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Endocannabinoids (eCBs) are lipid neuromodulators that suppress neurotransmitter release, reduce postsynaptic excitability,
activate astrocyte signaling, and control cellular respiration. Here, we describe canonical and emerging eCB signaling modes and
aim to link adaptations in these signaling systems to pathological states. Adaptations in eCB signaling systems have been identified
in a variety of biobehavioral and physiological process relevant to neuropsychiatric disease states including stress-related disorders,
epilepsy, developmental disorders, obesity, and substance use disorders. These insights have enhanced our understanding of the
pathophysiology of neurological and psychiatric disorders and are contributing to the ongoing development of eCB-targeting
therapeutics. We suggest future studies aimed at illuminating how adaptations in canonical as well as emerging cellular and
synaptic modes of eCB signaling contribute to disease pathophysiology or resilience could further advance these novel treatment

approaches.
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INTRODUCTION

Interest in all things “cannabinoid” has grown dramatically over
the past two decades. Understanding potential therapeutic and
adverse effects of cannabis and elucidating long-term conse-
quences of in utero exposure, for example, are subjects of intense
and growing interest within the scientific community and public
health sectors. Paralleling these important investigations, a rapidly
advancing field of study aimed at elucidating the physiology and
therapeutic potential of endogenous cannabinoid (eCB) signaling
systems as emerged: beginning with the discovery of cannabinoid
receptors, eCB ligands, and the subsequent elucidation of
canonical eCB retrograde synaptic signaling and arriving at early
clinical trials of eCB modulating compounds for a variety of
psychiatric and neurological disorders. Here, we aim to link
advances in our understanding of eCB signaling at the cellular and
synaptic level with adaptations in these signaling systems under a
variety of conditions relevant to neuropsychiatric illnesses.
Elucidating environmental, genetic, and experience-dependent
adaptations in eCB signaling could provide insights into the
physiology of stress reactivity, feeding, and motivation, and could
reveal pathophysiological mechanisms contributing to, and
potential treatment opportunities for, autism spectrum disorders,
substance use disorders, and epilepsy, amongst others. Dysregula-
tion in eCB function have been implicated in numerous additional
behavioral domains including sleep [1] and pain [2], for example,
and have been reviewed thoroughly elsewhere. Here, we begin by
describing canonical synaptic eCB signaling and emerging modes
of signaling being discovered at the cellular level. We then
describe how eCB signaling and adaptations in this system relate
to a series of fundamental disease-relevant biobehavioral pro-
cesses. When applicable, we highlight how understanding

adaptations in eCB signaling can provide insight into the
pathophysiology of disease or reveal new opportunities for
therapeutic intervention.

BIOCHEMISTRY AND PHARMACOLOGY OF ECB SIGNALING
Molecular and biochemical roots of endocannabinoid
signaling

Extensive reviews of the history of cannabinoid receptors, as well
as their endogenous and exogenous ligands, have been published
[3, 4]. Briefly, the eCB system is comprised of the two primary
cannabinoid receptors (CB1R and CB2R) and endogenous ligands
2-arachidonylglycerol (2-AG) and anandamide (AEA) [5]. The CB1R
and CB2R are generally G;/,-coupled receptors expressed through-
out the CNS and periphery. While CB1Rs are enriched within the
nervous system, CB2Rs are primarily expressed within immune
cells and to a lesser degree within some CNS cell types. Both
receptors are membrane bound and subject to internalization and
desensitization via C-terminal phosphorylation [6]. Lipid rafts also
play an important role in the localization of CB1Rs [7, 8], in
particular in their endocytosis, as cholesterol depletion has been
shown to improve ligand binding and increase CB1R localization
at the plasma membrane [9, 10].

Several eCB ligands have been discovered that bind and
activate these cannabinoid receptors including 2-AG and AEA.
2-AG is synthesized from diacylglycerol (DAG) via sn1-specific DAG
lipase-a (DAGL a) and lipase-8 (DAGL B) [11]. Synthesis of AEA is
mediated via the formation of N-arachidonoyl phosphatidyletha-
nolamine (NAPE) from phosphatidylethanolamine and phospha-
tidylcholine via a calcium-dependent transacylase enzyme
followed by phospholipase-D-mediated conversion to AEA.
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However, additional redundant pathways of AEA synthesis have
been suggested [12]. Unlike classical neurotransmitters, the
majority of eCB production is de novo or “on-demand,” and
release occurs via non-vesicular mechanisms, though in some
cases eCBs may be excreted from microglial cells via exosomes
[13]. Following their release, 2-AG and AEA are primarily
metabolized to arachidonic acid via monoacylglycerol lipase
(MAGL) and fatty acid amide hydrolase (FAAH), respectively
[14, 15]. Additional eCB-metabolizing enzymes include a,3-
hydrolase domain-containing 6 (ABHD6) and ABHD12 for 2-AG,
as well as cytochrome p450 enzymes, lipoxygenases, and
cyclooxygenase 2 for both. Degradation of AEA and 2-AG occurs
at post- and presynaptic compartments in the brain, respectively
[16]. However, some 2-AG degrading enzymes such as ABHD6 and
ABHD12 are postsynaptically localized at intracellular and extra-
cellular sites, respectively [17], supporting their potential role in
limiting cellular/synaptic 2-AG signaling [18].

In addition to the CB1R and CB2R, the eCBs act as endogenous
ligands for several other receptors. Most notably, AEA acts as a
ligand for the transient receptor potential vanilloid 1 receptor
(TRPV1) [19-21]. The de-orphaned receptor, GPR55, may also be a
target for AEA, albeit through a non-GTPyS binding mechanism
with significant heterogeneity in activity in various biological
systems [22]. Finally, some data have highlighted the potential
role of 2-AG as a ligand for the GABA, receptor acting via allosteric
potentiation [23]. Elucidation of the molecular constituents of eCB
signaling systems has opened the door to the development of
numerous pharmacological tools to investigate the physiological
roles of eCB signaling and validating eCB-related molecular targets
for therapeutic intervention.

Pharmacological modulation of eCB signaling
A°-tetrahydrocannabinol (A°-THC) is the most well-known exo-
genous cannabinoid and is a partial agonist at the CB1R and CB2R
[4]. Structure-activity relationship research later led to the
identification of many highly potent ligands for the CB1R and
CB2R such as CP55940 and Win55212-2 [24]. The first CB1R
antagonist (inverse agonist), SR141716A [25], was developed by
the French pharmaceutical company, Sanofi Recherche, while
several years later the CB2R-selective antagonists, AM630 and
SR144528, were identified [26]. Since then, positive and negative
allosteric modulators (PAMs/NAMs) [27-30], as well as biased
ligands, which preferentially engage specific downstream signal-
ing pathways, have also been developed for cannabinoid
receptors. In fact, both orthosteric [31, 32] and allosteric [33-35]
ligands have been found to act via distinct intracellular second
messenger systems.

Aside from direct agonist/antagonists, manipulation of eCB
synthetic and degrading enzymes has offered further insights into
the functions of eCB signaling in several physiological processes
[36]. The modulation of eCB synthesis and degradation has been
employed for both in vitro and in vivo investigations. Indeed,
potent, selective, and brain penetrant or peripherally restricted
inhibitors of the AEA degrading enzyme, FAAH [37], have been
extensively investigated for almost two decades [38]. More
recently, inhibitors of MAGL have provided substantial insights
into the therapeutic potential of 2-AG augmentation for a variety
of neuropsychiatric conditions [39]. Importantly, manipulation of
eCB synthesis or degradation pathways impact additional non-eCB
signaling molecules. For instance, inhibition of MAGL to elevate
2-AG (and other monoacylglycerols) results in decreased free
arachidonic acid [40], thus impacting the synthesis of prostaglan-
dins that modulate neuroinflammation and immune function in a
non-eCB-dependent manner. Most recently, inhibitors of 2-AG and
AEA synthesis have been developed [15] and provided critical
experimental data on the importance of distinct eCB ligands in the
regulation of appetite, stress responsivity, and motivation. For
example, DO34 is a covenant DAGL inhibitor that causes rapid and
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profound reductions in 2-AG (and other monoacylglycerol) levels
in the brain, impairs synaptic 2-AG signaling, and has provided
important insights into the roles of 2-AG in regulation of reward,
stress reactivity and food intake [41]. While a single pathway for
AEA synthesis has not been considered dogmatic, the discovery of
the NAPE-PLD inhibitor LEI-401, which reduces
N-acylethanolamine levels (including AEA) in vitro and in vivo
and recapitulates effects of a CB1R antagonist in vivo, indicated
that NAPE-PLD inhibition may represent a promising means of
manipulating AEA synthesis [42]. Despite these important
advances, issues related to potency and selectivity remain caveats
of currently available tools. Medicinal chemistry efforts to develop
eCB-modulating compounds have been, and will undoubtedly
continue to be, critical to the advancement of eCB-based
therapeutics, which are at various stages of development for
several CNS indications [4].

ENDOCANNABINOID SIGNALING AT THE SYNAPSE AND
BEYOND

Synaptic eCB signaling

eCBs are well known to act as retrograde synaptic messengers
capable of inducing both short- and long-term forms of synaptic
suppression (Fig. 1). The role of eCBs as mediators of short-term
plasticity was first identified in the scheme of depolarization-
induced suppression of inhibition (DSI) wherein postsynaptic
depolarization produces a transient (10-60s) presynaptic inhibi-
tion of GABA release [43, 44]. An analogous form of short-term
plasticity, depolarization-induced suppression of excitation (DSE),
occurs at excitatory synapses [45, 46]. Mechanistically, postsynap-
tic depolarization increases intracellular Ca®" via voltage-gated
Ca®" channels, thereby inducing the rapid synthesis and release of
2-AG followed by presynaptic activation of inhibitory CB1Rs. This
phenomenon has been identified in a wide range of brain regions
including hippocampus, amygdala, neocortex, cerebellum, and
ventral tegmental area (VTA), amongst others [47]. Furthermore,
activation of several GPCRs, including group-1 metabotropic
glutamate receptors (mGlul and mGlu5) and muscarinic acet-
ylcholine receptors (mMAChR M1/3), can trigger 2-AG release in a
calcium-independent manner and augment DSI/DSE [48-52].
Finally, a variety of ligand-gated ion channels allowing the
passage of Ca?" into the postsynaptic neuron are known to
participate in short-term plasticity of this nature, including NMDA,
kainate, Ca®>"-permeable AMPA, and TRPV1 receptors [53-57].

In addition to short-term plasticity such as DSI/DSE, eCBs
participate in several forms of long-term synaptic plasticity,
including long-term potentiation (LTP) and long-term depression
(LTD) [58-60], metaplasticity [61-64], and synaptic scaling [65, 66].
Like DSI/DSE, eCB-LTD/LTP are primarily postsynaptically induced
and presynaptically expressed. eCB-LTP is often a heterosynaptic
form of plasticity, characterized by the long-lasting disinhibition
secondary to eCB-mediated LTD of inhibitory GABAergic inputs
(eg. [67-69], though may also be homosynaptic, mediated via
TRPV1 receptor or CB1R activation [70-72]). Similarly, eCB-LTD
may be either homo- or heterosynaptic and occurs at both
glutamatergic and GABAergic synapses [67, 73-76]. These long-
lasting forms of plasticity may be induced via forms of afferent-
only protocols such as low-frequency, high-frequency, or theta-
burst stimulation [67, 77, 78], spike-timing dependent [79, 80], or
input-timing dependent stimuli [81], as well as through the
activation of some G4-coupled GPCRs [82-85].

In addition to these well-established and ubiquitous forms of
eCB plasticity mediated via post-synaptic synthesis and release of
eCBs (i.e., retrograde transmission to modify presynaptic release),
several non-canonical forms of eCB plasticity have subsequently
been identified. For example, a form of slow self-inhibition has
been identified and attributed to activation of postsynaptic CB1Rs
following autocrine release of 2-AG in neocortical GABA neurons
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Fig. 1 Cellular aspects of eCB signaling. Schematic diagram of eCB signaling elements within synapses, astrocytes and microglia. At the

synapse, eCBs are synthesized postsynaptically, through a variety of mechanisms that result in increases in intracellular calcium, and activate
presynaptic CB1 receptors to mediate retrograde suppression of neurotransmitter release. AEA can also activate TRPV1 receptors to initiate
postsynaptic LTD via glutamate receptor internalization. CB1 receptors expressed on astrocytes can lead to increases in calcium release and
release of gliotransmitters, which can indirectly affect synaptic transmission. CB2 receptors on microglia can regulate cytokine release. CB1
receptors expressed on mitochondria can also regulate a variety of intracellular processes including cellular energetics.

[86, 87] and potentially in glutamatergic excitatory neurons [88].
Additionally, a form of LTD mediated by postsynaptic TRPV1 was
identified at excitatory synapses onto hippocampal neurons [89]
and further defined to require endogenous AEA release [90].
Similar TRPV1-mediated LTD induced by AEA release has been
identified at somatic, but not dendritic inhibitory synapses of the
dentate gyrus [91].

Given the on-demand nature of eCB synthesis and release,
initial conceptualizations focused on the phasic nature of eCB
signaling that enables short-term synaptic suppression and
triggers eCB-LTD. However, more recent studies have identified
sustained, or “tonic,” actions of eCBs at synapses. In contrast to the
phasic action of eCBs, tonic CB1R-mediated suppression of
neurotransmitter release can occur two ways: either by constitu-
tive eCB synthesis and release or by constitutively active
intracellular CB1R signaling cascades in the absence of agonist
binding. Importantly, both AEA and 2-AG can be released on a
tonic manner in some cases, and tonic signaling can co-exist with
phasic signaling at the same synapses [92]. While most of the
physiological aspects of eCB signaling have generally been
attributed to synaptic eCB signaling, other forms of signaling
including astrocytic and mitochondrial eCB signaling have begun
to be implicated in some physiological and behavioral effects of
cannabinoids and are discussed below.

Synaptic transport of eCBs

While the mechanisms of eCB signaling, synthesis, and degrada-
tion have been well defined, intracellular and intercellular
transport of eCBs remains poorly understood [93]. Two prevailing
models of eCB transport across the lipid bilayer of the
postsynaptic membrane posit either a simple [94, 95] or facilitated
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diffusion [96, 97]. The uncharged nature of eCBs, permitting
diffusion across protein-free bilayers [98-100], as well as the non-
tissue-dependent and non-saturable characteristics of transmem-
brane diffusion [95, 101, 102] support a passive or simple model of
diffusion. Conversely, the use of structural eCB analogs which
target proteins associated with both transport and metabolism
[96, 97, 103-106] and their action primarily at the plasma
membrane [107, 108] have provided support for a facilitated
transport model. Small molecule inhibitors of the putative eCB
membrane transporter may shed further light on this discrepancy
in future studies [106, 109, 110].

Once released, eCBs rapidly traverse the synaptic cleft to
activate presynaptic CBRs. The synaptic cleft presents a hydro-
philic/lipophobic barrier, suggesting some form of active inter-
cellular transport could facilitate retrograde eCB synaptic
signaling. Recent studies have found transmembrane secretion
of fatty-acid biding proteins (FABPs) [111-113], and specifically
FABP5 released by astrocytes [114], as potential candidates.
Indeed, disruption of FABP5 inhibits synaptic 2-AG signaling [114].
An alternative or complementary mechanism for the synaptic
transport of eCBs is the employment of extracellular vesicles.
Indeed, isolated extracellular vesicles from activated microglia
have been found to be enriched in AEA and, when added to a
primary culture of GABAergic neurons, inhibit synaptic transmis-
sion through CB1R-dependent mechanisms [13]. Further data
have identified a G-protein-dependent mechanism associated
with the Sigma-1 receptor that regulates extracellular vesicle
trafficking [115]. Disruption of this mechanism was found to
suppress retrograde 2-AG transmission in GABAergic neurons
without altering tonic eCB release, indicating potentially divergent
synaptic transport mechanisms for tonic and phasic synaptic eCB
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signaling. Identification of proteins and processes involved in eCB
transport could represent additional molecular targets for drug
development.

Astrocytic eCB signaling

Astrocytes represent a large population of glial cells that plays an
active role in synaptic transmission and plasticity (reviewed in
[116]). Several lines of investigation have elucidated a wide
spectrum of molecular signaling candidates that enable commu-
nication between neurons and astrocytes [116]. Ultrastructural
analyses indicate regional variability in the abundance of
astrocytic CB1Rs but also demonstrate considerable spatial
overlap with neuronal CB1Rs in the synaptic and perisynaptic
space across different brain areas [117, 118]. Activation of
astrocytic CB1R modulates synaptic function through a myriad
of signaling strategies (reviewed in [119]). In addition to the
expression of CBI1R, astrocytes also synthesize eCBs [120, 121].
Accumulating evidence highlights the sufficiency, and circuit
specificity, of astrocytic CB1R downstream signaling in modulating
synaptic function, circuit excitability and behavioral outputs such
as sleep [122], learning and memory [118, 123, 124].

Unlike the widespread downstream effects of neuronal CB1R
activation that lead to dampening of presynaptic neurotransmitter
release, CB1R activation in astrocytes leads to an increase in
intracellular Ca?* which eventually culminates in the release of
various neuroactive compounds termed gliotransmitters (e.g.,
glutamate, serine, and adenosine) [124, 125] (Fig. 1). Indeed, an
intriguing aspect of astrocytic CB1R is the downstream signaling
pathway: unlike the neuronal CB1R (associated with G/, proteins)
[60], astrocytic CB1Rs are associated with Gg-protein activation,
which leads to an increase in intracellular calcium in an
IPsR-dependent manner [126]. Depending on the target synapses
and neuronal activity pattern, these gliotransmitters can lead to
potentiation or depression of the synaptic transmission. For
instance, studies by Navarrete and Araque showed that CB1R-
mediated release of glutamate from astrocytes in the hippocam-
pus leads to potentiation of excitatory synaptic transmission
through presynaptic mGlul activation [126, 127]. Subsequent
investigations have highlighted that synaptic plasticity mediated
via astrocytic CB1R activation can significantly affect hippocampal-
dependent learning and memory function. Selective deletion of
CB1Rs from the astrocytes results in impairment of spatial working
memory and hippocampal LTD [118]. Activation of astrocytic
CB1Rs leads to the release of D-serine onto CA1 synapses, which
supports NMDA receptor activation and LTP induction. Selective
CB1R deletion from astrocytes impairs memory in object recogni-
tion task and LTP induction in CA1 [123]. Conversely, adenosine
released by astrocytes in response to the activation of the CB1R
acts on type-1 Adenosine receptor (A1R) eventually reducing
presynaptic neurotransmitter release [128]. In addition, a study by
Martin-Fernandez and colleagues showed that astrocytic CB1R
activation in centro-medial amygdala (CeM) increases intracellular
calcium signaling and release of adenosine. On the one hand, this
enhances inhibitory transmission in the centro-lateral amygdala to
CeM pathway through adenosine receptor type-2A activation and,
on the other hand, depressed excitatory synapses in the BLA to
CeM pathway through A1R [124]. This pathway-specific synaptic
modulation led to a reduction in learned fear expression in
rodents [124]. Therefore, alongside the neuronal CB1Rs, astrocytic
CB1Rs form another key facet of the eCB signaling pathway that
can influence circuit dynamics, shape network output, and
modulate behavior.

Mitochondrial CB1 receptor signaling and function

The functional impact of CB1Rs on synaptic transmission has been
largely focused around its presence on the plasma membrane.
However, CB1Rs in sub-cellular compartments, such as mitochon-
dria, has been increasingly investigated (Fig. 1). A study by Bartova
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and Birmigham in 1976 is one of the earliest reports elucidating
the effects of A°-THC on mitochondrial NADH-oxidase activity in
several brain areas [129]. Since then, a growing number of studies
have reported the presence of CB1Rs in the mitochondria of
several non-neuronal tissues such as cardio-myocytes, hepatic
cells and adipocytes. [130]. It is only in the last decade that studies
have demonstrated the presence of CB1Rs in brain mitochondria
in both neurons and astrocytes and underscored its role in
modulating neuronal activity and synaptic transmission [131-133].
Approximately 10-15% of the total CB1R labeling in hippocampus
is on mitochondrial membranes [132]. Mitochondrial CB1Rs
(MtCB1Rs) are Ggi-protein coupled receptors, the activation of
which leads to a reduction in cellular respiration through
inhibition of the electron transfer system in an adenylyl cyclase-
protein kinase A-dependent manner [131]. An in vitro assessment
using purified rodent hippocampal mitochondria has demon-
strated that CB1R agonists reduced the activity of mitochondrial
respiratory complex 1 [131]. Concomitantly, activation of intracel-
lular mtCB1Rs in hippocampal CA1 pyramidal neurons may be
necessary for regulating presynaptic GABA release through DSI
[131]. In addition to the presence of CB1Rs, the same study found
MAGL in mitochondria, which plays an important role in
regulating levels of 2-AG [131]. The activation of mtCB1Rs leads
to inhibition of field excitatory post-synaptic currents in the
hippocampal CA3-CA1 pathway and is sufficient to induce
cannabinoid-induced amnesia as observed through an impair-
ment in novel object recognition [134]. The modulation of
energetics and metabolism by exogenous cannabinoids and eCBs
through their action at mtCB1Rs is not restricted to neurons.
Activation of mtCB1Rs in astrocytes reduces glycolytic capacity
and lactate production which eventually causes metabolic stress
in nearby neurons, thereby affecting network output leading to
social behavioral deficits [135]. However, only approximately
11-13% of astrocytic mitochondria were found to be positive for
CB1R [132]. Since astrocytes are the primary source of lactate
available to the neurons for their metabolic demands [136], these
findings highlight the potential impact that astrocytic mtCB1Rs
might have in influencing neuronal activity in health and disease.

FUNCTIONAL IMPLICATIONS OF ECB SIGNALING IN
NEUROPSYCHIATRIC DISORDERS

Network effects and neural oscillations

Neural oscillations, particularly in the gamma range, have been
associated with sensory perception, attention, and object recogni-
tion, amongst other functions. Gamma oscillations interact with
theta oscillations, particularly in the hippocampus and neocortex,
and play an essential role in spatial, episodic and working
memory, both in animal models and humans [137, 138]. Neural
oscillations are primarily orchestrated by GABAergic interneurons,
and CB1Rs, being highly expressed on a subset of large
cholecystokinin-expressing GABAergic interneurons, are well
placed to regulate neural oscillations and thereby influence
behavioral and cognitive manifestations of brain oscillatory
activity. Consistent with this anatomical distribution, the CB1R
agonist CP55490 can reduce 40Hz power in kainate-induced
synchronous gamma oscillation in vitro in the hippocampal slices
[139]. Additionally, in vivo THC and CP55940 administration in
rodents reduces neuronal synchrony, reduces power of local field
potentials in various frequency bands in a dose dependent
manner, and does so without substantial changes in average firing
rates of neurons [140]. Recurrent exposure to cannabinoids in
adolescence, but not during adulthood, has been shown to reduce
pharmacologically-induced theta and gamma oscillations in
rodents [141]. A separate study found that repeated stimulation
of CB1Rs during adolescence leads to a state of disinhibition in the
prefrontal cortex, elicited by downregulation of the GABAergic
inhibitory network [142]. This could explain the increased
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vulnerability towards development of impairments in neural
oscillatory activity and behavioral deficits observed with canna-
binoid overuse during development. Acute cannabis use disrupts
working and episodic memory in human subjects with a
concomitant reduction in theta power and stimulus-locked
event-related potentials (ERPs), which are a proxy of neuronal
activity [143]. Chronic cannabis consumption alters broadband
neural oscillations in humans, particularly in gamma range [144].
EEG recordings in humans have shown that intravenous admin-
istration of THC, at concentrations that induce psychotomimetic
effects, disrupts gamma range synchronization, which is inversely
related to positive psychotic symptom severity [145]. Studies
showing gamma band abnormalities in schizophrenia patients
raise the possibility that THC-induced psychotomimetic effects
may be related to gamma alterations [137]. Similarly, intravenous
THC can reduce theta power and theta coherence between bi-
frontal brain regions, which strongly correlates with positive
psychotic symptoms [146]. Thus, CB1R agonists can cause
disruptions in network oscillations relevant to the subjective
effects of cannabis intoxication. The degree to which specific CB1R
populations and synaptic mechanisms contribute to these
alterations is not well understood and represents an important
area for continued investigation.

Seizures and epilepsy
The eCB system is heavily implicated in the pathophysiology of
epileptic seizures (reviewed in [147-149]). CB1Rs are known to
reduce glutamatergic transmission at hippocampal synapses
[150, 151] and thus have been examined for their role in the
regulation of epileptiform activity in a variety of model systems.
For example, in a pilocarpine model of temporal lobe epilepsy,
CB1R expression is increased in the dentate gyrus of mice and
CB1R activation reduces the increased spontaneous glutamatergic
currents and excessive recurrent excitatory transmission induced
by glutamate uncaging in dentate gyrus granule neurons [152].
Similarly, epileptiform activity in the hippocampus has been
shown to be reduced by CB1R activation, while CB1R blockade
increased epileptiform activity in vivo [153] and in vitro [154, 155].
Importantly, mice lacking DAGLa show increased susceptibility to
kainate-induced seizures while 2-AG augmentation suppressed
excitatory input to the hippocampus granule cells, decreasing
excitability and reducing seizure severity [156]. Other studies have
demonstrated that increasing 2-AG levels slows the progression of
epileptogenesis [157]. Consistent with these data, mice lacking
CB1Rs on glutamatergic axon terminals exhibit more severe
behavioral consequences in a kainate model of epilepsy [158].
Combined with data demonstrating that seizure activity is
associated with protective increases in 2-AG levels [153], these
data suggest that eCB, and specifically 2-AG augmentation, could
represent a viable approach to the treatment of seizure disorders.

While the above cited data support the notion that 2-AG- and
CB1R-mediated suppression of glutamatergic transmission may
improve physiological and behavioral consequences of seizures,
CB1Rs are also heavily expressed by subsets of GABAergic neurons.
Indeed, eCB-mediated suppression of GABA release has been
demonstrated in human tissue derived from resected localized
epileptogenic lesions [159]. However, lack of control samples in this
study precludes conclusions related to effects of epilepsy on eCB
synaptic signaling. In an animal model of developmental seizures
induced by hyperthermia, DSI is enhanced in hippocampal CA1
neurons [160, 161]. In this model, CB1Rs were also upregulated, and
blockade of CB1 receptors during hyperthermic seizure induction
prevented later enhancement of DSI, CB1R upregulation, and
increases in network excitability. Thus, pathological upregulation of
CB1R and eCB signaling at GABAergic synapses could contribute to
the pathogenesis of seizure disorders.

The recent development of optical sensors for endocannabi-
noids (GRAB.cg 20), enabling quantification of activity induced
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release of eCBs with high temporal and spatial resolution [162],
has highlighted a potentially more complex role for 2-AG in the
regulation of seizure-related consequences. Specifically, an other-
wise tight spatiotemporal regulation of 2-AG in the hippocampus
is lost during seizures [163] and dysregulated increase in 2-AG
during seizures leads to prostaglandin-dependent post-ictal
hypoxia that is associated with post seizure behavioral deficits
[163]. Therefore, temporal precision of therapeutic 2-AG modula-
tion could be a key factor in designing interventions to counteract
seizures.

Additionally, recent investigations utilizing non-human primate
models of epilepsy have been instrumental in dissecting the
temporal profile of eCB dynamics during epileptogenesis. A recent
study utilizing PET imaging during electrical kindling in the
amygdala of rhesus monkeys found regional increases in CB1R
binding during seizures, consistent with rodent literature cited
above [164]. However, these data contrast with a clinical report
that showed selectively downregulated CB1R in glutamatergic
axon terminals in the dentate gyrus [165]. These authors also
showed that DAGLa was reduced in sclerotic tissue from patients
with epilepsy and suggest that the protective eCB system is
impaired in the hippocampus of patients with temporal lobe
epilepsy. Thus, there may be significant differences between
model systems of epilepsy and patients with severe long-term
seizure disorders.

Patients with mesial temporal lobe epilepsy (MTLE) exhibit
alterations in levels of 2-AG and AEA and their synthetic enzymes
in brain tissue collected during the postictal phase of epileptic
seizures [156, 166]. Although several studies have reported a
reduction in 2-AG levels and DAGL mRNA from MTLE patients
compared to controls, there is significant variability in the
reported changes in AEA levels. While the study by Rocha and
colleagues shows a significant increase in the temporal lobe AEA
of MTLE patients [167], a contrasting report demonstrates a
reduction in circulating AEA in the CSF collected from MTLE
patients [168].

These data support the notion that eCBs acutely suppress
epileptiform activity and likely protects against the epileptogen-
esis via suppression of glutamatergic transmission within hippo-
campal circuits. While the role of eCB signaling at GABAergic
synapses remains less clear, it may counteract this protective
effect. Importantly, while CB1R upregulation is a consistent feature
of rodent and non-human primate model systems, the degree to
which this extends to clinical populations is unclear, and work
demonstrating reduced CB1R expression in patients with sclerotic
disease suggests impairment in eCB signaling systems may in fact
contribute to disease etiology or progression. Future studies will
be required to test this hypothesis. To summarize, the eCB system
undergoes multifaceted alterations depending on the brain-
region, cell type, seizure phase under investigation and the kind
of model used. To complicate matters further, these alterations
can, in principle, achieve different end points and hence appear
counterproductive. Understanding the spatiotemporal specificity
of eCB signaling is crucial, as this would allow investigators to
make and test reasonable predictions on the net effect of a
particular intervention, and aid in development of targeted,
effective and safe therapeutic intervention.

Stress

Stress is a major risk factor for the development and exacerbation
of major psychiatric disorders including major depression, anxiety
disorders, psychotic disorders, and substance use disorders.
Understanding how environmental stressors affect brain structure
and function to impact biobehavioral processes relevant to
psychiatric illness could provide new insight into the pathophy-
siology of stress-exacerbated disorders and reveal potential novel
treatment approaches. Indeed, several lines of evidence support
widespread adaptations in central eCB signaling in response to
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stress and have revealed potential therapeutic opportunities to
mitigate the adverse consequences of stress and promote
resilience. Here we focus on two key brain regions critically
involved in stress responsivity and affect regulation, the para-
ventricular hypothalamus (PVN) and amygdala, and highlight
experience-dependent changes in synaptic eCB signaling that
could provide insight into how stress exposure is translated into
affective and physiological pathology.

The hypothalamic-pituitary-adrenal (HPA)-axis is a core compo-
nent of the central stress response, and dysregulation of HPA-axis
function is associated with a variety of psychiatric disorders [169].
Indeed, prolonged pathological increases in corticosterone/cortisol,
as the product of HPA-axis activation, can have broad-ranging
deleterious somatic and CNS effects. PVN neurons releasing
corticotrophin releasing factor represent the initial entryway to
the HPA-axis, and eCBs are known to regulate glutamatergic and
GABAergic synaptic transmission onto PVN neurons. Initial studies
demonstrating a role for synaptic eCB signaling in the regulation of
HPA-axis function came from the seminal work of Tasker and co-
workers who showed that tonic eCB signaling, triggered by non-
genomic effects of membrane-bound glucocorticoid receptors,
suppresses glutamate release onto putative PVN CRF neurons, thus
highlighting a potential role for eCB signaling in negative feedback
inhibition of HPA-axis function [170]. This notion is supported by
in vivo studies demonstrating that intra-PVN infusions of the CB1
antagonist AM251 block fast feedback of the HPA-axis triggered by
dexamethasone, and that stress increases 2-AG levels in the PVN
[171]. Subsequent studies revealed phasic eCB signaling at PVN
synapses and demonstrated the existence of both DSI and DSE at
synapses onto PVN neurons [172, 173]. Interestingly, DSI is limited
by presynaptic mGlu5 via heterologous desensitization of CB1Rs,
suggesting during times of high glutamatergic transmission,
glutamate spillover can limit DSI, and further promoting PVN
neuron firing by limiting the temporal window of eCB signaling
efficacy at GABA synapses [173].

Initial studies examining stress adaptations in eCB signaling in
the PVN revealed that repeated restraint stress substantially
blunted DSI via a mechanism involving CB1R desensitization/
downregulation [172]. This impairment in DSI was reversible after
stress removal and blocked by pre-stress administration of the
glucocorticoid antagonist, RU-486. Similar effects were observed
when examining DSE, suggesting a broad ranging desensitization
of CB1Rs within the PVN after repeated stress exposure. Indeed,
this phenomenon is also observed in the amygdala and striatum
[174, 175], but not hippocampus [172]. Initial explanations of these
data focused on the possibility of reduced expression of CB1Rs,
mediated by prolonged elevations in corticosterone levels [176].
However, more recent studies showed that, at least in the PVN,
deficient CB1R signaling after repeated homotypic stress can be
rapidly overcome by either novel stress exposure or increased
afferent neuronal activity. These data suggest a rapidly reversible
phenomenon by which repeated homotypic stress functionally
inhibits synaptic eCB signaling at both glutamatergic and
GABAergic synapses in the PVN.

GABAergic afferents to the PVN suppress the firing rate of PVN
neurons [173, 177], an effect counteracted by DSI. Given that
repeated homotypic stressors lead to habituation of the HPA-axis,
it is possible that stress-related impairment in CB1R function at
GABA synapses could contribute to this habituation. The rapidly
reversible nature of this signaling impairment is not well under-
stood but could include receptor internalization or transient
functional G-protein uncoupling. Fast HPA-axis feedback inhibition
is also known to be lost after chronic stress [178], and CB1Rs on
glutamatergic afferents likely involved in fast feedback inhibition
also show functional impairment after chronic homotypic stress,
suggesting this adaptation in eCB signaling at PVN glutamatergic
synapses could contribute to this phenomenon. Studies examin-
ing selective deletion of CB1R from GABAergic and glutamatergic
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terminals innervating PVN CRF neurons could be used to
experimentally test this hypothesis. Mechanisms underlying
divergence of long-term effects of chronic stress, leading to
HPA-axis hyperactivity (which is undesirable) compared to those
responsible for HPA-axis habituation (which is desirable) are not
clear. Additionally, how concomitant adaptations in eCB signaling
at glutamatergic and GABAergic synapses interact to sculpt HPA-
axis function after stress exposure remains an open question.

In addition to the PVN, the amygdala is a key limbic brain region
regulating stress responses, emotional learning, and valence
coding, which is highly regulated by synaptic eCB signaling
[179-181]. The amygdala is divided into two components: (1) the
basolateral complex, which is a cortical-like structure that projects
to other cortical regions and subcortical structures including the
ventral striatum and central amygdala and (2) the central
amygdala, which projects to hypothalamic, midbrain, and
brainstem strictures to control behavioral and autonomic
responses to stress and other physiological challenges. CB1Rs
depress both glutamatergic and GABAergic transmission in the
basolateral amygdala (BLA) and central amygdala [182-184].
Furthermore, DSE and DSI are expressed by BLA neurons and
DSE is also present at excitatory synapses in the central amygdala
[184, 185]. In addition, eCB-LTD of GABAergic and glutamatergic
transmission have been demonstrated in the BLA [83, 186].
Importantly, LTD of GABAergic transmission promotes intra-
amygdala LTP via a disinhibition mechanism. Lastly, M1 muscarinic
receptors can trigger tonic eCB release at central amygdala
glutamatergic synapses [184]. Thus, the amygdala is highly
enriched in functional eCB signaling and adaptations in this
system have been examined in multiple studies (Fig. 2).

Initial investigations into stress effects on eCB signaling
revealed impaired CB1R function at GABAergic synapses after
repeated restraint stress exposure [175], like that seen in the
PVN and striatum (above). Interestingly, DSI and LTD of
GABAergic transmission were both enhanced despite this CB1R
signaling impairment [175, 187]. Gating of LTD of GABAergic
transmission by repeated stress was likely mediated by 2-AG
signaling, as membrane bound MAGL expression was reduced
by repeated stress and MAGL inhibition mimicked the gating of
LTD at GABAergic synapses seen after repeated stress exposure.
These data are also consistent with those demonstrating
increased 2-AG levels in the amygdala after stress [187-189].
Subsequent studies revealed an additional role for
glucocorticoid-stimulated tonic 2-AG release in the inhibition
of GABA release in the BLA [190]. This study also found that
in vivo acute stress exposure triggers corticosterone-mediated
tonic 2-AG signaling to suppress GABAergic transmission in the
BLA, and that this may contribute to stress-induced anxiogen-
esis. Interestingly, acute restraint stress and foot-shock increase
glutamatergic transmission in the BLA, which are reversed by
MAGL inhibition [189, 191]. In the case of foot-shock exposure,
this is only true for mice showing behavioral susceptibility to
stress exposure in the form of increased avoidance behavior,
and in the case of acute restraint stress, the ability of MAGL
inhibition to reverse the increase in glutamatergic transmission
was correlated with the anxiolytic effects in vivo. In the foot-
shock model, mice resilient to the behavioral consequences of
stress exposure exhibited a larger dynamic range of eCB-
mediated suppression of glutamate release in the BLA relative to
stress-susceptible mice. These data suggest that stress can
increase 2-AG signaling at both GABAergic and glutamatergic
synapses and that stress-enhanced 2-AG signaling at GABAergic
synapses could promote anxiety while enhanced 2-AG signaling
at glutamate synapses could act to counter adverse effects of
stress. This hypothesis is consistent with data demonstrating
that augmentation of 2-AG signaling can reduce adverse effects
of stress (see [192]) but may also worsen some aspects of stress
responsivity under some conditions [193-195].
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Fig. 2 Stress-induced adaptations in eCB signaling. Synaptic activity in the paraventricular hypothalamus and the amygdala is heavily
modulated by stress. Excitatory neurotransmission in the neurosecretory cells of PVN is acutely suppressed by corticosterone mediated eCB
release. Sustained high levels of corticosterone during repeated stress exposure leads to impairment in DSI and DSE through the reversible
downregulation of CB1Rs in PVN. In the amygdala, however, DSI and LTD of GABAergic synapses are enhanced, likely by increased 2-AG
signaling, despite impaired CB1R function. Conversely, stress leads to enhanced glutamate release, likely as a result of increased FAAH activity

and reduction in AEA-mediated suppression of glutamate release.

Stress also reduces AEA levels in the amygdala, an effect
mediated by CRF signaling which acts to increase FAAH activity
and contributes to immediate and long-lasting changes in basal
glutamate release and structural remodeling promoting amygdala
hyperactivity [196-198]. Specifically, acute stress increases gluta-
mate release in the BLA, which is prevented by inhibition of FAAH
activity prior to stress exposure [198], an effect blocked by in vivo
administration of a CBT1R antagonist during stress exposure.
Similarly, FAAH inhibition prevents long term increases in
glutamate release probability and spine density observed 10 days
after a single restraint stress exposure in rats [198]. These data are
also consistent with preclinical studies showing that FAAH
inhibition can reduce the adverse behavioral and physiological
consequences of stress [199].

Human data have also demonstrated stress related changes in
eCB levels. Briefly, major depressive disorder patients have
reduced serum 2-AG levels, which inversely correlated with
depressive episode durations, while AEA showed a strong
negative correlation with anxiety indices [200, 201]. Interestingly,
2-AG levels correlated with increasing differential fear ratings in a
fear conditioning paradigm. In this same study, plasma AEA was
increased during fear acquisition and extinction [202]. Indeed,
pharmacological FAAH inhibition potentiated fear extinction recall
and attenuated autonomic stress reactivity in a recent human
study [203]. Based on these preclinical studies, FAAH and MAGL
inhibitors are currently under investigation for a variety of stress-
related disorders.

Obesity, diet, and energy state

eCB signaling participates in several aspects of feeding behavior,
energy homeostasis, and dietary regulation [204]. Blockade of
CB1Rs or inhibition of eCB synthesis can reduce food intake and
body weight [177, 205]. Moreover, changes in eCB synaptic
signaling have been observed after manipulations of diet and
energy state in animal models. Indeed, significantly altered levels
of both 2-AG and AEA have been observed in the hippocampus of
adult mice fed a high-fat diet over the course of 12 weeks [206].
This increase was associated with elevated DAGLa and increased
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CB1R density without alteration to agonist-stimulated GTPyS
binding. Consistent with these data, DSI and LTD at inhibitory
synapses were both enhanced in the CA1 region of the
hippocampus, an effect which was absent in mice genetically
deficient in CB1Rs. These data suggest the possibility that
increases in body weight associated with high fat diet can
upregulate eCB-mediated synaptic signaling in the brain.

Deficiency in n-3 polyunsaturated fatty acids (PUFA) may affect
brain structure and has been implicated as a modifiable risk factor
for a variety of neurodevelopmental and psychiatric disorders
[207]. PUFA deficiency has also been shown to disrupt synaptic
signaling, owing to their role as crucial precursors for eCB
synthesis. For example, eCB-LTD in the hippocampus was
impaired, particularly at inhibitory synapses of the CA1 region,
in the offspring of mice fed a PUFA-deficient diet throughout the
gestational and weaning period [208]. In this condition, NMDAR-
dependent LTP was similarly disrupted in the offspring of n-3
PUFA-deficient dams. Later in development, n-3 PUFA dietary
deficiency similarly impacts eCB-LTD in the medial prefrontal
cortex (MPFC) and nucleus accumbens (NAc) during adulthood
[209]. As in the hippocampus of n-3 PUFA-deficient mice [208],
these rats also exhibited abolished NMDAR-dependent LTP in the
mPFC. Together, these data highlight the synaptic consequences
of deficiencies in crucial precursors to eCB synthesis caused by
dietary fat manipulation.

In the hypothalamus, a biphasic impact of a chronic high-fat
diet has been observed in juvenile rats [210]. Following short
exposure to this diet, excitatory synapses onto orexin neurons of
the hypothalamus acquired a form of presynaptic mGlu5-
dependent LTD requiring retrograde eCB signaling, which was
no longer present after 4 weeks of high-fat diet. These authors
suggest the possibility that a high-fat diet increases eCB synaptic
signaling via increases in triglycerides or dynamic changes in
diet-sensitive hormone levels. Interestingly, DSI is also induced
at GABAergic synapses onto hypothalamic orexin neurons in
obese leptin deficient ob/ob mice, but not wild-type mice,
supporting previous data that obesity is associated with
enhanced synaptic eCB signaling [211]. Furthermore, these
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Fig. 3 eCB regulation of hypothalamic feeding circuits. a LPBN-projecting MC4R neurons withing PVN play a key role in feeding behavior
and energy homeostasis and are regulated by GABAergic inputs from a variety of sources including the arcuate nucleus. b Increased food
intake and reduced energy expenditure observed after 16 h fasting is associated with enhanced 2-AG mediated suppression of GABA release
from its inhibitory presynaptic afferents and increased action potential frequency of MC4R PVN neurons compared to the fed mice.
¢ Pharmacological inhibition of DAGL causes impairment in 2-AG-mediated suppression of GABA release and blocks fasting-induced increase
in action potential firing of MC4R PVN neurons. Concomitantly, MC4R-selective DAGLa-KO mice demonstrate lower food intake post-fasting

and increased energy expenditure.

authors showed a reorganization of CB1Rs shifting from
expression on excitatory terminals to expression predominantly
on GABAergic terminals in ob/ob mice. These data suggest that
the upregulation of eCB signaling at GABAergic synapses
disinhibits orexin neurons and results in increased orexin release
in terminal fields and could thus contribute to the metabolic
phenotypes observed in ob/ob mice, consistent with the notion
that reducing CB1R signaling can reduce body weight and food
intake [205, 212].

More recently, analysis of eCB signaling within melanocortin-4
receptor-expressing neurons within the PVN (MC4R-PVN) has
revealed a key role for 2-AG signaling in the energy-state
dependent activity of these cells (Fig. 3). MC4R neurons in the
PVN have been heavily implicated in the regulation of feeding
behavior and energy homeostasis [213, 214]. During fasting, the
action potential frequency of lateral parabrachial nucleus (LPBN)-
projecting MC4R-PVN neurons increases relative to the fed state,
and this increase is accompanied by a reduction in GABAergic
inhibitory transmission onto these cells [177]. Indeed, GABAergic
transmission onto MC4R-PVN neurons is an important regulator of
action potential firing in these cells. This reduction in GABAergic
transmission is mediated by increased tonic 2-AG-mediated
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suppression of GABA release. This relatively enhanced 2-AG
signaling normalizes in the fed state, resulting in increased GABA
transmission onto MC4R-PVN neurons and a concomitant reduc-
tion in action potential firing. Consistent with these data,
inhibition of 2-AG synthesis or deletion of DAGLa from MC4R
neurons reduced food intake and body weight in this study. These
data indicate that energy state-dependent dynamic changes in
2-AG signaling regulate the activity of MC4R-PVN neurons and
play an important role in the regulation of feeding behavior via
modulation of PVN hypothalamic neuron output.

Together, these data suggest complex and multifaceted
adaptations in eCB signaling in response to diet, body weight,
and acute energy state, supporting the notion that changes in
dietary constituents can influence central synaptic eCB signaling,
and that in some cases adaptations in eCB signaling could
contribute to metabolic phenotypes observed in genetic models
of obesity. Lastly, emerging data provide insight into how acute
energy-states rapidly modulate synaptic eCB signaling to gate the
activity of neural circuits regulating food intake. A deeper
understanding of these processes could result in more refined
and specific eCB-based therapeutics for the treatment of obesity
and metabolic disorders.

Neuropsychopharmacology (2023) 48:37 - 53



A. Scheyer et al.

A
»‘a«\?\e f&\ Excitatory
OV e resynaptic
e presynap
neuron
i
%P‘?T‘ o
GI;\SV“\SS\ * CBIR desensitization
« 2-AG on excitatory synapse
activity * Impaired eCB LTD
FMRP-KO
Oo (]
e° o
Inhibitory § OOOO e OCC’)OO
presynaptic ® e ° ©
neuron ® o
LR 4
° o ®©0®%g @
° ° e o 9 ¢ e
R I L
MAGL \
£
O 5 \/ ‘0 * Hyperactive mGlu5 signaling
~ Of‘ ¢ * DAGLa targeted away from synapse
0% g o © I Homer * Enhanced 2-AG activity selectively
* mGlu5 mediated <« o ° at inhibitory synapses possible
enhanced suppression 0® FMRPX due to downregulation of Homer
of GABA release via 2-AG ¢ ® e
° © e © °® ®
° e o °
I T
DAGL DAGL
Ccl it Postsynaptic neuron
e Glutamate ‘””“l ‘U”m L W\ﬂ N
o GABA CB,R Desensitized CB,R mGlu5 GABA,R \ AMPAR \w | NMDAR
° 2AG

Fig. 4 Altered eCS in a FXS model. Hyperactive mGlu5 signalling in FMRP-KO mice leads to increased 2-AG-mediated suppression of GABA
release in neurons within the striatum and the hippocampus. Desensitized CB1R receptor function is observed at glutamatergic synapses
possibly due to excess 2-AG release and receptor overactivation. Additionally, mGlu5-mediated eCB-LTD is impaired in prefrontal cortex and
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eCB signaling adaptations shift excitation/inhibition balance toward excess synaptic excitation.

Autism Spectrum/Neurodevelopmental disorders

Autism spectrum disorder (ASD) is characterized by varied levels
of deficits in communication, social function, and the develop-
ment of repetitive behaviors, along with a host of other co-morbid
symptoms [215]. Some cases of ASD can be linked to single-gene
mutations, among which fragile X syndrome (FXS), caused by
defective FMRP gene, is the largest monogenetic contributor [216].
In this context, several studies have examined adaptations in
synaptic eCB signaling using models of FXS with implications for
novel eCB-based treatment modalities (Fig. 4).

Early studies examining FXS-eCB interactions were spurred by
the well-known role of mGlu5 in the pathogenesis of FXS and the
important coupling between group-1 metabotropic glutamate
receptors, including mGlu5, and eCB signaling. Using the FMPR-KO
mice, Maccarrone et al showed that striatal activity of DAGL and
MAGL were both increased, and dual mGlu1/5-stimulated 2-AG-
mediated suppression of GABA release was enhanced, without
concomitant changes in CB1R function [217]. These data
suggested that synaptic 2-AG signaling at GABAergic synapses is
negatively regulated by FMRP and that there may be higher flux of
2-AG signaling within the striatum of FMRP-KO mice. In the
hippocampus, dual mGlu1/5-stimulated eCB suppression of GABA
release, but not calcium-stimulated eCB release in the form of DSI,
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was found to be enhanced in FMRP-KO mice [218]. In contrast,
DSE was found to be enhanced in autaptic hippocampal
preparations from FMRP-KO mice, wherein dual mGlu1/5-stimu-
lated eCB suppression of glutamatergic transmission was not
altered. These studies also revealed that CB1Rs are desensitized in
cultures from FMRP-KO mice, likely due to chronically elevated
2-AG levels [219]. Somewhat surprisingly, studies using mouse
forebrain have demonstrated that DAGLa mRNA binds to FMRP
and that genetic disruption of FMRP leads to impaired targeting of
DAGLa away from the postsynaptic density, an effect which is
associated with impaired dual mGlu1/5-stimulated eCB-LTD of
glutamatergic transmission in the PFC and NAc [220]. Interestingly,
M; mAChR-stimulated eCB-LTD of glutamatergic transmission is
also impaired within the NAc and hippocampus of FMRP-KO mice,
suggesting broad impairments in Gg-receptor-stimulated 2-AG
signaling in this FXS model [221, 222]. While in apparent
contradiction to the above-cited studies, these latter authors
suggest aberrant localization of DAGLa away from dendritic spine
heads could result in enhanced heterosynaptic eCB signaling at
GABAergic synapses. Deeper mechanistic investigations have
revealed that reductions in the postsynaptic density scaffold
protein, Homer, leads to enhanced dual mGlu1/5-stimulated eCB
signaling at GABAergic synapses, but impaired signaling at
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glutamatergic synapses, suggesting that known reductions in
Homer expression in FMRP-KO mice could explain divergent
effects of eCB signaling at GABAergic and glutamatergic synapses
[223]. Thus, FMRP-KO mice exhibit altered DAGLa targeting away
from excitatory synapses, possibly secondary to reduced Homer
expression, which impairs eCB-LTD at glutamatergic synapses and
could result in aberrantly enhanced heterosynaptic dual mGlu1/5-
stimulated suppression of GABA transmission (Fig. 4).

These synaptic and biochemical studies reveal generally
impaired 2-AG-mediated synaptic signaling at glutamatergic
synapses, in addition to enhanced signaling at GABAergic
synapses. In line with these data, both inhibition and augmenta-
tion of eCB signaling have been shown to alleviate various
behavioral phenotypes observed in FMRP-KO mice. For example,
CB1R blockade normalized cognitive impairment, nociceptive
desensitization, and audiogenic seizures, while blockade of CB2Rs
normalized anxiolytic-like behavior in FRMP-KO mice [224].
Surprisingly, 2-AG augmentation via inhibition of MAGL also
reduced anxiolytic behavior [220] and rescued impaired cognitive
function [222] in FMRP-KO mice. In both studies, 2-AG augmenta-
tion also reversed impaired eCB-synaptic transmission deficits.
Interestingly, increasing brain AEA levels via inhibition of FAAH
reversed social impairments in FMRP-KO mice [225]. Overall, the
preponderance of available data suggests that correction of
deficient 2-AG synaptic signaling, which is primarily observed at
excitatory forebrain synapses, could represent a novel approach to
the treatment of FXS and possibly other autism spectrum
disorders.

Substance use disorders

eCB signaling mechanisms are known to be engaged during the
development and maintenance of various phases of substance use
disorders modeled in rodents. Briefly, rewarding drugs, including
opioids, psychomotor stimulants, alcohol, and nicotine, enhance
the activity of the mesolimbic dopamine (DA) system, increasing
DA release in crucial regions of the brain’s reward circuitry
including the NAc and VTA [226]. Repeated administration of
these substances induces adaptive changes in DA reward circuitry
leading to attenuated release in both rodent and human models
[227, 228], and simultaneously induces adaptive changes in the
amygdala, leading to enhanced stress-reactivity and negative
affect which promote negative reinforcement-driven drug taking
[229]. Further neuroplastic and morphological changes in the
prefrontal cortex (PFC), which regulates executive functions,
behavioral control, and flexibility, are associated with the loss of
control and impairments in decision making in substance use
disorders [230, 231].

The necessary participation of eCB signaling in the regulation of
drug reward has been demonstrated by a lack of DA increases in
response to nicotine, heroin, morphine, ethanol, or THC in CB1R-
KO mice [232-235] and the enhancement of conditioned place
preference for nicotine and ethanol in rodents concomitantly
administered CB1R agonists [236-238]. Similarly, pharmacological
or genetic inhibition of CB1Rs decreases operant self-
administration of several drugs including morphine [239], heroin
[240], ethanol [241], and nicotine [235]. Due to a more direct
modulation of monoamine release, often via transport proteins at
DA terminals [242], the role of CB1Rs described above does not
apply to many psychomotor stimulants such as cocaine,
methamphetamine, or MDMA. Indeed, CB1R-KO mice maintain
conditioned place preference for MDMA and cocaine, though self-
administration is attenuated in some [234, 243] but not all cases.

Given the critical participation of the eCB system in positive
reinforcement driven drug taking behavior, substantial data have
implicated the VTA as a site of eCB action to modulate drug
reward. Activity within the mesolimbic DA system is regulated by a
balance of inhibitory GABAergic and excitatory glutamatergic
synapses. Acutely, retrograde eCB transmission at glutamatergic
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synapses limits DA release while CB1R activation at GABAergic
synapses induces disinhibition of VTA DA neurons [244, 245].
CB1Rs depress glutamatergic transmission onto VTA DA neurons,
and VTA DA neurons express eCB-mediated DSE and LTD, as well
as tonic eCB signaling that suppresses afferent glutamate
transmission [246, 247]. Similarly, eCBs mediate LTD of GABAergic
transmission onto VTA DA neurons [248, 249], and tonic inhibition
of GABA release onto VTA DA neurons [250], likely via release of
2-AG. More recently, eCBs have been shown to mediate LTD of
glutamatergic transmission onto local VTA GABAergic neurons,
which could further disinhibit VTA DA neuron activity [251]. Thus,
eCB signaling is well positioned to affect reward-related beha-
vioral processes via synaptic modulation of excitation-inhibition
balance onto VTA DA neurons, with the predominant effect likely
resulting in disinhibition of VTA DA neuron activity.

Adaptations in mesolimbic DA system eCB signaling have been
detected in a variety of models of substance use and withdrawal. For
example, cocaine-self administration reduces eCB-LTD of glutama-
tergic transmission onto VTA DA neurons via a mechanism involving
reductions in CB1R function [252]. Prenatal alcohol exposure also
reduces eCB-mediated LTD at VTA glutamatergic synapses via
impaired CB1R function [253]. Protracted alcohol withdrawal is
associated with enhanced tonic eCB signaling at GABAergic
synapses onto VTA neurons, which opposes CRF-mediated enhance-
ment of GABA release [254]. In vivo chronic nicotine exposure
increases tonic 2-AG mediated suppression of GABA release onto
VTA DA neurons [250]. In addition to adaptations in eCB signaling
caused by in vivo drug exposure, ex vivo cocaine can enhance eCB-
LTD at GABAergic synapses of the VTA DA neurons, an effect
mediated via D2 dopamine receptors [248, 255]. Acute ex vivo
ethanol also suppresses GABAergic transmission onto VTA DA
neurons through tonic release of 2-AG [256]. Interestingly,
glutamatergic transmission in crucial regions of the brain’s reward
circuitry, such as the NAc, undergoes plasticity during protracted
abstinence from cocaine or methamphetamine self-administration,
during which time there is a progressive increase in craving termed
incubation of craving [257, 258]. mGlu5-driven eCB LTD in the NAc is
disrupted during cocaine incubation, an effect not mediated via loss
of CB1R function [259]. Instead, disruption of this LTD during
incubation may be associated with functional uncoupling of
mGlu5 signaling from eCB production [257]. Whether pharmacolo-
gical normalization of mGlu5-eCB synthesis coupling could affect
incubation at the behavioral level remains to be determined. Such
studies could help clarify whether this adaptation contributes to
incubation or serves as resiliency mechanism, which would in turn
be critical for guiding potential eCB-based therapeutic strategies for
stimulant use disorders. Furthermore, both acute and chronic
exposure to alcohol diminishes eCB-LTD at inhibitory striatal
synapses [260], while cocaine similarly inhibits or abolishes eCB-
LTD of excitatory transmission in the NAc [261] and BNST [262].
Disruption of balanced signaling in regions of the extended
amygdala, such as the BNST, may enhance maladaptive stress-
reward interactions, contributing to relapse or reinstatement.
Indeed, cue-induced reinstatement of nicotine-seeking behavior
requires CB1R-LTP in the BNST, further underscoring the role of eCB
synaptic plasticity and its involvement in maladaptive stress
responding in substance use-related behavior development, main-
tenance, and retrieval [263].

Postmortem studies have revealed several abnormalities in eCB
signaling of individuals with substance use disorders. In one study,
the cerebellum, hippocampus, and caudate nucleus of subjects
with alcohol use disorder were studied in comparison to those of
control subjects with respect to CB1R expression [264]. Using a
GTPYS binding assay, subjects with alcohol use disorder were
found to exhibit hyperfunctional CB1Rs in the caudate nucleus,
with no change in CB1R expression and no distinct changes found
in the other two brain regions. An earlier study identified
decreased MAGL activity in alcohol use disorder subjects, along
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with decreased levels of activated ERK and CREB [264]. Interest-
ingly, a separate study identified hypofunctional CB1Rs with
decreased density in the ventral striatum in subjects with alcohol
use disorder as compared to healthy controls [265]. In this latter
study, activity of FAAH was also lower in subjects with alcohol use
disorder as compared to control. These data are in line with those
found in postmortem studies of cocaine, but not mixed cocaine/
opiate or opiate users, wherein CB1R density was found to be
significantly lower in the prefrontal cortex as compared to healthy
controls [266]. Combined with the finding that CB1Rs in the
prefrontal cortex of patients with cocaine use disorder were
redistributed (i.e., increased cytosolic expression over membrane
expression) rather than fully reduced, as well as an observed
reduction in GRK2/3/5, these data indicate significant receptor
desensitization after chronic cocaine use.

In sum, available preclinical data support the notion that eCBs
regulate afferent synaptic input onto VTA DA and GABA neurons, and
that disinhibition of DA neuron activity may be the net result of eCB
signaling under some circumstances. Current literature strongly
suggests some psychoactive drugs with dependence liability may
engage eCB signaling to ultimately facilitate DA release and
contribute to positive reinforcement driven drug taking. Consistent
with this notion, CB1 receptor blockade reduces positive reinforce-
ment driven self-administration in preclinical models and clinical
trials. Initial studies also suggest blockade of 2-AG synthesis may
exert similar effects on alcohol self-administration [256], which is also
associated with impaired ethanol-mediated suppression of GABA
release onto VTA DA neurons, presumably preventing ethanol-
induced disinhibition of DA release. Future studies examining the
effects of AEA and 2-AG synthesis inhibition in preclinical models of
substance use disorders should be a high priority and could reveal
novel treatment approaches.

OUTLOOK AND FUTURE DIRECTIONS

Despite decades of investigation into the molecular mechanisms
regulating eCB signaling, our understanding of the cellular and
synaptic effects of this system are continuing to evolve at a rapid
pace. How the multifaceted components of this system beyond
retrograde synaptic suppression (indirect astrocytic signaling,
autocrine signaling, and eCB control of cellular respiration) adapt
in response to environmental pressures and disease states
represents a major open question in the field. Similarly, the ability
of eCBs to regulate both excitatory and inhibitory neurotransmis-
sion onto the same neurons makes interpretation of net effects on
neuronal excitability, and ultimately functional output, difficult to
predict. Indeed, we have reviewed data demonstrating that eCB
signaling at GABA vs. glutamate synapses could have opposing
behavioral consequences. Utilization of emerging genetic and
molecular biology approaches to selectively examine and target
eCB signaling at distinct cell and synapse types and within
intracellular compartments will be critical to elucidate differential
functional consequences of distinct eCB signaling mechanisms.
Moreover, elucidation of differential molecular signaling cascades
regulating eCB production and effector systems downstream of
CB1Rs could ultimately reveal pharmacological approaches to
target eCB signaling at distinct types of synapses for therapeutic
purposes. In this context, development of biased CB1R and CB2R
ligands may present a unique opportunity to differentially target
eCB signaling at subsets of synapses or engage subsets of effector
pathways for therapeutic interventions. These issues notwith-
standing, the future of eCB-based therapeutics development
appears promising with several clinical trials of eCB degradation
inhibitors currently underway for a variety of neurological and
psychiatric indications. For example, small molecule inhibitors of
FAAH have been examined for pain associated with osteoarthritis
(albeit with negative results [267]) and are currently being

Neuropsychopharmacology (2023) 48:37 - 53

A. Scheyer et al.

evaluated for anxiety and other affective disorders. More recently,
irreversible small molecule inhibitors of MAGL have entered early
phase clinical trials for neurological and psychiatric disorders
[268, 269]. Interestingly, the potential anti-inflammatory effects of
MAGL inhibitors in the CNS, mediated via reductions in
prostaglandin synthesis, have expanded the potential therapeutic
potential of this mechanism [270]. Additionally, ongoing devel-
opment of allosteric modulators, transport inhibitors, and eCB
synthesis inhibitors, will further expand the repertories of potential
therapeutic approaches for stress-related disorders, obesity, ASD,
and substance use disorders [3].
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