Wang et al. Ageing Neur Dis 2023;3:16 Agel ng and

DOI: 10.20517/and.2023.19 .
Neurodegenerative
Diseases

Review Open Access

'.) Check for updates

Cannabinoid modulations of pain- and stress-related
circuits

Ying Wang', Qingyu Wang?, Li Tang® Xia Zhang'

'Institute of Neuropsychiatric Diseases, The Affiliated Hospital of Qingdao University, Qingdao University, Qingdao 266071,
Shandong, China.

’Department of anesthesiology, The Affiliated Hospital of Qingdao University, Qingdao 266000, Shandong, China.

*Qingdao Institute of Measurement Technology, Qingdao 266000, Shandong, China.

Correspondence to: Dr. Ying Wang, Prof. Xia Zhang, Institute of Neuropsychiatric Diseases, Qingdao University, No.308 Ningxia
Road, Qingdao 266071, Shandong, China. E-mail: wangying@qdu.edu.cn; Xia.Zhang@qdu.edu.cn

How to cite this article: Wang Y, Wang Q, Tang L, Zhang X. Cannabinoid modulations of pain- and stress-related circuits. Ageing
Neur Dis 2023;3:16. https://dx.doi.org/10.20517/and.2023.19

Received: 12 Jun 2023 First Decision: 31Jul 2023 Revised: 12 Aug 2023 Accepted: 23 Aug 2023 Published: 25 Aug 2023

Academic Editor: Weidong Le Copy Editor: Dong-Li Li Production Editor: Dong-Li Li

Abstract

In the past decade, significant advancements have been made in understanding the brain regions and neuronal
circuits regulating neurological behaviors. The endocannabinoid (eCB) system, which is ubiquitously distributed in
the brain and extensively involved in synaptic modulation, has been believed to play potential roles in neuronal
circuit processes and related disorders. Although eCB-based pharmacological studies have made some clinical
achievements, they still often encounter conflicting reports or undesired effects due to global manipulation of
manifold brain regions and neuronal circuits, which impede the therapeutic application of eCB-based medications.
In this review, we are devoted to discussing the versatile forms of eCB-mediated synaptic plasticity and dissecting
currently well-studied specific cannabinoid circuits involved in behavioral domains which are closely linked to the
organism'’s survival and life quality, such as pain perception and stress-related emotion disorders. By gaining new
insights into selective cannabinoid control in circuits, we can potentially mitigate the drawbacks of traditional
pharmacology and facilitate the development of precision medicine with novel therapeutic strategies and drug
discoveries.
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INTRODUCTION

The Cannabis sativa herb is a famous medicine plant with a long history, indicating the crucial role of
cannabinoid signaling in health and disease"”. In the past decades, variable studies have confirmed that the
endocannabinoid (eCB) system is widely involved in neurological behaviors and disorders”. Additionally,
eCB-based medications, such as cannabinoid type 1 (CB1) receptor antagonists or eCB hydrolase inhibitors,
have shown considerable potential for clinical use. However, traditional pharmacological methods always
modulate the eCB system in the whole brain without subarea or cell-specificity, which limits their
therapeutic purposes. For example, rimonabant, a CB1 receptor antagonist, was clinically used in Europe to
treat obesity from 2006, but was suspended from the market in 2008 because of side effects with anxiety and
depression”’. These indicated that the role of eCB system in brain depends on their involved brain regions
and cell-type specific neuronal circuits, and global manipulation by eCB-based drugs might induce
manifold function. Therefore, it is of great significance to decipher the cannabinoid circuit mechanisms
underlying neurological disorders, and target components of the eCB system in specific neuronal circuits to
avoid the risk of traditional pharmacological therapies.

The eCB system classically includes eCBs, cannabinoid receptors, and metabolic enzymes for eCB synthesis
and degradation [Figure 1]. The CB1 receptor is widely expressed in the brain¥ and modulates the release of
multiple neurotransmitters”®”, Recent studies have also further focused on the function of subcellular CB1
receptors, including mitochondrial CB1 receptors'™. It has been reported that mitochondrial and plasma
membrane CB1 receptors might drive multimodal behaviors, where striatonigral mitochondrial CB1 drives
catalepsy while striatonigral plasma membrane CB1 receptors enable antinociception, which is of great
interest”. Cannabinoid type 2 (CB2) receptors were traditionally considered as “peripheral cannabinoid
receptors”’. However, in recent years, brain functional CB2 receptors have been gradually identified both
in activated microglia during neuroinflammation"" and in a small number of neurons">"", which deserves
further investigation. The well-studied eCBs are 2-arachidonoyl glycerol (2-AG) and
N-arachidonoylethanolamine (AEA), which are synthesized on demand in an activity-dependent manner
and mediate retrograde signals"*. The most enzymatic synthesis of 2-AG and AEA occur separately via
diacylglycerol lipase o (DAGL-a) and N-acyl-phospholipase D (NAPE-PLD), and the main degradation
enzymes for 2-AG and AEA are monoacylglycerol lipase (MAGL) and fatty acid amide hydrolase (FAAH),
respectively"?. In most brain regions, the eCB system mediates the retrograde depression of both excitatory
and inhibitory synaptic transmission, so that bi-directionally modulates neural circuits with either
decreasing or increasing effects.

The synthesis process of eCBs is in the postsynaptic neurons and the hydrolase process of eCBs is in the
presynaptic terminals. Release of eCBs from postsynaptic neurons retrogradely acts on presynaptic
terminals to inhibit the release of neurotransmitters from presynaptic terminals via Gi/o-coupled
cannabinoid type 1 receptors (CB1Rs). CB1Rs are also expressed in the outer mitochondrial membrane
(mtCB1R). CB1R on astrocytes is Gq-coupled. Cannabinoid type 2 receptors (CB2Rs) are recently proved to
be expressed on microglial cells in the brain.

It has been well recognized that eCB signaling modulates synaptic activity of those neuronal circuits
contributing to pain perception and emotion processing, which has attracted extraordinary attention.
Several excellent reviews have discussed these issues in the past few years"”. Thus, in order to avoid
redundancy, this review will provide an update on recent new insights to address the selective cannabinoid
circuit mechanisms underlying pain and stress. We discuss the role of the eCB system in both physiological
and pathological states. Moreover, we expect to address their potentiation for clinic therapy and to define
issues worth further exploration.
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Figure 1. Schematic diagram of the endocannabinoid system. AA: arachidonic acid; AEA: N-arachidonoylethanolamine; CB1R:
cannabinoid type 1 receptor; CB2R: cannabinoid type 2 receptor; DAG: diacylglycerol; DAGL: diacylglycerol lipase; EA: ethanolamine;
FAAH: fatty acid amide hydrolase; NAPE: N-acyl phosphatidylethanolamine; NAPE-PLD: N-acyl-phospholipase D; NAT:
N-acyltransferase; mtCB1R: mitochondrial membrane; MAGL: monoacylglycerol lipase; PE: phosphatidyl ethanolamine; Pl:
phosphatidyl; PLC: phospholipase C; 2-AG: 2-arachidonoyl glycerol.

CANNABINOID MODULATION OF SUPRASPINAL PAIN-RELATED CIRCUITS

Chronic pain, which afflicts more than 20% of the global population, is one of the most common complaints
people go to the doctor with and remains challenging to treat"”. Although opioid-based therapy is already
widely used in pain control, its adverse effects and withdrawal reactions are intractable. Recently,
cannabinoids have emerged as attractive alternatives for pain therapy, with a number of clinical and
preclinical studies proving their analgesic effects over the past few decades"*". CB1 receptors are 10-fold
more prevalent as compared to p-opioid receptors in the central nervous system, and they are widely
distributed in pain-related circuits®. Although cannabinoids are not as efficacious as opioids in reducing
acute pain”’,they appear to be more effective in chronic pain states®. For example,
delta-9-tetrahydrocannabinol (A9-THC), a partial CB1 receptor agonist, can relieve chronic pain that is
often refractory to conventional analgesics"”. The synthetic cannabinoid ajulemic acid, a synthetic
derivative of A9-THC-11-oic acid, which is a main metabolite of A9-THC, could also alleviate neuropathic
pain®’. Moreover, other compounds in cannabis, such as terpenes, also showed promising therapeutic
effects in modern pain management”". However, cannabinoid drugs are therapeutically limited with side
effects because of cross roles™. Therefore, selective cannabinoid circuit control is crucial for precise pain
modulation. With the development of technologies for circuit dissection, the eCB-based pain modulatory
circuits are beginning to be deciphered. For example, it has been verified that the CB1 receptors in principle



Page 4 of 16 Wang et al. Ageing Neur Dis 2023;3:16 | https://dx.doi.org/10.20517/and.2023.19

neurons, but not GABAergic neurons, cortical glutamatergic neurons or D1-expressing neurons, contribute
to the analgesic effect of THC". Notably, cannabinoid analgesia involves multiple pain-modulating
pathways, including peripheral nociceptors and their ascending pathway, descending pathway, and central
circuits. Although studies using conditional CB1-KO and CB2-KO mice indicate that the peripheral
nociceptors and their ascending spinal mechanisms may play a more important role than supraspinal
mechanism in mediating cannabinoid analgesic effects””, and peripheral neuronal and lymphoid CB2
receptors could protect neuropathic pain without psychotropic effects”, we cannot ignore the recent
development in eCB-based supraspinal modulation of pain. Therefore, to avoid repeating reviews about
peripheral mechanisms of cannabinoid analgesia, we expect to focus on the eCB-based supraspinal pain-
related circuits [Figure 2].

The cannabinoid-based antinociception in the descending PAG-RVM-spinal system is via GABA
disinhibition, which suppresses GABAergic afferent inputs in the PAG or RVM and activates the
descending circuit. Similarly, in the mPFC, BLA and Po, activation of CB1 receptors could also inhibit pain
via GABA disinhibition. Moreover, in the ACC, AEA-induced activation on CB1 receptors could reduce
inflammatory pain-related behaviors, but the underlying cell-type specific circuit needs further
investigation.

Descending pain modulatory pathway

The anatomical loci and eCB mechanisms have been well studied in the descending pain modulatory
circuit, which includes periaqueductal grey (PAG), rostral ventromedial medulla (RVM), and projections to
the spinal cord®. Activation of the descending PAG-RVM-spinal system, either from within the PAG,
RVM or higher central nucleus, could elicit analgesia by inhibiting ascending nociceptive transmission at
the spinal cord level. Particularly, the PAG and RVM are rich in CB1 receptors, and they have been
regarded as major sites mediating the analgesic action of eCB-based drugs. It was reported that
microinjection of cannabinoid agonists directly into the PAG or RVM elicited analgesia, which could be
blocked in the presence of a CB1 receptor antagonist***". The cannabinoid-based antinociception is thought
to occur via GABA disinhibition, which suppresses GABAergic afferent inputs in the PAG or RVM and
activates the descending circuit®”. For example, electroacupuncture could both activate postsynaptic
glutamatergic neurons and inhibit presynaptic GABAergic neurons in the ventrolateral PAG (VIPAG) via
CB1 receptors to exert antinociceptive effects, and specifically knock-out of CB1 receptors on presynaptic
GABAergic terminals in the vVIPAG abolished the electroacupuncture effect on pain hypersensitivity”. Of
note, the transient receptor potential vanilloid-1 (TRPV1) channel-mediated modulation of presynaptic
glutamatergic synaptic transmission in the PAG-RVM-spinal system could not be neglected. CB1 receptors
mediate the inhibition of presynaptic glutamate release and elicit hyperalgesic action, while TRPV1
channels, which also could be activated by cannabinoids, mediate the activation of presynaptic glutamate
release and elicit analgesic action"?. Therefore, the future cannabinoid-based therapy targeting PAG-RVM-
spinal system for pain control is expected to realize neuronal and receptor specificity to avoid the manifold
modulation and conflicting results induced by non-specific pharmacologic treatment. Moreover, some
forms of stress-induced analgesia, such as that associated with conditioned fear, also require activation of
the descending PAG-RVM-spinal system and are cannabinoid-dependent™. It was reported that the stress-
induced activation of postsynaptic type 5 metabotropic glutamate receptors (mGlus) and diacylglycerol
lipase-o. (DGL-a) to trigger local retrograde 2-AG signaling acting at presynaptic CB1 receptors in the
dorsolateral PAG (dIPAG) could exert analgesia®’. To sum up, the eCB-based descending PAG-RVM-
spinal system is a crucial circuit for pain modulation and stress-induced analgesia.
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Figure 2. Cannabinoid modulation of pain-related circuits. ACC: Anterior cingulate cortex; BLA: basolateral amygdala; CB1R:
cannabinoid type 1 receptor; CelLC: the laterocapsular division of the central nucleus; eCB: endocannabinoid; GABA: gamma-
aminobutyric acid; ITC: the intercalated cell mass of the amygdala; mPFC: medial prefrontal cortex; PAG: periaqueductal grey; Po: the
posterior complex of the thalamus; RVM: rostral ventromedial medulla; ZI: zona incerta.

Central pain modulatory circuits

The eCB-based central circuits for pain modulation remain less characterized. According to the expression
of CB1 receptors in the pain-related regions, prefrontal cortex, amygdala, and thalamus have attracted more
interest here.

Medial prefrontal cortex

In the medial prefrontal cortex (mPFC), CB1 receptors are exclusively expressed in GABAergic
interneurons which synapse on mPFC pyramidal cells"”, and activation of CB1 receptors can inhibit
synaptic inhibition of pyramidal cells, that is, disinhibition of pyramidal cells. mPFC dysfunction with
decreased pyramidal cell activity and impaired mGluR5-driven eCB signaling was found in models of both
inflammatory and neuropathic pain”**. Restoring eCB signaling could rescue impaired postsynaptic
mGluRs function in the mPFC to overcome abnormal synaptic inhibition and increase mPFC pyramidal
output, hence inhibiting pain behaviors"*’. Moreover, mPFC interacts closely with the amygdala which is
also crucial in pain modulation'. For one thing, the basolateral amygdala (BLA) pyramidal cells target not
only mPFC pyramidal cells to mediate excitation, but also mPFC interneurons to induce feedforward
inhibition"”. Abnormally enhanced feedforward inhibition at the BLA-mPFC circuit is related to decreased
mPFC pyramidal output in inflammatory pain™’. For another, mPFC pyramidal neurons project to a cluster
of GABAergic neurons in the intercalated cell mass (ITC) of the amygdala, which subsequently inhibit pain-
related amygdala output neurons'”. Rescue of mGluR5-driven eCB signaling in the mPFC could inhibit
abnormally enhanced amygdala output in pain. The interactions between mGluR5 and the eCB system for
pain modulation also exist in the dIPAG as mentioned above.

Amygdala

Of note, amygdala also has a high density of CB1 receptors mainly distributing in the terminals of
cholecystokinin (CCK)-positive interneurons and contributes to the production of cannabinoid-induced
antinociception®. Intra-BLA administration of cannabinoid receptor agonists WIN55,212-2 could induce
antinociception effects that were reversed by a CB1 receptor antagonist AM251"“". The amygdala appears to
modulate nociceptive responses by activating a descending antinociceptive pathway through the descending
PAG-RVM-spinal system™**’. In addition, the endogenous fatty acid amide, N-palmitoylethanolamide
(PEA) in the anterior cingulate cortex (ACC) could reduce inflammatory pain-related behavior, possibly via
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increased AEA-induced activation on CB1 receptors and reduction of neuronal activity in the BLA", but
the neuronal types involved in the ACC-BLA circuit was not identified. Moreover, the CB1 receptors in the
ACC-BLA glutamatergic projections have been reported to regulate drinking behavior®, which further
enhances the importance of neuronal types involved in different behaviors.

Zona incerta

Besides the well-known eCB-based pain-related brain circuits, recent studies have demonstrated some novel
circuits. The posterior complex of the thalamus (Po) is a higher-order somatosensory nucleus. It could
respond to noxious stimuli and its aberrant activity is related to nocifensive behaviors. Po is a unique region
that lacks local GABAergic interneurons and mainly receives GABAergic projections from zona incerta
(ZI). Wang et al. found that pharmacological activation of CB1 receptors at ZI-Po GABAergic terminals
specifically increased the pain threshold and ameliorated chronic pain'*.

CANNABINOID MODULATION OF STRESS-RELATED EMOTIONAL CIRCUITS

In addition to pain, emotion is also closely linked to the organism’s survival and life quality, and they often
reinforce each other. Meanwhile, cannabinoid modulation in pain and emotion seems to share circuit
mechanisms. Therefore, we further review the cannabinoid modulation of stress-related emotional circuits
in the following part.

Emotional disorders affect 9%-20% of people worldwide, and a major environmental factor eliciting the
lifetime prevalence of emotion disorders is cumulative life stressors”**'". Exposure to prolonged periods of
stress and maladaptive stress coping have been reported to impact emotional processing and provoke the
episodes of mental illness™", such as anxiety and major depression, which are associated with high levels of
mortality and incredible physical burden”. Therefore, figuring out the mechanisms underlying stress
adaptation is critical for emotion disorders-related therapy. The eCB system is closely integrated within
stress and emotional neural circuits, indicating that it might be crucial in the maintenance of stress
adaptation and the emotional manifestations of stress”™". For example, cannabis has been used for centuries
for its mood-elevating and stress-reducing properties, predominantly via THC activating the CB1
receptors™. However, blockade of the CB1 receptors by the weight-reducing drug rimonabant exerts
undesirable psychiatric side effects, such as depression”. Moreover, chronic in vivo augmentation of 2-AG
levels could substantially reverse the anxiety-like phenotype induced by repeated restrain stress®*. FAAH
inhibitors, such as URB597, could also modulate emotion by enhancing AEA-related activation of CB1
receptors in certain emotion-related brain areas™”. It should be noted, however, that chronic augmentation
of 2-AG by inhibition of MAGL causes physical dependence, impaired eCB-mediated synaptic plasticity
and CB1 receptor desensitization, which potentially limit its therapeutic potential®. These effects do not
appear to be produced by increasing AEA with chronic inhibition of FAAH"". Moreover, a recent
randomized clinical trial has further demonstrated that the FAAH inhibitor, JNJ-42165279, could dampen
the neural response to anxiety-related processing in healthy male subjects”®. Although eCB-based
pharmacological studies have made some achievements, they still often encounter conflicting reports. For
example, a number of studies have suggested CB1 receptor antagonists as potential therapeutic targets for
major depressive disorders, which has been reviewed by Witkin et al.””. Unspecific global manipulation
without clear circuit mechanisms impedes the therapeutic application of eCB-based medications. Thus, the
adaptive changes in neural circuits accompanied by emotional disorders should be identified, such as
cortex, forebrain, hippocampus, amygdala, hypothalamus, and so on"”. Here, we aimed to review the key
brain regions and circuits participating in the eCB-mediated stress responses and stress-related emotional
disorders, mainly focusing on the cannabinoid modulation of presynaptic neurotransmitter release in
distinct brain regions and circuits [Figure 3].
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Figure 3. Cannabinoid modulation of stress-related circuits. AMPAR: a-amino-3-hydroxy-5-methyl-isoxazole propionic acid receptor;
BLA: basolateral amygdala; CB1R: cannabinoid type 1 receptor; CCK: cholecystokinin; CRH: corticotropin-releasing hormone; DRN:
dorsal raphe nucleus; eCB: endocannabinoid; GABA: gamma-aminobutyric acid; Hipp: hippocampus; HYP: hypothalamus; LHb: lateral
habenular nucleus; mPFC: medial prefrontal cortex; NAc: nucleus accumbens; NMDAR: N methyl D asparate receptor 1; 5-HT:
5-hydroxytryptamine.

In the mPFC, eCB-mediated circuits modulate stress and emotion mainly via monoaminergic systems and
HPA axis. For one thing, stress stimulates mPFC-projecting serotonergic neurons in DRN and promotes
5-HT release in mPFC, which further increases the production of 2-AG via activation of postsynaptic
5-HT,. receptors. Then, 2-AG could retrogradely stimulate presynaptic CB1 receptors and inhibit 5-HT
release. Acute 5-HT stimulation causes anxiety by stimulation of 5-HT,_ receptors. Chronic elevation of
extracellular 5-HT concentration has an antidepressant effect by downregulating 5-HT,_ receptors and other
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5-HT receptors. For another, stress-induced release of glucocorticoid could increase eCB signaling within
the mPFC, and then activate CB1 receptors on GABAergic neurons to disinhibit mPFC glutamatergic
projection neurons, in turn terminates the release of glucocorticoid, which further prevent the stress-
induced emotion disorders. In the BLA, eCB could inhibit the presynaptic inhibitory inputs, disinhibit BLA
pyramidal neurons, and prevent anxiety-like behaviors. Selective inhibition of the NAc-projecting BLA
CCK terminals by cannabinoids could induce antidepressant-like effects. In the LHDb, activation of CB1
receptors could restore the impaired LFS-LTD by acute stress exposure and decrease the susceptibility to
depression. In the hippocampus, eCB could not only activate GABAergic presynaptic CB1R to produce pro-
depressant effects on acutely stressed mice or antidepressant effects on chronically stressed mice, but also
activate astroglia CB1R to induce antidepressant effects on acutely stressed mice without significant effects
on chronically stressed mice.

The prefrontal cortex

The prefrontal cortex (PFC) is closely involved in emotion, especially depression™'l. Clinic studies have
identified dysfunction in the PFC and its linked brain regions in patients with major depression',

including decreased glucose metabolism and reduced neuronal activity and volume!***, but treatment of
depression seems to reverse some of these deficits*”. Therefore, the PFC might be a critical area involved in

eCB-based emotional brain circuitry.

According to the literature, eCB-mediated PFC circuits modulate stress and emotion mainly via
monoaminergic systems and HPA axis. For one thing, monoaminergic systems, including
5-hydroxytryptamine (5-HT), dopamine (DA), and norepinephrine, have been reported to be a potential
target for depression treatment’. Therefore, most studies focused on the role of PFC-related
monoaminergic pathways in depression, particularly 5-HT pathways'”. The dorsal raphe nucleus (DRN) is
rich in serotonergic neurons releasing 5-HT'*. Stress stimulates mPFC-projecting serotonergic neurons in
DRN and promotes 5-HT release in mPFC, which further increases the production of 2-AG via activation of
postsynaptic 5-HT2c receptors'®. Then, 2-AG could retrogradely stimulate presynaptic CB1 receptors and
inhibit 5-HT release. Moreover, the top-down control exerted by the mPFC over the DRN is also of
particular importance in stress processing and depression. mPFC directly projects to both serotoninergic
and GABAergic neurons in the DRN, and mainly mediates a GABAergic feedforward inhibition on DRN
5-HT neurons. Interestingly, specific eCB-mediated synaptic inhibition targeting DRN GABAergic neurons
was uncovered to favor the excitation of 5-HT neurons by mPFC axons". For another, activation of
projection neurons from the mPFC is necessary for the termination of the hypothalamic-pituitary-adrenal
(HPA) axis activity”". Glucocorticoid release induced by stress could also increase eCB signaling within the
mPFC, and subsequently activate CB1 receptors on GABAergic neurons to disinhibit mPFC glutamatergic
projection neurons, which in turn terminates the release of glucocorticoid””. Thus, eCB signaling could
suppress stress-induced glucocorticoid release by inhibiting GABAergic transmission in the mPFC, which
further prevents stress-induced emotion disorders.

In addition to modulating PFC-related monoaminergic transmission during stress, CB1 receptors also
regulate glutamate release and plasticity at PEC-BLA synapses to promote extinction after stress. It has been
reported that eCB signaling at mPFC-BLA synapses dynamically tracks extinction learning and mutation of
CB1 receptors in PFC-BLA terminals could impair extinction memory formation”. Moreover, chronic
exposure to A9-THC during adolescence could inhibit the expression and function of NMDA receptors in
the mature PFC neuronal dendrites, which might cause emotional disorders in teens”". These results
indicated that eCB system might be a therapeutic target for both stress-related emotion disorders and
extinction-deficient disorders via multiple circuits and neurotransmissions.
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Amygdala

The amygdala is also critically involved in stress responses and aversive emotions”””. Exposure to acute
stress could reduce the level of AEA in the amygdala, which subsequently enables the activation of the HPA
axis and increases glucocorticoid release. Additionally, increased synthesis of the eCBs and subsequent
activation of Cnr1, a cannabinoid receptor, in the amygdala is generally known to mediate fear extinction,
potentially via inhibition of the anxiogenic neuropeptide CCK and/or modulation of the GABAergic
system!™. Of several anatomically and functionally distinct nuclei, CB1 receptors are particularly abundant
in the BLA, a central node mediating stress and anxiety”. In the BLA, CB1 receptors are mainly expressed
in CCK-positive interneurons**’ and 2-AG preferentially inhibits presynaptic GABAergic transmission to
disinhibit BLA pyramidal neurons'™”, which might project to other brain regions, such as mPFC, and further
modulate emotion™. Increased phasic 2-AG-mediated synaptic suppression in BLA also promotes stress
adaptation®®. Moreover, augmenting amygdala AEA also promotes stress coping in humans"””. Gene
deletion or pharmacological inhibition of FAAH, a degradation enzyme of AEA, could prevent dendritic
hypertrophy in BLA and decrease anxiety-like behaviors. In addition, intra-BLA administration of FAAH
inhibitors could rescue stress-related deficient fear extinction”. The above results all suggest restoring
deficient eCB signaling in BLA as a target to resist stress. Furthermore, BLA dysfunction has also been
clinically implicated in depression. It was demonstrated that selective inhibition of the NAc-projecting BLA
CCK terminals by intra-NAc administration of synthetic cannabinoids sufficiently produced
antidepressant-like effects’®. Moreover, amygdala cannabinoids also control stress-related behaviors, such
as eating disorders. It has been reported that CB1 receptors in central nucleus of amygdala (CeA)-
parabrachial nucleus (PBN) inhibitory projections could induce long-term depression and mediate fear-
induced feeding suppression. Dysfunction of CB1 receptors in CeA neurons could prevent such stress-
related eating disorders"™.

Hippocampus

Hippocampal dysfunction is a common pathological feature in emotion deficits™”. The CB1 receptors in
hippocampus are also highly expressed in CCK-positive terminals®¥, and mediate disinhibition of
glutamatergic projection neurons which further control mesolimbic regions, such as the NAc, and
underline hippocampal-mediated emotion disorders™*’. Acute stress induced by acute exposure to
glucocorticoids increases eCB modulation of GABA, whereas chronic stress induced by prolonged exposure
to glucocorticoids reduces CB1 receptors and eCBs in the hippocampus, indicating a biphasic effect of stress
on eCB system in the hippocampus’. Moreover, a low dose of MAGL inhibitors could induce
antidepressant effects on acute stress-exposed mice but not on chronic stress-exposed mice, through long-
term depression (LTD) of excitatory glutamatergic synapses in hippocampus probably mediated by CB1
receptors in astroglial cells and postsynaptic glutamate receptors®. In contrast, a high dose of MAGL
inhibitors could produce pro-depression effects on acutely stressed mice, but antidepressant effects on
chronic corticosterone-exposed mice, through disinhibition of GABAergic synapses mediated by
GABAergic presynaptic CB1 receptors in hippocampus'”. The above results indicate MAGL inhibitors as a
new class of rapid-acting and long-lasting antidepressants'*”..

In addition, multiple cannabinoid signaling cascades in the hippocampus have been reported to modulate
neuropsychiatric behaviors. For example, CB1 receptor agonists could activate the mammalian target of
rapamycin (mTOR) signaling, the activation of which is required for rapid antidepressant action of NMDA
receptor antagonist ketamine. It was reported that chronic unpredictable mild stress decreased eCB-mTOR
signaling in the hippocampus and further induced depressive-like behaviors, whereas MAGL inhibitor
JZL184 could produce antidepressant-like effects by enhancing hippocampal eCB-mTOR signaling”’. These
results indicated that the eCB-mTOR signaling pair might mediate the antidepressant-like effect of MAGL
inhibitors. Moreover, the growth-associated protein of 43 kDa (GAP43) has been reported to be a synapse
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type-specific regulatory partner of CB1 receptors that could hamper CB1 receptors-mediated effects on
hippocampal circuit function, such as convulsion®. Then, excitatory mossy cells (MCs) in the
hippocampus express high levels of CB1 receptors, which could inhibit excitatory MCs inputs into dentate
granule cells (GCs) via By signaling during induction and via ai/o signaling before induction in the form of
presynaptic metaplasticity®. In addition, NECAB1 and NECAB2 have been newly found distributed as
predominant calcium-binding proteins in CB1/CCK-positive interneurons, which needs functional
investigation. Therefore, the interaction between CB1 receptors with intracellular proteins in different
neuronal types might diversely modulate neuropsychiatric behaviors, which deserves further investigation.

Habenula

Habenula has emerged as an appealing therapeutic target for stress-related emotion disorders, partly
because of its unique position at the center of the mesolimbic stress/reward circuit””**. Habenula has been
divided into two subregions, including medial habenula (MHb) and lateral habenula (LHb). Both of these
two subregions show a robust eCB system, which modulates local synaptic transmission during stress.

The MHDb receives sole identified GABAergic inputs from the medial septum and nucleus of the diagonal
band (MSDB), and the MSDB-MHb GABAergic inputs express obvious CB1 receptors. It has been reported
that MHb neurons could release 2-AG and retrogradely inhibit presynaptic GABA release from MSDB, and
this eCB-mediated depolarized-induced suppression of inhibition (DSI) could be blocked by MAGL.
Moreover, manipulation of CB1 receptors or MAGL in MSDB-MHb GABAergic inputs could
bidirectionally regulate anxiety- and depressive-like behaviors, which might be a potential mechanism
underlying cannabinoid anxiolytic and antidepressant effects'™”.

The LHb receives inputs from the basal ganglia and limbic system, and sends outputs to midbrain
dopaminergic in the ventral tegmental area (VTA) and serotoninergic neurons in the DRN, which have
been implicated in the behavioral response to stress"®. CB1 receptors are widely expressed in the LHb, not
only on presynaptic but also on postsynaptic, astrocytic, and mitochondrial membranes. Slice
electrophysiology experiments have recently shown that a CB1 receptor-dependent decrease in presynaptic
neurotransmitter release mediated the low-frequency stimulation (LFS)-induced LTD (LFS-LTD) in LHb
synapses. Acute stress exposure selectively impaired LFS-LTD and greatly facilitated the induction of LTP in
the LHb"*'. Therefore, stress exposure may facilitate LTP while masking LTD in the LHb, leading to the
abnormal potentiation of LHb synapses overall, which has been suggested to mediate depression-like
behaviors. Pharmacological activation of CB1 receptors could restore LTD in the LHb, which may reverse
the stress exposure-induced imbalanced bidirectional synaptic plasticity and contribute to determining the
threshold for the onset of depression"*. However, contrary to the above report, it is also shown that
exposure to chronic stress increases the 2-AG level and burst firing in the LHb, while CB1 receptors
blockade in LHb promotes proactive coping strategies in the forced swimming test and reduces anxiety-like
behavior in the elevated plus maze"*. Thus, chronic stress enhances eCB signaling in the LHb, while
disruption of stress-induced eCB signaling could promote a more proactive strategy that favors exploration
over avoidance. An alternative explanation for the two discrepant reports is that the CB1 receptors
mediating LFS-LTD or stress-coping are located on different presynaptic terminals and modulate different
synaptic neurotransmission, and they have different responsiveness under various conditions. Following
studies further found that eCB could simultaneously depress GABA release via circuit-specific presynaptic
CB1 receptors and potentiate glutamate release via astrocytic CB1 receptors, which suggested a potential
cellular mechanism underlying eCB-mediated activation of LHb neurons and subsequent anxious- and
depressive-like states””. Therefore, future studies might be helpful to explore the relative roles of eCB
system in gating excitatory and inhibitory transmission from both neuronal and glial cells in the LHb.
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CONCLUSION

As outlined in this review, the eCB system is characterized as a synaptic circuit breaker with highly
conserved molecular architecture throughout the central nervous system. Although some eCB-mediated
circuit mechanisms underlying neurological behaviors and disorders have been reviewed above, most of the
presently available evidence depends on the local pharmacological studies with agonists and antagonists of
cannabinoid receptors or eCB metabolic enzymes, which cannot directly demonstrate the precise causality
among eCB, specific circuits and behaviors. Therefore, new technological approaches are urgently needed to
address the limitation. The advent of optogenetics and pharmacogenetics has allowed the investigation of
the direct causal relationship between the activity of specific circuits and behaviors in freely moving
animals"*'*. However, the technology for cell-type manipulation of eCB system components in specific
circuits and synapses is still under development. The good news is that eCB sensor has been developed and
it can dynamically monitor the release of eCB in specific circuits and certain behavioral conditions*,
which greatly promoted the study of circuit mechanisms underlying cannabinoid effects. We expect that the
technology for cell-type manipulation of eCB system components in specific circuits is not far away.
Moreover, the pivotal role of astroglia CB1 receptors, peripheral CB1 receptors and CB2 receptors in the
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regulation of neurobiological processes can not be neglected"*". It has been known that astrocytes express
low levels of Gq-coupled CB1 receptors'’. Contrary to the neuronal CB1 receptors that mediate
suppression of neurotransmitter release from presynaptic terminals, astroglia CB1 receptors seem to
potentiate gliotransmitter release, especially glutamate, which might profoundly influence synaptic activity
and brain function"*'”. Additionally, the deletion of CB2 receptors has a relation with emotion
disorders"*. The M4-mediated antipsychotic-like effect was found to require CB2 receptor signaling"*.
Therefore, selective manipulation of CB2 receptor-mediated circuits might be a potential treatment of
neurological processes. In addition, CB1 receptors are also present in peripheral and modulate multiple
functions""”. For instance, microinjection of highly selective CB1 agonists such as arachidonoyl-2-
chloroethylamide into the affected paw of low doses of cannabinoids caused analgesia'". Moreover, CB1
receptors are expressed in adipocytes, where their activity modulates the expression and release of
adiponectin, an adipokine that promotes energy expenditure”. Selective targeting of peripheral CB1
receptors might help to minimize the psychoactive effects in the case of clinical use of CB1 agonists.
Therefore, it is worthy of further investigation about eCB-mediated modulation of the periphery and their
potential therapeutic value in related disorders.

In the end, this review not only provides a better understanding of eCB-mediated synaptic plasticity, but
also raises future therapeutic interventions to tackle related disorders, which makes the study of the eCB
system a highly fascinating aspect of neuroscience. There is no doubt that future research will surely bring
new and exciting discoveries and concepts in the next decades.
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