploratory behavior Lafenêtre et al. 2009 [48]
Häring et al. 2011 [49]

Deletion of FAAH Decreased anxiety-like behavior Moreira et al. 2008 [50]

Deficiency of DAGLα Increased anxiety-like behavior Schlosburg et al. 2010 [51]
Shonesy et al. 2014 [32]

Overexpression of hippocampal glutamatergic MAGL Increased anxiety-like behavior Guggenhuber et al. 2015 [33]
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protect mice against the despair behavior induced by acute stress
[79]. However, low doses of JZL184 (5mg/kg [79] and 8mg/kg [77])
did not exert antidepressant effects in mice exposed to chronic
stress. Interestingly, 20mg/kg JZL184 produced significant anti-
depressant behavioral responses in chronic corticosterone-treated
mice [79], thus opening a window for the clinical treatment of
depression with MAGL inhibitors. In mice with chronic stress, the
antidepressant effect may be associated with the activation of GABA
neurons via CB1R and the DSI effect [72]. A high dose of MAGL
inhibitors produced antidepressant effects in chronically stressed
mice because it disinhibited GABAergic synapses via GABAergic
CB1R, hence exciting CA1 pyramidal neurons [79].
Collectively, our review provides an overview of the neurobio-

logical interactions between stress and the eCB system. First, after
exposure to both acute and chronic stress, it results in a
bidirectional regulation of the two eCB ligands AEA and 2-AG, with
AEA being reduced by stress and 2-AG being increased by stress.
The reduction of AEA appears to occur relatively quickly in
response to stress and is mediated by increased AEA hydrolysis by
FAAH [80–83]. With respect to acute stress, the increase in 2-AG is
delayed and seems to be mediated by increases in corticosterone
due to stress [82, 84–87]. There seems to be an apparent yin–yang
relationship for AEA and 2-AG, with both molecules providing a
stress-inhibitory effect, but the reduction of AEA is responsible for
the initiation and manifestation of the effects of stress, whereas
the increase of 2-AG is responsible for tempering and terminating
the stress response [88].
In conclusion, the stress-induced downregulation of CB1R

signaling in brain regions is of vital importance for the regulation
of emotion processes, such as depression. Stress adaptation,
which reduces this effect, is accompanied by enhanced eCB
system activity.

FUTURE DIRECTIONS: eCB SIGNALING IN NEURONAL CIRCUIT
REGULATION
The eCB system is present in many brain circuits that are well
known to regulate anxiety and depression processes. Together
with anatomical descriptions and functional evidence, eCB
signaling might modulate synaptic activity at many nuclei of
these circuits. However, direct evidence of these functions of eCB
signaling in freely behaving animals challenged with specific tasks
is mostly lacking. Based on the Cre-loxP system to cell-specific
modulation of the eCB system, the advent of new technological
approaches, such as viral tracing techniques, optogenetics and
the DREADD strategy, and calcium imaging techniques will allow
the exploration of the direct evidence for CB1R in the regulation of
specific circuits and behavior.
How the eCB system regulates anxiety and depression has been

studied for a long time. These studies mentioned above raise
strong hopes not only for a better understanding of the behavioral
processes but also for future therapy to rescue these dysfunctions.
In the future, by integrating the cutting-edge research methods,
the causal links between the eCB system-meditated synaptic
plasticity/electrophysiological modulations and behavioral out-
comes will be well revealed.
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