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Abstract

The endocannabinoid signaling system (ECSS) is altered by exposure to stress and both mediates
and modulates the effects of stress on the brain. Considerable preclinical data support critical roles
for the endocannabinoids and their target, the CB1 cannabinoid receptor, in the adaptation of the
brain to repeated stress exposure. Chronic stress exposure increases vulnerability to mental illness,
so the ECSS has attracted attention as a potential therapeutic target for the prevention and
treatment of stress-related psychopathology. We discuss human genetic studies indicating that the
ECSS contributes to risk for mental illness in those exposed to severe stress and trauma earlier in
life, and we explore the potential difficulties in pharmacologic manipulation of the ECSS.
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Linking Stress Exposure and Mental Health

Life is full of unexpected challenges to the steady state (“stressors”) from external and
internal sources. Stressors can be physical or psychological, but all evoke similar responses
that are generally beneficial in the short term. However, repeated and sustained activations of
stress response systems exert “wear and tear” on the body and brain, referred to as “allostatic
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load” [1]. Allostatic load results from the direct effects of persistent activation of the stress
response systems, together with loss of systems that normally oppose or buffer stress
responses.

The health and quality of life costs of high allostatic load are enormous. Inadequate control
of stress responses contributes to risk for mental health disorders [2] and increases mortality
[3]. The most recent statistics provided by the National Institute of Mental Health indicate
that nearly 1 in 5 individuals in the US suffer from mental illness, with women and
adolescent/young adults (18-25 years of age) being most affected (https://
www.nimh.nih.gov/health/statistics/index.shtml). While anxiety disorders are the most
prevalent, perhaps the most startling statistic is that 17% of 15-17 year olds had a major
depressive episode in the last year. Research provided by OurWorldInData.org indicate, in
aggregate, that over 10% of the world’s population suffers from mental illness [4]. There are
clear mechanistic links between exposure to chronic stress and mental illness, and enhancing
control over stress responses (Box 1) has been proposed as an intervention to reduce the
occurrence of psychopathology [5]. One link is the endocannabinoid signaling system
(ECSS) that includes the cannabinoid receptors (CB1R and CB2R), endocannabinoids, and
the enzymes and transport proteins that regulate endocannabinoid concentrations.

Here we review how the ECSS negatively regulates stress responses and that loss of the
ECSS results in failure to successfully adapt to chronic stress. We also explore the
hypothesis that differences in the ECSS contribute to inter-individual variability in the
effects of stress exposure on mental health.

Enhanced understanding of the relationships among stress exposure, stress responses and the
ECSS will lead to novel approaches to keep stress-induced plasticity of the brain in check
and reduce the incidence of stress-related psychopathology.

The Endocannabinoid Signaling System

Inter-neuronal communication in the brain is carried out by neurotransmitters and occurs at
synapses. The ECSS also operates at synapses, but via a retrograde mechanism [6, 7]. The
cannabinoid receptor type 1 (CB1R, see Glossary) is located presynaptically on axon
terminals, and its activation inhibits vesicular neurotransmitter release. CB1Rs are present
on both glutamate- and GABA-releasing neurons, so they can modulate excitation or
inhibition in a circuit depending on their cellular expression. CB1Rs are on terminals of
dopaminergic, serotoninergic and noradrenergic neurons and, therefore, can also inhibit their
release. The ECSS is highly expressed in the limbic system and affects synaptic transmission
there and throughout the brain. A second cannabinoid receptor, CB2R, is found in the cells
of the immune system, including brain microglia (Box 2).

The endogenous CB1R ligands, endocannabinoids (eCBs), are the arachidonates 2-
arachidonoylglycerol (2-AG) and N-arachidonoylethanolamine (AEA) [8]. The eCBs are
“made on demand,” and their concentrations at the synapse are dependent upon the relative
rates of their synthesis and degradation (Figure 1). As a consequence, activity of the ECSS
can be increased by inhibitors of 2-AG and AEA catabolism (i.e. indirect agonists) in
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addition to mechanisms that increase eCB synthesis. Monoacylglycerol lipase (MGL) is
responsible for most 2-AG catabolism in the brain [9] while fatty acid amide hydrolase
(FAAH) is responsible for most brain AEA catabolism [10, 11]. There are other differences
between AEA and 2-AG that add to the complexity and versatility of the ECSS (Box 3).

Endocannabinoid signaling links stress exposure to synaptic activity

There is an intimate connection among stress exposure, responses and the ECSS (Figure
2A). The ECSS is stress-responsive and mediates the effects of stress exposure on the brain,
coupling stress-induced changes in neuropeptides and GCs to altered synaptic activity. In
addition, the ECSS modulates, largely in a negative direction, the effects of stress exposure
on the SNS, HPA axis, and behavioral/emotional responses.

Concentrations of both of the eCBs are regulated by stress (Figure 2B). Recent studies
indicate that GCs rapidly increase synaptic concentrations of 2-AG through membrane-
localized glucocorticoid receptors coupled to 2-AG synthesis [12], directly linking HPA axis
activation to increased 2-AG. AEA concentrations are also altered by stress exposure,
although stress regulates AEA catabolism rather than synthesis. The stress-responsive
neuropeptide, CRH [13], increases FAAH activity and thereby reduces AEA concentrations
[14]; thus, AEA concentrations are regulated by stress-responsive neuropeptide signaling.

Plasticity Of The Endocannabinoid Signaling System In The Face Of Stress

Exposure

Habituation

Critical to understanding individual variability in stress responses is that ECSS activity
exhibits several forms of plasticity. First, evidence is accumulating that the enzymatic
processes involved in the synthesis and degradation of the eCBs are subject to modulation in
response to both acute and chronic stress exposure. As a result, eCB concentrations and
CBI1R signaling are altered (Figure 1).

Second, availability of the pool of signaling CB1Rs and the total number of CB1Rs
expressed in a cell can be regulated. For example, acute exposure to agonist results in -
arrestin-mediated desensitization of CB1R signaling [15] while chronic exposure to
exogenous agonists such as the phytocannabinoid, A%-tetrahydrocannabinol (THC) results
in reduced CB1R density and signaling [16]. Interestingly, both genetic deletion and
sustained inhibition of MGL also down-regulate the CB1R [17] although sustained
inhibition of FAAH does not alter CB1R protein density [18], perhaps because AEA is not a
full agonist of the receptor (Box 3). Thus, efforts to chronically activate the ECSS by direct
agonists or excessive inhibition of MAGL are opposed by loss of CB1R signaling and could
be counter-productive.

Habituation of stress responses following repeated exposure to the same stressor (homotypic
stress) is generally beneficial for the brain and body as it preserves metabolic resources and
reduces allostatic load [19]. Sensitization of the ECSS contributes to habituation of stress
responses while blockade of ECSS results in inadequate adaptation to repeated stress
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exposure [20]. Studies in the amygdala suggest that CB1R blockade inhibits habituation of
the HPA axis response by repeated stress [21] and that reduced catabolism of 2-AG
contributes to the mechanism of enhanced eCB signaling in habituation [22]. Together, these
results support a role for amygdalar 2-AG-CB1R signaling in habituation to homotypic
stress exposure.

Chronic stress

On the other hand, chronic stress can down-regulate the ECSS, and loss of the ECSS
contributes to poor adaptation and excessive stress responses. For example, repeated
homotypic stress increases FAAH activity, reducing AEA-mediated activation of CB1R, and
resulting in reduced habituation and adaptation [20]. Reversal of chronic stress-induced
activation of FAAH with pharmacologic inhibition maintains plasticity in the hippocampal-
amygdala circuit [23] and ameliorates the effects of chronic stress to produce exaggerated
startle responses and impaired extinction [24]. The effects of chronic immobilization stress
in mice to enhance amygdalar microstructure and promote anxiety-like behaviors are
prevented by global deletion of FAAH and reduced by pharmacologic inhibition of the
enzyme [25]. Similarly, FAAH inhibition prevents the anxiogenic effects of social defeat
stress in mice [26]. FAAH inhibition also ameliorates both hyperalgesia and anxiogenesis in
a mouse model of combined chronic pain and chronic stress exposure [27]. Recent data
indicate that enhanced expression of MGL could contribute to reduced 2-AG/CB1R
signaling following chronic stress due to decreased 2-AG concentrations [28].

Chronic exposures to homotypic and variable stressors result in significant reductions in
CB1R-mediated signaling in most limbic brain regions [29]. It is hypothesized that loss of
CBI1R signaling is the result of chronic elevation in 2-AG, which results in CB1R down-
regulation as described above. Another mechanism was recently proposed based on studies
in the mouse cingulate gyrus whereby chronic stress exposure down-regulates CB1R
expression due to reduced histone acetylation in the promoter region of the gene [30]. An
epigenetic mechanism like this could be long-lasting and might link stress exposure in early
life with persistent changes in the ECSS.

Contrary to decreased CB1R expression in other brain regions, chronic stress exposure
increases CB1R expression in the medial PFC (mPFC) [29]. Similarly, CB1R protein
concentrations and signaling are elevated in post mortem samples of frontal cortex from
humans who died by suicide [31]. This observation has clinical implications for the use of
therapeutics because activators of the ECSS could worsen the effects of chronic stress in
brain regions with underlying excessive CB1R signaling.

Exposure of rodents to early life stress using maternal separation [32, 33], neonatal handling
[34], and housing in limited bedding [35] results in dysregulation of ECSS development,
resulting in aberrant behaviors in adulthood. Exposure to high amounts of stress in early life
is one of the best predictors of risk for the development of psychopathology in later life [36],
and these data suggest that compromise of the ECSS could be a mechanism linking early life
adversity to psychopathology in adulthood. This is further supported by data discussed
below that the impact of genetic variation in the ECSS is often more significant in humans
that were exposed to early life adversity.
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The Endocannabinoid Signaling System Regulates Stress Responses

Anxiety-like

The ECSS modulates HPA axis and SNS responses and affects synaptic activity in brain
circuits underlying the behavioral reactions to stress exposure, emotion regulation, reward
processes, and fear learning and extinction (Figure 3).

The ECSS does not appreciably affect baseline HPA axis activity but reduces its activation
by acute stress exposure and mediates feedback inhibition of GCs on the HPA axis [37].
HPA axis dysregulation is a common feature of psychopathology [38]; thus, HPA axis
regulation is an important mechanism by which the ECSS could moderate vulnerability for
stress-induced mental illness.

CBL1Rs are present on terminals of sympathetic neurons and adrenal medullary cells, and
CBI1R agonists inhibit release of norepinephrine (NE) and epinephrine, respectively, from
these cells [39, 40]. As a result, CB1R agonists have been shown to inhibit several SNS-
mediated effects, including vasoconstriction [41] and inflammation [42]. Surprisingly, this
CBI1R pool is also essential for the anxiogenic effects of the CB1R antagonist, rimonabant
[43], and is required for stress-induced impairment of non-emotional memories [44]. The
identity, source and trigger of the eCBs innervating CB1R on SNS terminals are unknown.
Both 2-AG and AEA are present in the circulation, and their concentrations are increased by
exposure to stress [45] (Box 4). Thus, as in the brain, the peripheral ECSS is activated by
exposure to stressors and serves to buffer responses, in this case, through inhibition of NE
and epinephrine release. This could be particularly relevant for the growing evidence that
circulating eCB concentrations in humans are associated with measures of anxiety and
depression [45]; these concentrations could reflect the contribution of a peripheral ECSS to
CNS functions, such as regulation of anxiety.

behavioral responses to stressors

The ECSS operates in limbic brain regions involved in the processing of fear and anxiety
[46, 47]. ECSS activation in rodent models generally reduces anxiety-like behaviors such as
freezing or avoiding aversive environments when assessed under stressful conditions [48].
Conversely, reduced CB1R signaling in amygdalar-PFC circuits results in increased signs of
anxiety and threat assessment in rodents even in the absence of stress [49]. Inhibition of
FAAH and MGL are both effective strategies to reduce stress-induced anxiety in rodents
[10].

The ECSS modulates the effects of trauma on anxiety and fear responses [50]. For example,
treatment with CB1R agonist and FAAH inhibitors after trauma reduce the development of
long-term consequences, including hyper-reactivity to the context, impairment of fear
extinction and increased GR expression. On the other hand, chronic cannabinoid agonist
treatment in the context of trauma reduces CB1R protein levels in the hippocampus and
amygdala, and some of the beneficial effects of acute CB1R agonist treatment are lost [51].

The locus coeruleus is the source of noradrenergic innervation to the forebrain and regulates
arousal, attention, vigilance and memory acquisition in response to stressors. Neuronal input
into the locus coeruleus-noradrenergic system is negatively regulated by the ECSS [52],
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suggesting that ECSS buffers over-activation of NE-mediated responses thereby reducing
hypervigilant behavior, for example [53].

Paradoxically, exogenous cannabinoid agonist can increase anxiety-like behaviors at high
doses [54]. Similarly, recent studies demonstrate that anxiety can result from both over- and
under-activation of FAAH in the amygdala, suggesting AEA/CB1R signaling has a narrow
range of optimal activity [55]. These preclinical data are particularly interesting when taken
together with the “FAAH paradox” in humans, described below.

mood

The ECSS enhances reward sensitivity, which contributes to the euphoric effects of the
cannabinoid agonists in humans [56], while CB1R inhibition results in depressive-like
behaviors [57]. The ECSS regulates dopamine signaling in the canonical ventral tegmental-
nucleus accumbens pathway [58], and recent data suggest other ECSS-regulated circuits also
participate in the effects of cannabinoids on mood and reward [59].

Considerable preclinical and clinical data demonstrate that stress, both alone and in
combination with drug cues, is a trigger for reinstatement of drug seeking behavior [60].
Recent data demonstrate that stress potentiation of cue-induced drug seeking in cocaine
dependent rats requires activation of the ECSS in the reward circuit [61]. These data suggest
that ECSS potentiation of reward can be detrimental in some situations and therapeutic
approaches to block CB1R signaling could be beneficial. However, CB1R antagonist use is
fraught with difficulties (described below), so this approach might not be practical.

Aversive memories

CBI1R signaling is required for glucocorticoid-induced enhancement of memory
consolidation [62, 63]. For example, increases in AEA were required for the formation of
strong memories of an aversive experience [64], and elevation of AEA via inhibition of
FAAH rescues memory performance in the presence of high stress [65]. These studies
suggest that, although CB1R signaling in other brain regions is associated with reduced
impact of stress expression, AEA-CB1R signaling in the emotional memory circuit may
actually strengthen the formation of aversive memories, and could therefore contribute to the
risk for disorders such as posttraumatic stress disorder (PTSD). However, CB1R signaling
also interferes with memory consolidation as well as memory retrieval (or recall), both of
which would suggest that the ECSS could reduce the long-term storage of trauma-related
memories [66].

The ECSS is essential for the appropriate extinction of conditioned fear responses [46].
Reduced CB1R signaling in the amygdala inhibits fear extinction [67] while activation of the
ECSS either through direct CB1R agonists [48] or inhibition of FAAH [68] accelerates
extinction. Safety learning also results in reversal of fear memory but through active learning
of new responses [69]; safety learning requires hippocampal ECSS [70].

These studies suggest that the ECSS operates in the circuits involved in the formation,
retrieval and extinction of memories related to fear and stress. These findings indicate that
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the ECSS plays an important role in risk for PTSD, for which inability to extinguish
traumatic memories is a core symptom.

Human Stress Related Mental lliness and the Endocannabinoid Signaling

System

Exposure to stressors can increase risk for psychological disorders, including anxiety,
depression and schizophrenia. Preclinical data reviewed above indicate roles for the ECSS in
the vulnerability, prevention and treatment of human stress-related psychopathologies. This
section provides data obtained from human studies that support these notions.

The majority of information regarding the ECSS in human psychological function comes
from pharmacological, genetic and imaging studies, together with measurement of
circulating eCBs (Box 4). Our focus here is on the CB1R.

The fundamental role of the CB1R in human anxiety and depression became abundantly
clear when humans were treated widely with a CB1R antagonist for the metabolic disorders.
Because peripheral CB1R activation contributes to weight gain, dyslipidemia and insulin
resistance [71], the CB1R antagonist, rimonabant, was developed as a treatment for obesity,
metabolic disorder and type 2 diabetes. Multiple clinical trials demonstrated that rimonabant
was beneficial, and the drug was used for a short while in clinical practice in Europe [72].
However, its adverse profile including anxiety, depression, and even suicide in a subset of
those taking the drug triggered marked removal. Additional studies in healthy humans found
that rimonabant decreases activation of brain reward circuits by pleasant stimuli and
produces a negative bias in the recall of memories [73, 74]. These effects are consistent with
preclinical evidence for CB1R regulation of the limbic circuits that regulate mood, fear and
anxiety discussed above and provide proof-of-principle that the ECSS serves a similar role
in humans.

Recent genetic data shed light on the hypothesis that individual variability in the ECSS
contributes to risk and symptom severity of mental illness (See [75] and [76] for earlier and
related reviews)

Endocannabinoid signaling and control of stress responses

An important role for the ECSS, particularly in the PFC, is to maintain the activity of top-
down regulatory processes that dampen stress responses, providing resilience to the effects
of stress exposure [77]. Support for this conclusion includes data from a study combining
genetics and imaging in healthy subjects showing that single nucleotide polymorphisms
(SNPs) in the gene for the CB1R (CNRYJ) is associated with stress-induced activation of the
ventromedial PFC and cross-talk between the ventrolateral PFC and amygdala at rest [78].

Another important role for the ECSS is negative regulation of amygdalar reactivity through
CBI1R in the amygdala. PET imaging with radioactive CB1R antagonists can be used to
estimate the level of CB1R activity [79]. This approach associated decreased CB1R activity
in the amygdala with increased attention to and response to threats [80]. Another study
combining genetics and imaging identified an interaction between SNPs in the genes for
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FAAH and CRFR1 modulates amygdalar activation and risk for anxiety disorders [81]. This
finding is consistent with the role of CRHR1 in the regulation of FAAH activity identified in
preclinical studies [14].

There is evidence from healthy females that CAMVRZ genotype moderates the effects of
valence on working memory [82]. In this study of genotype at SNP rs2180619, A carriers
exhibited better memory for positive inputs while G carriers had better memory for negative
information and thus could be biased toward encoding negative over positive experience.
This suggests the single nucleotide difference results in a large impact on memory
processing.

Genetic variations in endocannabinoid signaling have greater impact in the context of
stress exposure

Results of multiple studies indicate that genetic differences in the ECSS are most apparent in
the context of stress exposure or trauma. For example, a very large genetic study in
migraineurs found that CARZ genotype had a significant impact on the likelihood of
developing migraine headache with nausea only in those who had experienced a recent,
negative life event [83]. A study of SNPs in the gene for MGL (MGLL) similarly found that
genetic differences in risk for cannabis dependence were significant only in those who had
experienced childhood sexual abuse [84]. Additionally, CNR1 (rs7766029) interacts
significantly with financial stress to increase risk for depression and anxiety [85]. These
findings are in accord with the fundamental role of the ECSS as a modulator and mediator of
the effects of stress exposure on the brain. If an individual is fortunate to live a relatively
stress-free life, genetic differences in the ECSS seem to have little impact on mental health.

The FAAH paradox

As presented previously, FAAH catabolizes and therefore regulates brain concentrations of
AEA. A SNP in the gene for FAAH (rs324420), in which the A allele is associated with
reduced FAAH activity and elevated AEA concentrations, has been extensively studied [86].
Some of the reported associations between genotype at this SNP and measures in humans
are in accord with predictions of preclinical data, i.e., that low FAAH activity is associated
with reduced amygdalar influence on emotions. For example, individuals homozygous for
the A allele exhibit reduced stress reactivity, facilitated fear extinction, reduced amygdalar
reactivity to stress and protection from negative emotional consequences of stress exposure
[87, 88].

However, other studies report the opposite relationship, that the A allele at rs324420 confers
increased risk for psychopathology. For example, the combination of the A allele at the
FAAH SNP and repetitive stress in childhood is associated with increased vulnerability for
anxiety and depression in later life [89]. Similarly, individuals with the A allele at rs324420
and a SNP in the gene for CRHR1 (CRFRI) associated with enhanced CRH signaling
exhibited poor amygdalar habituation to negative stimuli, consistent with increased risk for
anxiety [81]. The interaction between FAAH and CRFR1 genotypes in risk for anxiety was
recently confirmed [90].
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Thus, currently available studies suggest that the impact of reduced FAAH activity on
anxiety and depression is changed from conferring resilience to conferring risk by the co-
expression of other genetic risk factors and by exposure to early life adversity. Data such as
these are essential to guide the effective use of FAAH inhibitors to treat anxiety and
depressive disorders; one person’s cure could be another person’s poison.

Interventional studies

Human clinical trials of the FAAH inhibitor, JNJ42165279 are underway or recently
completed for autism spectrum disorder (NCT03664232)!, phobic disorders
(NCT02432703)!1, depressive disorders and anxiety (NCT02498392)!!! cannabis use
disorder (NCT03386487)'V and facilitation of fear conditioning (NCT01665573)V A recent
report of the effects of the FAAH inhibitor PF-04457845 in healthy adults found potentiation
of fear extinction and reduced anxiogenic effects in response to stress exposure [91]. Based
upon the evidence discussed above, it will be important to determine whether FAAH
inhibition has similar beneficial effects in individuals with anxiety disorders or significant
amounts of previous life adversity.

Preclinical studies have shown that several treatments for mental disorders in humans,
including transcranial magnetic stimulation [92], electroconvulsive shock [93] and ketamine
[94] include an ECSS component to their beneficial effects. This provides an opportunity for
combining drugs, such as FAAH inhibitors, with these other modalities to perhaps improve
efficacy. Finally, growing evidence supports the hypothesis that the mood-elevating effects
of exercise are mediated by activation of the ECSS [45], suggesting that non-drug
approaches could achieve elevation of the ECSS.

Concluding Remarks

Our understanding of the roles of the ECSS in the modulation of stress responses has grown
exponentially in the last 15 years. While we still have more to learn (See Outstanding
Questions Box), we are on the verge of applying this knowledge to treat and maybe even
prevent psychopathology that results from exposure to trauma and excessive stress.
Interventions that alter the ECSS at the time of significant stress or trauma could reduce risk
for the development of stress-related psychopathology, such as PTSD. Interventions that
alter the ECSS could be useful for symptom management in ongoing psychopathologies. In
particular, preclinical data suggest that FAAH and MGL inhibitors could reduce anxiety and
anhedonia in select individuals. The number of cannabis users continues to rise, and, while
many endorse use to reduce symptoms of anxiety and depression, objective evidence for
beneficial effects of cannabis are lacking (See Clinician’s Corner).

Given the incalculable toll that stress exposure takes on modern urban society, we cannot
afford to ignore the potential benefits that will derive from better understanding and,

Ihttps://clinicaItrials.g0v/ct2/sh0w/NCT03664232

IIhttps://clinicaltrials.gov/th/show/NCT0243270\’.%
' IIhttps://clinicaltrials.gov/ct2/sh0vv/NCT02498392
IVhttps://clinicaltrials.gov/th/show/NCT03386487
Vhttps://clinicaItrials.gov/th/show/NCT01665573
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ultimately, individualized manipulation of the ECSS. However, successful use of therapies
that manipulate the ECSS to treat mental illness requires careful attention to potential for
individual differences in response.

Supplementary Material
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Allele
Any of the variant forms of a gene that can be expressed; for example, single nucleotide
polymorphisms (SNPs) are alleles. There are 2 copies of each allele in human genes

2-Arachidonoylglycerol (2-AG)
Endocannabinoid; synthesized from diacylglycerol by the enzyme diacylglycerol lipase

Cannabidiol (CBD)
Made by the cannabis plant, is not a CB1R agonist but has anti-convulsant, anti-anxiety and
sleep promoting effects that are beneficial

Cannabinoid receptor type 1 (CB1R; gene CNRL)
A member of the G protein-coupled receptor superfamily of proteins; very highly expressed
in the brain; couples to Gi/o family of heterotrimeric G proteins

Corticotropin-releasing hormone (CRH)
Neuropeptide found in the hypothalamus and amygdala released in response to stress
exposure

Endocannabinoid (eCB)
Endogenous agonist of the cannabinoid receptors; primary endocannabinoids are N-
arachidonoylethanolamine and 2-arachidonoylglycerol

Fatty acid amide hydrolase (FAAH, gene FAAH)

Serine hydrolase that acts on fatty acyl amides and fatty acyl ethanolamines; products are the
fatty acid and amine (arachidonic acid and ethanolamine, respectively, when the substrate is
AEA)

Genetic single nucleotide polymorphism (SNP)

Change in a nucleotide at a specific position in the genome that occurs in at least 0.5% of
individuals SNPs can result in changes in mRNA expression or the amino acid sequence
within the encoded protein, altering its expression and/or function. Thus, associations of
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SNP genotype with other individual characteristics are used to support mechanistic
hypotheses regarding the protein of interest

Glucocorticoids (GCs)

Steroid hormones synthesized in the adrenal cortex under the control of adrenocorticotropic
hormone (ACTH); the primary glucocorticoid in rodents is corticosterone, in humans, it is
cortisol

Hypothalamic-pituitary-adrenal (HPA) axis

Endocrine (hormonal) system that promotes recovery of homeostasis following stress
exposure. Parvocellular neurons in the paraventricular nucleus of the hypothalamus release
corticotropin-releasing hormone (CRH) into the hypophyseal portal system which causes
release of ACTH from the anterior pituitary gland into the circulation. ACTH activates
melanocortin 2 receptors in the adrenal cortex to induce synthesis and release of
glucocorticoids

Monoacylglycerol lipase (MGL; gene MGLL)
Esterase that hydrolyzes the ester bond in 2-AG and other monoacylglycerols; producing
free fatty acid and glycerol

N-Arachidonoylethanolamine (AEA)
Also called anandamide, an endocannabinoid that is hypothesized to provide tonic activation
of the CB1R, particularly in the amygdala

Norepinephrine (NE)
Catecholamine that is released from post-ganglionic, sympathetic neurons and from
noradrenergic neurons with cell bodies in the locus coeruleus

Posttraumatic stress disorder (PTSD)

Anxiety disorder that occurs in response to exposure to stress or trauma. Characterized by
intrusive thoughts of the trauma, such as flashbacks and nightmares; emotional numbness
and avoidance of things associated with the trauma; and difficulty in concentrating, sleeping
and emotional control

Prefrontal cortex (PFC)
Part of the cerebral cortex that is vital for regulation of emotions, executive function, coping
behaviors and social interactions

Sympathetic nervous system (SNS)
Part of the autonomic nervous system, activation results in metabolic and cardiovascular
changes that allow for “fight or flight” responses

AS-Tetrahydrocannabinol (THC)
Made by the cannabis plant, it is a partial agonist of the CB1R and the active component in
recreational and some medicinal forms of cannabis
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Outstanding Questions

There are many things we do not yet know about the human endocannabinoid signaling
system (ECSS) and its role as a modulator and mediator of stress exposure. Questions

include:

Does the role of the ECSS change over the lifespan?
Avre there sex differences in the ECSS?
What epigenetic mechanisms regulate the ECSS?

Does the role of the ECSS immediately after a stressor differ from its role
once psychopathology is established?

What are the impacts of life-style choices (e.g. mindfulness practices, sleep
patterns, exercise, diet, stress reduction methods) on the ECSS?

There are questions regarding the efficacy and safety of drugs that manipulate
endocannabinoid signaling, including:

Will indirect agonists of the CB1R (i.e. FAAH and MGL inhibitors) be safe
and effective therapeutics for symptom relief in individuals suffering with
anxiety and depressive disorders?

Will only a subset of individuals receive benefit from indirect agonists for
symptom management? If so, what are the characteristics of those who will
benefit most?

Will use of indirect agonists as adjunctive therapies (together with
transcranial magnetic stimulation, for example) provide additional or
prolonged therapeutic benefits? Or reduce adverse effects?

There are questions about how individual differences in the ECSS contribute to
vulnerability to stress-related disorders, including:

Does manipulation of CB1R signaling in the immediate aftermath of a
traumatic incident prevent the development of PTSD or depression? If so,
what else needs to be known about the individual to optimize therapy?

Can manipulation of the ECSS in adolescence mitigate against the negative
effects of adversity in early childhood on mental health?

What is the impact of chronic cannabis use on the ECSS?

What information can be gained from studies of circulating
endocannabinoids? Can they serve as biomarkers alone or in combination
with other measures?
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Highlights

Preclinical data demonstrate that the endocannabinoid signaling system is a
critical stress response system that links stress to changes in synaptic activity
in the CNS

Robust tone in the CNS endocannabinoid system tends to reduce the negative
consequences of chronic stress

The CNS endocannabinoid system can be down-regulated by exposure to
chronic stress, and its loss can contribute to increased risk for stress-induced
mental illness

Prior life adversity and trauma modify the impact of polymorphisms in the
genes for the CB1 cannabinoid receptor and fatty acid amide hydrolase
(FAAH) on risk for psychopathology

While drugs that elevate endocannabinoid signaling show promise for the
treatment of mental illness, they will be best used in the context of individual
assessment of the endocannabinoid system
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Box 1:
Stress Response Systems

Stress response systems are the processes that become engaged following stress exposure.
These include the sympathetic nervous system (SNS); hypothalamic-pituitary-
adrenal (HPA) axis; behavioral responses designed to avoid the threat, such as enhanced
vigilance and freezing; and increased negative emotions. Stress-induced release of the
neuropeptide corticotropin-releasing hormone (CRH) in the amygdala contributes to
the emotional responses to stress exposure, particularly increased anxiety.

In addition, exposure to a significant stressor can result in the formation of detailed
memories of the event. Traumatic memories help the individual to avoid danger in the
future; however, elevated conditioning can result in significant hyperarousal to those
traumatic memories and, if generalized, can result in ordinary events being interpreted as
threats. Enhancement of memory is mediated by HPA axis activation through elevation of
brain glucocorticoid (GC) concentrations.

The limbic system consists of multiple brain areas that are activated by stress exposure
and participate in shaping the stress response. The amygdaloid complex regulates fear
and anxiety and provides valence to memories through connections to the hippocampus.
The hippocampus is the site of memory consolidation and participates in feedback
regulation of the HPA axis. The hypothalamus integrates inputs from other limbic and
sensory regions to regulate activation of the HPA axis. Subregions of the prefrontal
cortex (PFC) regulate activity of other limbic regions, particularly the amygdala and
hippocampus, and thereby control emotional stress responses, facilitate active coping and
contribute to resilience to the effects of stress exposure in a top-down manner.
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Box 2:
The ECSS and immune regulation: CB2 cannabinoid receptors

Considerable data support a link between depression and the immune system [95]. The
essential features of an inflammatory response are present in major depression, including
the presence of proinflammatory cytokines in the circulation and brain and increased
acute phase reactants, such as C-reactive protein (CRP). Many studies have demonstrated
a significant association between depressive symptoms and concentrations of CRP and
IL-6 in the circulation.

A second cannabinoid receptor, CB2R, is expressed primarily on cells of the immune
system [96]. The CB2R is a G protein-coupled receptor and like the CB1R, is activated
by 2-AG and AEA. CB2R activation in T cells is associated with reduced cytokine
release and, in macrophages, is associated with reduced activation. CB2Rs are also
expressed at very low levels in the human brain and are found in perivascular microglia
[97]. CB2R presence on neurons is more controversial, although preclinical studies
support the hypothesis that changes in CB2R activity can influence neuronal activity
[98]. These characteristics suggest that increased activation of CB2R could suppress
inflammation and thereby be a novel approach to the treatment of major depression.

Human genetic studies support a role for the CB2R in mental health. A recent GWAS
study of more than 100,000 individuals identified a SNP (rs75459873) intronic to the
gene for the CB2R (CNR2) as being very highly correlated with distressing psychotic
experiences [99]. A recent meta-analysis of candidate gene studies found significant,
consistent associations of genotype at another CNVR2 SNP (rs2501431) and major
depression [100]. This SNP is also associated with panic disorder in males but not
females [101] and contributes to increased risk for depression and anxiety in those
exposed to trauma in early life, particularly in association with the A allele in the FAAH
SNP discussed in the text [102].

These findings support the hypothesis that the CB2R, through its role in the regulation of
inflammation, could represent another mechanism by which the ECSS contributes to risk
for the development of mental illness, particularly depression.
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Box 3:
AEA and 2-AG: Two ligands are better than one

Activity of the CB1R is regulated by two endogenous agonists: AEA and 2-AG. This is
an anomaly in neurobiology as most receptors have only one endogenous ligand.
Characteristics of the two eCBs contribute to a versatile system that is utilized broadly
throughout the brain to regulate synaptic activity. Important differences include the sites
and mechanisms of synthesis and degradation of each eCB, the mechanisms that regulate
their synaptic concentrations, and their efficacy at the CB1R.

While there are interesting parallels between the enzymatic mechanisms involved in the
synthesis and degradation (i.e. both are made in membranes from phospholipids and are
metabolized to free arachidonic acid), the enzymes involved and their regional brain
expression are different [8].

Considerable functional and morphological evidence demonstrate that 2-AG encodes
information regarding post-synaptic activity and conveys that information through CB1R
activation to reduced presynaptic release probability. This process is phasic and underlies
most forms of endocannabinoid regulation of synaptic activity.

A portion of AEA synthesis is constitutive, and sustained AEA/CB1R signaling results in
tonic silencing of neurotransmission at some synapses when FAAH activity is low.
FAAH, although constitutively active, can exhibit increased catalytic efficiency, likely
following post-translational modification [14]. Thus, conditions that alter FAAH activity
(such as activation of CRH signaling [14]) can significantly alter the signaling of AEA at
its targets, including the CB receptors. Since FAAH protein is enriched in post-synaptic
rather than presynaptic neurons [103], it is possible that FAAH activity regulates the
amount of AEA released rather than participates in termination of AEA action at CB1R.

Available evidence suggests that 2-AG and AEA activate similar G protein-mediated
signaling cascades in neurons; however, 2-AG is a full agonist while AEA is a partial
agonist [104]. 2-AG also exhibits a greater ability to recruit B-arrestin than AEA [105],
which is consistent with the data discussed in the text that high 2-AG concentrations are
associated with CB1R desensitization and downregulation. Thus, differences in the
interactions of the eCBs with the CB1R contribute to the versatility and complexity of the
ECSS and contribute to its widespread utility in the regulation of synaptic activity.

Trends Mol Med. Author manuscript; available in PMC 2021 October 01.




1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

deRoon-Cassini et al.

Page 24

Box 4:
Circulating endocannabinoids: A read-out of homeostasis?

Many studies have identified associations of circulating eCB concentrations with
symptoms of mental illness [45]. For example, a study of combat veterans found that
suicide attempters had higher 2-AG concentrations than non-attempters [106], while
another study found positive correlations between circulating AEA concentrations and
mood disturbances and anger [107]. Recent studies also suggest that exercise can be used
to probe ECSS status in PTSD [108] and major depression [109]. These and many other
studies suggest the tantalizing hypotheses that circulating eCBs are biomarkers of ECSS
function, risk for psychopathology, and therapeutic efficacy.

However, our ability to interpret the results of these studies currently is limited because
the information contained in circulating eCBs is not well understood. This figure
summarizes some of the possible mechanisms by which stress and other activities of
daily life affect circulating eCB concentrations. Exciting new data implicate circulating
eCBs in the cross-talk between the intestinal microbiome and mood [110]. Studies
incorporating measures of CNS CB1R and circulating eCBs [111] support the hypothesis
that the brain is a source of circulating eCBs. Exercise induces rapid changes in
circulating eCBs, and skeletal muscle expresses enzymes required for eCB synthesis.
Stress exposure elevates circulating eCBs, with greater stressors producing greater
increases. There is evidence that both the SNS and HPA axis contribute to mobilization of
eCBs into the circulation following stress exposure. In addition, recent data demonstrate
that concentrations of both 2-AG [112] and AEA [113] exhibit circadian rhythms.

We hypothesize that circulating eCBs carry information to at least three CB1R pools.
First, CB1R on terminals of peripheral nerves, in particular, the postganglionic neurons
of the SNS; second, brain CB1R that are in close proximity to the circulation, including
the hypothalamus and ventral tegmental area and, third, CB1R in metabolic organs,
including adipose tissue and liver, involved in regulation of energy storage [71], In
addition, circulating eCBs could engage CB2R of immune cells in the circulation.

Thus, we propose that the peripheral ECSS has features of an endocrine system; however,
one in which hormone concentrations are regulated by multiple upstream processes. We
hypothesize that the integrated signal carried by the circulating eCBs acts as a
homeostatic “status report”. Circulating eCBs are altered by perturbations in homeostasis,
including stress exposure, and the accompanying changes in multiple pools of
cannabinoid receptors contribute to coordinating peripheral and central responses to the
perturbation.
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Box 5:
Clinician’s Corner

Many users report that cannabis mitigates symptoms of anxiety and depression [114,
115]. Laboratory studies in humans support these perceptions. For example, THC
treatment of individuals with PTSD prior to threat exposure decreases amygdala
reactivity and increases mPFC activation compared to placebo treatment [116]. These
findings are consistent with preclinical data showing that CB1R activation in the mPFC-
amygdala circuitry reduces emotional reactivity.

However, objective evidence to support beneficial effects of cannabis in the treatment of
anxiety and other mental illness is limited. One recent study found beneficial effects of
cannabis in depression and anxiety [117], but lack of randomization and placebo controls
make it difficult to rely on this type of data or clinical judgments. A meta-analysis
similarly concluded that most evidence regarding cannabis efficacy in the treatment of
any human illness is of low to moderate quality and inconclusive [118-120]. However,
month-long treatment with the synthetic CB1R agonist, nabilone, exhibited beneficial
effects on anxiety in a placebo controlled, blinded trial of 25 individuals [121]. In another
small study, nabilone treatment was effective against PTSD symptoms, particularly
nightmares [122]. While these studies were small, they provide support for the potential
benefit of THC and other CB1R agonists to treat anxiety disorders.

On the other hand, there is clear evidence that the use of high THC cannabis is associated
with significant adverse effects that could outweigh its potential benefits [119]. Cannabis
use is associated with development of dependence in about 9% of regular users [58].
Importantly, data are emerging that some individuals with underlying mental illness are at
greater risk for the development of cannabis use disorder and a worsening of their
psychopathology [123]. PET studies in chronic cannabis users find reduced CB1R [124,
125] and decreased FAAH [126], changes that could compromise the ECSS even further
and, perhaps, worsen the disorders that one is trying to treat.

This situation leaves clinicians in a quandary as many patients report that cannabis use is
beneficial. However, blinded, placebo-controlled trials of the benefits of cannabis are
very difficult to do, given the hard-to-ignore effects of THC. Therefore, it could be a long
time before gold standard evidence for beneficial effects of cannabis is available.

There has been increasing interest in cannabidiol (CBD), a second phytocannabinoid
that does not activate CB1R and therefore does not share the potential adverse effects of
THC. Strains of cannabis are available that are high in CBD and low in THC, which users
find beneficial for anxiety management [127]. Preclinical studies support also
demonstrate anti-anxiety effects of CBD [128], and a recent retrospective chart review
supports some efficacy of CBD in the treatment of anxiety and sleep problems [129].
CBD has very few adverse effects [130] and so could be an efficacious treatment for
anxiety and sleep-disorders.
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Figure 1: Mechanisms of regulation of the endocannabinoid signaling system.
A: The endocannabinoid signaling system (ECSS) is regulated by endocannabinoid and

receptor availability. The CB1 subtype of cannabinoid receptor (CB1R) can be in high and
low signaling conformations. The primary mechanism regulating the ratio of receptor
conformations is endocannabinoid binding to the receptor. Endocannabinoid concentrations
are regulated by the relative rates of their synthesis and degradation. Thus, processes that
alter the kinetics and expression of these enzymes are also regulators of CB1R activity. In
addition, antagonists block the effects of endocannabinoids through occupation of the
binding site, while inverse agonists block endocannabinoid binding and promote the low
signaling conformation. Persistent CB1R activation, particularly by full agonists, can cause
CB1R desensitization temporarily by receptor internalization or post-translational
modification or more long-term via receptor down-regulation.
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B: Structures and primary pathways for the synthesis and degradation of the
endocannabinoids. A-Arachidonoylethanolamine (AEA) is synthesized from a low
abundance lipid (N-arachidonoyl-phosphatidylethanolamine; NAPE) through the actions of
a NAPE-specific phospholipase D (PLD), with the liberation of phosphatidic acid (PA).
AEA is hydrolyzed to free arachidonic acid (AA) and ethanolamine (EA) by the serine
hydrolase, fatty acid amide hydrolase (FAAH). 2-Arachidonoylglycerol (2-AG) is
synthesized from diacylglycerol (with AA in the sn-2 position) through the actions of
diacylglycerol lipase (DAG-Lipase) which results in the release of the fatty acid at the sn-1
position and 2-AG as the products. 2-AG is catabolized by hydrolysis of the ester bond by
monoacylglycerol lipase (MGL) with the release of free AA and glycerol.
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F_igurlg 2: Mechanisms linking stress exposure to changes in CB1R-regulation of synaptic
signaling.

0?1 the Igeft hand side, stress exposure results in increased CNS glucocorticoid (GC)
concentrations, which activate glucocorticoid receptors (GR) located on the plasma
membrane. GR signaling triggers the synthesis of 2-arachidonoylglycerol (2-AG) which
diffuses from the postsynaptic dendrite of the synthetic neuron to activate CB1 cannabinoid
receptors (CB1R) on axon terminals in the immediate vicinity. The result of CB1R binding
by 2-AG is reduced neurotransmitter (NT) release. On the right side, stress exposure induces
release of corticotropin-releasing hormone (CRH), which binds to the G protein-coupled
receptor CRHR1. CRHR1 activation results in a rapid enhancement in the activity of fatty
acid amide hydrolase (FAAH), resulting in increased catabolism of A-
arachidonoylethanolamine (AEA). AEA synthesis is constitutive and likely exerts tonic
activation of CB1R, holding NT release low at synapses regulated by this mechanism.
Activation of FAAH results in reduced AEA concentrations, leading to reduced CB1R
signaling and increased NT release.
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Figure 3. Selected mechanisms by which the endocannabinoid signaling system (ECSS) affects
responses to stress exposure.

The green arrows indicate acute responses to stress exposure, which include activation of the
hypothalamic-pituitary-adrenal axis (HPA axis); activation of the sympathetic nervous
system (SNS), which results in the release of norepinephrine (NE) from sympathetic
terminals and epinephrine (Epi) from the adrenal medulla; and enhanced memory of the
traumatic event. The gray arrows indicate some of the consequences of chronic stress
exposure, including depressed mood, increased anxiety and persistent fear memories. Our
current understanding of the effects of an active and engaged ECSS are indicated over the
arrows.
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